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Foreword

For this first volume written in the new millennium I
decided to go for a book on new drugs for asthma and
COPD which would be of interest to many doctors in-
volved in the treatment of these diseases. When looking
for someone to edit this 31st volume of the series ‘Pro-
gress in Respiratory Research’ I was fortunate enough to
get Trevor T. Hansel and Peter J. Barnes interested. Dur-
ing our initial meeting in Madrid in September 1999, I
told them that I would be interested in ‘real’ progress in
drug research and not in a book which would be outdated
by the time it is printed. After some moments of hesita-
tion they said that this would mean involvement of a lot of
researchers from pharmaceutical companies together with
clinicians, and what about conflicts of interest!? When I
replied that this mix represented the real world, and was
exactly what I wanted, they promised to think about it
and get back to me. After a short period they announced
their concept of putting together a book with 80 ultra con-

cise chapters addressing every possible drug from estab-
lished, commercially available substances to compounds
in their early testing phase.

The final product exceeds my wildest expectations.
Trevor and Peter managed to rally a fantastic group of
authors, whose names reflect a ‘who’s who’ in the field.
The chapters rarely exceed 4 printed pages, limiting the
information to the essentials. The book is lavishly illus-
trated with 72 tables and 195 colour figures, which have
been edited by Trevor to obtain uniformity; that means
an eosinophil looks the same in every figure of the book!

This book will serve as a key reference of current and
future developments in the treatment of asthma, allergy,
and COPD; it will appeal to the practising physician as
well as to the pulmonologist with a special pharmacologi-
cal interest. Get it and enjoy it!

Chris T. Bolliger
Series Editor
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Preface

Asthma and COPD have now become amongst the
commonest diseases in the world, and both are increasing.
There have been major advances in our understanding of
asthma and significant improvement in asthma manage-
ment, particularly with the early and more widespread use
of inhaled corticosteroids. Yet, despite effective therapy
for asthma, there is a pressing need for new and more spe-
cific therapies that control the disease or even cure the
underlying disease process. Progress in understanding
and treating COPD has been much slower, mainly be-
cause the disease has been relatively neglected. None of
the treatments available today prevent the relentless pro-
gression of COPD and there is an urgent need to develop
novel approaches. 

The aim of this book is to offer a state-of-the-art
description of the exciting progress in research and devel-
opment that is being made with new therapies for asthma,
allergy and COPD. We are very aware that many large
tomes that contain review chapters by leading scientific
and clinical authorities are already available on allergic
and respiratory diseases. On this basis, our major inten-
tion was to link the biotechnology and pharmaceutical
industry with academic and clinical opinion. In order to
develop better therapies, we rely on this partnership, since
the modern-day reality is that novel drug discovery and
production generally occur from within the industry.

We have been amazed by the enthusiastic response
from our colleagues in the pharmaceutical industry in
providing as much information as they can about early
developments with their novel potential therapies. By
way of introduction to these contributions, we have over-
views written by leading academic clinical scientists.
With over 200 authors, and a total of 80 chapters, we hope

T.T.H. P.J.B.

to provide concise and highly condensed information. In
this way we have tried to have specialists from the indus-
try writing on their own fields of interest. This is a rapidly
advancing field, and this format of segmented brief chap-
ters has allowed us to put information on the internet, and
should permit provision of regular updates.

The book has 14 sections that range from an intro-
duction covering general aspects of drug development
for asthma and COPD to a review of currently available
small-molecular-weight synthetic medicinal chemical
classes: bronchodilators, corticosteroids, anti-leukotrienes,
and mediator and protease inhibitors. We then proceed
from allergen and IgE-directed therapies to T cell immu-

IX



nomodulation and cytokine-directed therapy, to chemo-
kine receptor and adhesion molecule inhibition, to thera-
py directed against cell signalling and transcription, be-
fore looking at future prospects for genetic therapy.

A considerable team has been involved in producing
this volume, and we are very grateful for the vision of
Chris Bolliger, Editor of Progress in Respiratory Research,
who always wanted us to go for something ‘completely dif-
ferent’! In addition, we have found the entire staff at

Karger Medical Publishers, Basel, a superbly professional
group of people to interact with.

We hope that you will find this book interesting and
helpful, and that it will give as much enjoyment to you,
the reader, as we have had in its design and editing. Final-
ly, and most importantly of all, we hope that this book will
help in the process of finding better therapy for patients
with allergic and respiratory diseases.

Trevor T. Hansel
Peter J. Barnes

X Preface
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Summary
The perspectives for new therapies in asthma and COPD are

quite different. In asthma we already have relatively cheap and safe
therapies that are effective in controlling the disease, so that the need
for new treatments is somewhat limited. However, important ad-
vances can still be made to improve long-term therapy for patients
with more severe persistent asthma, as well as acute therapy for
emergency exacerbations of asthma, while in the future there is the
prospect of allergen immunotherapy causing disease modification
and even cure. In COPD, however, both bronchodilator and anti-
inflammatory therapy is less effective, and there are currently no
therapies that reduce the progression of the disease. Driven by the
urgent need for new therapies, a shift in resources from discovery of
drugs for asthma to COPD is taking place.

Asthma
New Asthma Treatments. Asthma therapy has been

revolutionized over the last decade by the earlier and
more widespread use of inhaled corticosteroids. Short-
acting ß2-agonists are very effective in relief of symptoms
and the introduction of long-acting inhaled ß2-agonists
has greatly improved asthma control. Fixed-combination
inhalers of corticosteroid with long-acting bronchodila-
tors have recently been introduced and provide highly
effective control of asthma for the majority of patients.
This treatment is simple and very convenient for patients,
so it is likely to dominate asthma therapy in the foreseen
future. However, there are some areas of asthma therapy
where improvements may be possible through the devel-
opment of improved existing treatments or introduction
of novel therapies [1] (fig. 1).

Problems with Existing Treatments. Although current
asthma therapy is effective and well tolerated, there are
some limitations [2]. Inhaled corticosteroids are very effec-
tive in controlling asthma in most patients [3]. However,
there are still concerns about side effects, particularly in

children and in patients with severe asthma who require
high doses. Many patients are reluctant to take inhaled cor-
ticosteroids because of the fear of adverse effects of ste-
roids; the general public has ‘corticophobia’ as a result of
stories in the press about side effects of oral corticosteroids
and anabolic steroids. Local side effects of inhaled cortico-
steroid, particularly dysphonia, may be a problem in some
patients, such as lecturers and singers. The dose of inhaled
corticosteroids that most patients require for asthma con-
trol is relatively low so that systemic side effects are unlike-
ly. However, a recent community study suggests that there
was a linear relationship between the cumulative dose of
inhaled steroid used and the risk of fracture [4].

Inhaled ß2-agonists, while highly effective as bron-
chodilators, also have side effects in some patients, partic-
ularly the elderly. Tremor and palpitations can be dis-
tressing in some patients, but can usually be avoided by
reducing the dose or frequency and adding an anticholin-
ergic inhaler. Tolerance to the bronchodilator effects of
ß2-agonists is a potential problem, but although there is a
small reduction in the protective effect of ß2-agonists
against challenges, such as allergen and exercise, this is of
relatively small degree and is not progressive [5].

Theophylline is a useful treatment for patients with
severer asthma, but at the doses that are needed for bron-
chodilatation, side effects are relatively common. How-
ever, lower doses of theophylline are also effective in asth-
ma control and avoid many of the problems with side
effects. The side effects of existing anti-asthma therapies
are due to their non-pulmonary effects, since corticoste-
roids, ß2-agonists and theophylline have effects on many
different cell types. This suggests that it may be necessary
to develop more specific therapies, targeted at specific
abnormalities in allergic inflammation, in order to reduce
the risk of adverse effects [6].
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Fig. 1. Needs for new therapy
for asthma.

Severe and Emergency Asthma. Most asthmatic patients
can be controlled on inhaled corticosteroid with or without
a long-acting inhaled ß2-agonist and in patients with sever-
er disease with the addition of theophylline and an anticho-
linergic bronchodilator. However, about 5% of patients
have severe asthma and require high doses of inhaled corti-
costeroids and in approximately 1% of patients by mainte-
nance doses of oral corticosteroids [7]. These patients have
the potential for improvement since they usually respond
to even higher doses of oral corticosteroid. These steroid-
dependent patients are relatively steroid-resistant, while
occasionally patients have complete resistance to the ef-
fects of corticosteroids [8, 9]. These patients, while com-
prising only F5% of all asthmatic patients, account for
over 50% of medical costs [10], and it should be stressed
that admissions to hospital following severe exacerbations
of asthma generally result in a 4-day hospital stay. Some
new form of treatment is needed for these patients with
severe asthma that is independent of the molecular mecha-
nisms of action of corticosteroids and several possible
approaches are discussed in this volume.

Inhaled versus Oral Therapy. The most effective cur-
rently available therapies for asthma, corticosteroids and
ß2-agonists, are given by inhalation to reduce or avoid
side effects due to the systemic actions of these non-spe-
cific therapies. However, it is difficult to develop inhaled

drugs, and patients may find it difficult to use inhalers.
Oral therapy for asthma may have advantages as it would
be easier to take and this may improve compliance [11].
Anti-leukotrienes, which are much less effective in the
control of asthma than inhaled corticosteroids, have
proved popular with patients as they are available as a
once- or twice-daily tablet. Another important advantage
of oral therapy that inhibits allergic inflammation is that
it will control concomitant allergic diseases such as rhini-
tis and atopic dermatitis that commonly coincide with
asthma [6].

Disease Modification. Although inhaled corticosteroids
are very effective at controlling asthma, symptoms recur
when inhaled corticosteroids are withdrawn and there is an
increase in markers of inflammation [12, 13]. This indi-
cates that corticosteroids suppress inflammation in asth-
matic airways, but do not change the underlying unknown
driving mechanism, so that when steroids are discontin-
ued, the inflammation and asthma symptoms recur. The
concept of disease-modifying drugs is well established in
rheumatology. It implies that a treatment will alter the dis-
ease process and maintain disease control even when dis-
continued. So far this has not been established for any
existing asthma therapy, but it is possible that new treat-
ments aimed at upstream immunological pathways may
have the potential for disease modification.
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A Cure for Asthma? No currently available treatment
for asthma is curative, but potentially a cure is possible
through strategies that prevent or reverse the immunolog-
ical abnormalities in atopy. There are several approaches
to reduce the preponderance of Th2 cells in atopy by
switching the balance in favour of Th1 cells. This can be
achieved in animals by exposure to bacterial products
such as BCG, Mycobacterium vaccae or unmethylated
cytosine-guanosine dinucleotide-containing oligonucleo-
tides (CpG ODN) [14–16]. This suggests that vaccination
with allergens, immunomodulators and adjuvants may be
a future strategy for the prevention or cure of asthma [17].
However, the long-term consequences of altering the im-
mune response are not yet certain and clinical studies may
be difficult. Initial studies with BCG vaccination in young
children are equivocal and more studies are needed [18].

COPD
Compared to asthma, COPD has been surprisingly

neglected in terms of mechanistic research, drug develop-
ment, and therapeutic advances. Yet this is a common
disease with an increasing prevalence that is potentially
treatable with novel therapies.

Size of the Problem. It is estimated that approximately
14 million people in the USA are currently affected by
COPD. In the US Third National Health and Nutrition
Examination Survey (NHANESIII) study airflow obstruc-
tion was found in approximately 14% of white male smok-
ers compared to approximately 3% in non-smokers, with
slightly lower figures in white women and blacks [19].
COPD is now the fourth leading cause of death in the USA
and the only common cause of death that is increasing. This
is pobably a gross underestimate, as COPD is likely to be
contributory to other common causes of death. There has
been an increase in COPD prevalence and mortality, even
in industrialized countries, and COPD now represents a
major world-wide health problem. The World Health Or-
ganization global impact of disease analysis predicts that
COPD will rise from its current ranking of 12th most prev-
alent disease world-wide to 5th position, and from the 6th
commonest cause of death to 3rd by 2020 [20]. Reasons for
the dramatic increase in COPD include reduced mortality
from other causes, such as cardiovascular diseases, in
industrialized countries and infectious diseases in develop-
ing countries, with a marked increase in cigarette smoking
and environmental pollution in developing countries.

The Neglect of COPD. There are several reasons why
COPD has been relatively neglected in terms of new drug
development. Firstly, COPD has been perceived as ‘un-
treatable’ fixed airflow obstruction. Secondly, patients

with COPD have been treated with anti-asthma therapies,
but these drugs may be inappropriate in a disease with a
different pathophysiology, involving different cells, me-
diators and inflammatory effects [21]. Thirdly, since in
most patients COPD is the result of long-term heavy ciga-
rette smoking it has been felt to be the ‘fault’ of the
patient. Fourthly, there has been little interest in the
molecular and cell biology of COPD to identify new thera-
peutic targets and there are no satisfactory animal models
for early drug testing [22]. Lastly, there are uncertainties
about how to test new drugs for COPD, which may
require long-term studies in large numbers of patients and
a lack of surrogate markers to monitor the short-term effi-
cacy of new treatments. However, some progress is under
way and there are several classes of drug that are now in
preclinical and clinical development [23, 24].

Problems with Existing Therapies. COPD is poorly
reversible with current therapies. Bronchodilators are the
only treatments which provide symptomatic benefit, but
the effects of bronchodilators are less than seen in asthma,
and high doses are required to achieve a maximal effect.
Long-acting inhaled ß2-agonists have been an important
advance, and the new once-daily inhaled anticholinergic
drug, tiotropium bromide, is likely to be an important
advance [25–27]. But bronchodilators do not change the
natural history of COPD and do not reduce the acceler-
ated decline in lung function that is typical of the disease
[28]. Indeed, apart from quitting smoking, no currently
available therapies alter the progression of COPD.

Because COPD involves a chronic inflammation of the
airways and lung parenchyma, it was assumed that in-
haled corticosteroid would be effective in reducing dis-
ease progression. However, several large long-term stud-
ies have now demonstrated that even high doses of
inhaled corticosteroids are ineffective [29–31]. This is
probably because corticosteroids are ineffective in sup-
pressing the inflammation of COPD, in contrast to their
marked efficacy in asthma [32, 33]. This means that new
classes of anti-inflammatory drugs must be sought.

New Therapies for COPD. In order to develop novel
therapies for COPD, there is a need to understand the dis-
ease better at a cellular and molecular level [34]. Our cur-
rent understanding of COPD suggests several possible tar-
gets, including mediator inhibitors, anti-proteases, and
novel classes of anti-inflammatory drugs. An example of a
new class of drug that appears to be promising in COPD
are phosphodiesterse-4 inhibitors, which target different
aspects of the inflammatory process to corticosteroids
[35]. It is likely that several new classes of drug will be
developed for the treatment of COPD and many of these
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are discussed in this volume. There is also a need to find
drugs that prevent exacerbations which account for a large
proportion of health care spending in COPD. Exacerba-
tions are poorly understood but it is clear that many are
not due to bacterial infections, as previously assumed.

Conclusions
Asthma and COPD are amongst the commonest

chronic diseases world-wide and there is evidence that
both diseases are increasing. This represents an enormous
and growing therapeutic market and there is therefore an
opportunity for development of new drugs. Asthma is

now well treated with existing therapies, but there is a need
to find better treatment for patients with severe disease
and emergency exacerbations, who represent a small pro-
portion of patients but disproportionate medical costs.
There is also a need to find an oral therapy that is as safe
and effective as inhaled corticosteroids, and to find treat-
ments that are disease-modifying or curative. By contrast,
COPD is poorly treated with currently available drugs and
there is a need to find new classes of drug that slow the
progression of the disease and reduce exacerbations. More
research into the underlying cellular and molecular mecha-
nisms in COPD is needed in order to identify new targets.
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Summary
Currently available therapy for asthma is highly effective and is

able to control the majority of patients so that they can lead a normal
life. National and international guidelines for the treatment of asth-
ma are generally based on use of inhaled ß2-agonists together with
inhaled corticosteroids. Advances in therapy have been due to the
introduction of more effective and safer treatments and to changes in
the way that these treatments are administered to patients. This
represented an important change in strategy from the treatment of
symptoms as they arose largely with bronchodilator therapy to con-
trol and prevent symptoms with anti-inflammatory treatments.

The earlier and more widespread use of inhaled corti-
costeroids has revolutionized asthma therapy over the last
10 years, with improvement in asthma control, a reduc-
tion in asthma morbidity and almost certainly a decrease
in mortality [1]. In most countries, guidelines for asthma
therapy have now been introduced and these form the
framework of modern management, with a stepwise esca-
lation in therapy [2, 3]. Asthma therapies are now classi-
fied as relievers that provide rapid relief of symptoms
(short-acting ß2-agonists, anticholinergics) that are used as
needed and controllers which provide long-term control
of symptoms that are used as a regular treatment (cortico-
steroids, theophylline, long-acting inhaled ß2-agonists,
cromones, anti-leukotrienes and immunomodulators) (ta-
ble 1).

General Issues
Aims of Therapy. Therapy should be aimed at control-

ling symptoms so that normal life is possible. If currently
available treatment is used correctly, it is likely that the
vast majority of adults with asthma can lead normal lives
and participate in normal leisure activities. Therapy of
asthma should aim to:

E minimize (ideally abolish) symptoms
E restore normal or best possible lung function
E prevent severe attacks
E prevent the slow decline in lung function
E prevent death

These aims should be achieved by using the minimum
of treatment with the lowest incidence of side effects, but
it is important to remember that severe asthma is associ-
ated with a high morbidity and mortality, so that side
effects of drugs may be acceptable in patients with severer
disease. The aims of asthma therapy should be more than
alleviation of symptoms, since effective therapies are now
available to control all but the most severe asthma. An
important aim of therapy is to control symptoms so that
normal life is possible. This includes the normal participa-
tion in sporting activities and the ability to work normal-
ly. Now that home monitoring of PEF is recommended
for some patients with more difficult asthma, an addition-
al aim of therapy is to keep the PEF at the best possible
level. This is particularly important in patients who may
have a poor perception of the severity of their asthma and
who tolerate severe impairment of lung function. Asthma

Table 1. Asthma therapy

Reliever Controllers

Short-acting ß2-agonists Inhaled corticosteroids
Anticholinergics Long-acting inhaled ß2-agonists

Theophylline
Cromones
Anti-leukotrienes
Immunomodulators
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exacerbations should be regarded as a failure in therapy,
and an important aim of therapy is to prevent such
attacks, if necessary by changing treatment. Since poorly
controlled asthma may lead to a progressive decline in
lung function, it is also hoped that more effective control
of airway inflammation may prevent the progressive
increase in airway obstruction which occurs in patients
with severe asthma, and that it will also prevent death
from asthma.

Diagnosis. An objective diagnosis of asthma should be
made, based on a documented bronchodilator response
(112% increase in FEV1), a 15% improvement with corti-
costeroid therapy or variability in PEF over time of
120%. Bronchial provocation tests (methacholine or his-
tamine challenge and exercise challenge) have little place
in routine diagnosis, but may be useful in patients who
present with cough or exercise-induced symptoms.

Environmental Control. Avoidance of factors that
worsen asthma control is an important part of manage-
ment. Patients should quit smoking, which may interfere
with the anti-inflammatory effects of corticosteroids. Par-
ents of asthmatic children should also stop smoking. Most
asthmatic patients are atopic and environmental allergen
exposure should be avoided as much as possible. There
are several strategies to avoid exposure to house dust mite
and furry pets (especially cats), although complete avoid-
ance of house dust mites is very difficult in temperate cli-
mates. Occupational exposure to allergens and sensitizers
should be avoided where relevant.

Pharmacological Therapy
Short-Acting ß2-Agonists. Beta-agonists are by far the

most effective bronchodilators and are well tolerated
when given by inhalation. Beta-agonists work as function-
al antagonists on airway smooth muscle and therefore pre-
vent and reverse bronchoconstriction irrespective of the
mechanism. They also inhibit mast cell mediator release
and are effective in preventing exercise- and allergen-
induced asthma. However, they do not suppress chronic
airway inflammation and do not reduce airway hyperre-
sponsiveness and are therefore not adequate alone to treat
persistent asthma. Side effects are not usually a problem
when ß2-agonists are administered by inhalation, but
become more frequent with oral and intravenous admin-
istrations. The commonest adverse effects are muscle
tremor and palpitations, which are more common in
elderly patients. There were concerns that inhaled ß2-ago-
nists may be associated with increased asthma mortality,
but it now seems that the association between a high dose
of ß2-agonist and mortality is more a reflection of severe

and unstable asthma, which has higher risk of death [4].
Evidence that regular use of short-acting inhaled ß2-ago-
nists resulted in poorer control of asthma [5] has now been
refuted by studies showing that there is no difference
between ‘as required’ and ‘four times a day’ salbutamol in
either mild or severer asthma [6, 7]. However, short-act-
ing inhaled ß2-agonists are best given as required as this is
a useful measure of how well asthma is controlled. Regu-
lar use of short-acting inhaled ß2-agonists four times a day
have now been superseded by the use of long-acting
inhaled ß2-agonists twice daily, which give more effective
symptom control [8]. There have also been concerns
about the development of tolerance to the bronchodilator
effects of ß2-agonists. However, although a reduction in
the protective effect of short-acting ß2-agonists has been
demonstrated, this is not progressive and most of the pro-
tective effect is preserved [9].

Long-Acting ß2-Agonists. Inhaled salmeterol and for-
moterol give bronchodilatation and bronchoprotection
lasting over 12 h and are therefore suitable for twice daily
dosing [8]. Like short-acting ß2-agonists, they have no
effect on chronic inflammation and therefore should not
be used without corticosteroids. Inhaled long-acting ß2-
agonists give better asthma control than increasing the
dose of inhaled corticosteroids in moderate and severe
asthma and also reduce mild and severe exacerbations
[10–12]. Salmeterol and formoterol have a similar dura-
tion of action, but there are pharmacological differences.
Formoterol is a nearly full agonist whereas salmeterol is a
partial agonist and this may account for the small degree
of bronchodilator tolerance seen with formoterol. Formo-
terol has a more rapid onset of action than salmeterol and
therefore may be useful as relief medication. Oral ß2-ago-
nists are not normally recommended, but a long-acting
oral ß2-agonist bambuterol is as effective as salmeterol in
controlling symptoms, although side effects may be more
common [13].

Anticholinergics. Inhaled anticholinergic drugs (ipra-
tropium bromide, oxitropium bromide) are less effective
bronchodilators than ß2-agonists in asthma. They are
used as additional bronchodilators in patients already
treated with ß2-agonists. As they are additive to ß2-ago-
nists, they may be used to reduce the dose in patients who
have side effects from ß2-agonists.

Theophylline. Theophylline has been used in asthma
treatment for over 50 years but has become less popular as
ß2-agonists are more effective bronchodilators and the
high doses needed for bronchodilatation are frequently
associated with side effects, such as nausea and headaches
[14]. However, more recent studies have demonstrated
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that theophylline exerts anti-asthma effects at lower con-
centrations (5–10 mg/l) and these concentrations have
few side effects [15]. At these concentrations, theophylline
gives better improvement in asthma control than increas-
ing the dose of inhaled corticosteroids [16].

Inhaled Corticosteroids. Inhaled corticosteroids are by
far the most effective treatment currently available for the
treatment of asthma [17]. They are effective in virtually
every patient and at all ages. They are a rational approach
to the treatment of asthma, in which there is chronic
eosinophilic inflammation in the airways that is sup-
pressed by corticosteroids. Inhaled corticosteroids are
now used much earlier in treatment and are recom-
mended in any patient who has symptoms or needs to use
a ß2-agonist more than three times a week. Inhaled corti-
costeroids improve asthma control, reduce exacerbations
and almost certainly reduce mortality. In addition, early
use of inhaled corticosteroids may prevent irreversible
changes in lung function that occur in some patients with
asthma [18, 19]. Several inhaled corticosteroids are cur-
rently used in asthma and differ mainly in terms of their
pharmacokinetic characteristics. Beclomethasone dipro-
pionate and triamcinolone are absorbed from the gas-
trointestinal tract to a greater extent than fluticasone pro-
pionate or budesonide, so the latter are preferred when
higher doses are needed or in the treatment of children.
Side effects of inhaled corticosteroids are not a problem at
the doses that most patients require for asthma control.
Local side effects include dysphonia and oral candidiasis
and may be reduced by using a large volume spacer or
changing to a dry powder inhaler. All currently used
inhaled corticosteroids are absorbed from the lung and so
have systemic effects. However, at the doses that most
patents require, systemic side effects such as stunting of
growth in children and osteoporosis in adults are not a
problem [17]. The dose-response to inhaled corticoste-
roids is relatively flat [20] and rather than increasing to
high doses, it is preferable to add another class of drug
(long-acting inhaled ß2-agonist or theophylline) in most
patients.

Oral Corticosteroids. Oral corticosteroids are mainly
used as short course (5–10 days) to treat exacerbations of
asthma. Approximately 1% of patients with severe asth-
ma may require maintenance oral steroids to control asth-
ma. The lowest dose possible should be used to avoid side
effects. Prednisolone and prednisone are the preferred
steroids.

Cromones. Sodium cromoglycate (cromolyn) and ne-
docromil sodium are controller drugs that have a relative-
ly weak effect. They are only effective in a proportion of

patients with mild disease and the response to these drugs
is unpredictable. They are effective in preventing bron-
choconstriction induced by exercise and allergens, but are
not very effective in long-term control of asthma, partly
because of their short duration of action. They are safe
and sodium cromoglycate has been used particularly in
children, but low doses of inhaled corticosteroids are now
preferred.

Anti-Leukotrienes. Anti-leukotrienes are the first new
class of drug introduced for asthma in over 30 years. They
include 5-lipoxygenase inhibitors (zileuton) and leuko-
triene receptor antagonists (zafirlukast, montelukast,
pranlukast). These drugs have an inhibitory effect on
exercise- and allergen-induced bronchoconstriction, but
also have some anti-inflammatory effects. Numerous clin-
ical studies have shown that they have anti-asthma ef-
fects, including improvement in lung function, symp-
toms, ß2-agonist use and a reduction in exacerbations
[21]. A major advantage is that they are active orally and
do not have any major class-specific side effects. How-
ever, they are less effective than inhaled corticosteroids
and are not a substitute in mild asthma. They are used as
add-on therapy, although they are relatively ineffective in
patients with severe asthma.

Steroid-Sparing Therapies. In the small proportion of
patients who require maintenance oral corticosteroids
therapy there are some treatments that can be used to
reduce the requirement for oral corticosteroids [22].
These treatments include methotrexate, cyclosporin A
and oral gold. All of these treatments have marginal effi-
cacy and often have side effects that are worse than those
of oral corticosteroids. They should only be continued if
there is objective evidence of benefit.

Immunotherapy. Desensitizing injections against spe-
cific allergens have been popular in the treatment of aller-
gies, including asthma. However, in asthma this treat-
ment is not very effective [23] and there is a risk of a
severe reaction, including a fatal exacerbation. Since safe
and more effective therapies are readily available, this
treatment cannot be recommended until safer immuno-
therapy treatments (such as specific peptides) are devel-
oped [24].

Treatment Strategies
Asthma guidelines advocate a stepwise increase in

asthma therapy, depending on the assumed severity of
asthma and the response to treatment (fig. 1). In the Brit-
ish Guidelines there are 5 steps in therapy (fig. 2), whereas
in the Global Initiative for Asthma Guidelines, 4 levels of
therapy are recognized [2, 3].
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Fig. 1. Guidelines for asthma therapy.
Fig. 2. Stepwise treatment of asthma according to the British Thorac-
ic Society Guidelines. The percentages of patients at each step in the
guidelines from a community study is also shown. ICS = Inhaled cor-
ticosteroid; LAB = long-acting ß2-agonist.
Fig. 3. Treatment choices at step 3.

Step 1: Mild Episodic Asthma. For patients with mild
episodic asthma, a short inhaled ß2-agonist should be used
for symptomatic control only and should not be used as a
regular therapy. The frequency of use of the ß2-agonist
inhaler is a good guide to the degree of asthma control and
any patient who requires to use an inhaler on a daily basis
or who wakes at night because of asthma should be started
on an inhaled anti-inflammatory drug.

Step 2: Mild Persistent Asthma. Patients with mild per-
sistent asthma should be started on an inhaled anti-inflam-
matory agent. For most patients this should be an inhaled
corticosteroid. In children, cromoglycate is an option, but
this is less effective than an inhaled corticosteroid and
should only be used when there is a reluctance to use an
inhaled steroid. A patient may be started on either low-
dose inhaled steroid (e.g. beclomethasone dipropionate
(BDP), budesonide 50–200 Ìg or fluticasone propionate
(FP) 50–100 Ìg twice daily). More rapid control is
achieved by starting with a higher dose (800 Ìg daily) and
once control is achieved by slowly reducing the dose.

Step 3: Moderate Persistent Asthma. If asthma is not
controlled on low-dose inhaled corticosteroids, the pre-
viously recommended strategy was to increase the dose
(up to 2,000 Ìg daily for BDP and budesonide or 1,000 Ìg
daily for FP). An alternative approach is to add another

class of controller drug. This may be a long-acting inhaled
ß2-agonist, low-dose theophylline or possibly an anti-leu-
kotriene [10–12, 16, 25] (fig. 3). Fixed-combination inhal-
ers with a corticosteroid and long-acting ß2-agonist have
now been developed and these are more convenient to the
patient and may improve compliance.

Step 4: Severe Persistent Asthma. A small proportion of
patients is not controlled on high-dose inhaled corticoste-
roid with the addition of another controller. In these
patients an additional bronchodilator (anticholinergic or
theophylline) should be tried, and nebulized bronchodila-
tors are sometimes necessary. In patients with brittle asth-
ma, subcutaneous ß2-agonists may be useful [26].

In some patients, asthma is only controlled by oral ste-
roids, but the minimum dose should be used. It is usual to
use prednisone or prednisolone as a single oral dose in the
morning to reduce adrenal suppression and side effects.

Step-Down. It is very important to reduce treatment as
asthma comes under control, so that the patient is on the
minimal therapy required. The requirement for anti-
inflammatory therapy may vary from time to time. Thus
during the pollen season, sensitive patients usually need
to increase the dose of inhaled steroids to prevent the
onset of symptoms. If a patient is virtually asymptomatic
for 6 months, it is reasonable to gradually reduce the dose

1 2

3
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of inhaled steroids (by F25% of dose every 3 months),
and it may even be possible to withdraw steroids com-
pletely.

Action Plans. An important part of asthma therapy is
the concept of self-management of the disease, so that the
patient initiates changes in therapy, according to the
degree of symptoms, ß2-agonist use or PEF. If asthma
symptoms, or inhaled ß2-agonist usage increases or the
PEF falls, the amount of anti-inflammatory therapy
should be increased according to a predetermined (prefer-
ably written) action plan. As an example, if PEF falls to
70% of the expected value, we recommend that the
patient should double the dose of inhaled steroids. If PEF
falls to 50% of expected value, a short course of oral ste-
roids is needed. This should be prednisone/prednisolone
30–40 mg orally each morning and given until the PEF
comes back to normal, then either continued for 2 further

days or tailed off by 5 mg daily. If the PEF falls to 30% of
the expected value then urgent medical attention should
be sought. The use of this sort of action plan has been
shown to reduce asthma admissions and improve overall
control of asthma and quality of life [27]. Convenient
credit-card size printed action plans are now available for
patient use.

Therapeutic Choices. Several treatments for asthma
have been discussed above. Treatments for asthma can
broadly be divided into bronchodilators, which act pre-
dominantly on airway smooth muscle, and anti-inflam-
matory, prophylactic or controller therapies, which con-
trol asthma symptoms when taken regularly. There are
advantages and disadvantages to each treatment and it is
important to consider convenience of use and potential
side effects. Cost of therapy is also an important consider-
ation, particularly in developing countries.
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Summary
The management of COPD aims at relieving symptoms, improv-

ing quality of life and preventing further deterioration. Managing
COPD will therefore need a broader approach than pure pharmaco-
logical treatment, as reflected in the Global Initiative for Obstructive
Lung Disease (GOLD) guidelines. The major risk factor of COPD is
cigarette smoking, but other risk factors, including indoor pollution
and occupational exposure might play a significant role. Chronic
oxygen therapy prolongs survival in COPD patients with respiratory
failure. Long-term studies looking at the influence of pharmacologi-
cal treatments on the mortality of COPD are ongoing. Management
approaches other than the avoidance of risk factors should therefore
be regarded as symptomatic. The choice of treatment will mainly
depend on the severity of the patient’s COPD. The severity of the
airflow limitation is certainly not the only, and very often not the
major factor determining the severity of COPD in an individual
patient. The airflow limitation in COPD is also largely irreversible.
Therapeutic recommendations and choices should therefore take
into account other patient characteristics besides the degree of air-
flow limitation.

Management Options in COPD
Avoidance of Risk Factors. Smoking Cessation. Smok-

ing cessation is the single most effective intervention to
stop the progressive worsening of COPD, and is the only
intervention that has been shown to significantly in-
fluence the long-term evolution of the disease [1]. Smok-
ing cessation is also the most cost-effective intervention.
All available means should be used to help a patient stop
smoking. These include individual and group counselling,
nicotine substitution treatment (gum, patches, inhaler
and nasal spray) and bupropion. Nicotine substitution
therapy has been shown to approximately double the
smoking cessation rate [2]. Bupropion treatment further

increase the success rate of smoking intervention [3]. The
individually tailored combination of these methods re-
sults in long-term smoking cessation in approximately
one third of all COPD patients.

Occupational Exposures. Strategies aiming at reducing
the burden of particles and gases should be applied at the
workplace.

Indoor Air Pollution. The reduction of the inhalation
of noxious particles and gases from indoor heating or
cooking is very often dependent on the socio-economic
conditions of the individual.

Education. Education in COPD is effective in obtain-
ing smoking cessation, in increasing the effectiveness of
and compliance with inhaler therapy, in improving the
patient’s response to exacerbations, and in discussions
around advance directives and end of life issues. Educa-
tion can be achieved through consultations with physi-
cians and other health care workers or through more com-
prehensive pulmonary rehabilitation programs.

Pharmacological Treatment. Pharmacological treat-
ment is used to prevent and control symptoms, to reduce
the frequency and severity of acute exacerbations, to
improve health and exercise tolerance. None of the exist-
ing medications has been shown to modify the long-term
evolution of the airflow limitation in COPD. Several
medications, such as the long-acting inhaled ß2-agonist
salmeterol, the long-acting inhaled anticholinergic tiotro-
pium, acetylcysteine and inhaled glucocorticosteroids,
have been shown to decrease the frequency of exacerba-
tions.

Bronchodilators. Bronchodilators are central to the
symptomatic management of COPD. Anticholinergic
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agents, ß2-agonists and theophylline have been shown to
improve the symptoms and the exercise tolerance in
patients with COPD. They also partially reverse the air-
flow limitation but the improvement in symptoms and
exercise tolerance is not necessarily associated with a sig-
nificant improvement in spirometric measures. The
choice between the different bronchodilators should be
guided by the patient’s symptomatic response and/or ob-
jective changes in airflow limitation. Inhaled therapy is
usually preferred as first-line bronchodilator because of
the safety concerns about theophylline. The rationale for
combining different bronchodilators is not only the addi-
tional benefit but also avoiding side effects by not using
higher doses of a single drug. The long-acting inhaled bron-
chodilators are at least as effective as the short-acting and
more convenient [4, 5]. There are indications that they are
more effective in preventing acute exacerbations [4].

Glucocorticosteroids. Prolonged treatment with in-
haled glucocorticosteroids in COPD does not modify the
long-term evolution of the airflow limitation [6, 7]. Such a
treatment is only justifiable in symptomatic COPD pa-
tients with an objective improvement (at least 200 ml) of
the postbronchodilator FEV1 after a therapeutic trial for
6 weeks to 3 months or in COPD patients with an FEV1

below 50% of predicted and repeated exacerbations [8].
The dose-response relationship and long-term safety of
inhaled glucocorticosteroids in COPD are unknown. A
response to a short course with oral glucocorticosteroids is
a poor predictor of the long-term response to inhaled glu-
cocorticosteroids [9].

The benefit-risk ratio of long-term treatment with oral
glucocorticosteroids is so low that this treatment modality
should be avoided in patients with COPD. An important
side effect of long-term treatment with systemic glucocor-
ticosteroids in COPD is steroid myopathy [10]. This
myopathy contributes to the muscle weakness and de-
creased performance status in these patients.

Mucolytics. Mucolytics have been shown to improve
symptoms in patients with COPD. They do not modify
the airflow limitation.

Antioxidants. Antioxidants, in particular acetylcys-
teine, have been shown in a meta-analysis to reduce the
frequency of acute exacerbations in COPD [11]. This
meta-analysis is based on a number of rather small studies
of limited duration. A larger scale 3-year study is currently
ongoing.

Immunomodulators. One study showed a decrease in
the severity but not in the frequency of exacerbations of
COPD during treatment with OM-85 BV [12]. This study
has not been confirmed.

Table 1. Factors determining Severity of COPD [15]

Severity of symptoms
Severity of airflow limitation
Frequency and severity of exacerbations
Presence of complications
Presence of respiratory failure
Presence of comorbid conditions
General health status
Number of medications needed to manage the disease

Vaccines. An influenza vaccine is recommended for all
patients with COPD. These vaccines very significantly
decrease morbidity and mortality due to influenza in
these patients. The evidence for the systematic use of
pneumococcal vaccine in COPD is less convincing.

Non-Pharmacological Treatment. Rehabilitation. The
majority of COPD patients benefit from rehabilitation
programs [13]. Improvements in symptoms and exercise
tolerance have been amply documented. A comprehen-
sive rehabilitation programme includes exercise training,
nutritional counselling and education.

Oxygen Therapy. Long-term oxygen therapy is indi-
cated for patients with advanced COPD and respiratory
failure (PaO2 !7.2 kPa or 55 mm Hg or PaO2 between
7.2 and 8.0 kPa or 59 mm Hg and evidence of right heart
failure or pulmonary hypertension or polycythaemia).
Long-term administration of low concentrations of oxy-
gen for at least 15 h per day has been shown to increase
survival and improve exercise capacity and mental state
in these patients.

Surgical Treatments. Bullectomy is indicated in select-
ed patients with large bullae. Lung volume reduction sur-
gery is a surgical procedure that still should be considered
as experimental. Improvements in lung function parame-
ters and quality of life have been documented in relatively
small or non-randomized studies [14].

Management of Chronic COPD
The aim of chronic treatment in COPD is to prevent

progression of the disease, exacerbations and decay of
health and to improve symptoms, exercise tolerance, and
quality of life. The management should be guided by the
severity of the COPD and by the response to individual
treatments; the severity of an individual’s COPD being
dependent on many factors (table 1). Tables 2–5 summa-
rize the management recommendations from the Global
Initiative for Obstructive Lung Disease (GOLD) guide-
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Table 2. Definition of stage 0: at risk

Chronic symptoms Avoidance of noxious agents
Cough
Sputum

No spirometric abnormalities

Smoking cessation
Reduction of indoor pollution
Reduction of occupational

exposure

Table 3. Definition of stage I: mild

Chronic symptoms Avoidance of noxious agents
Cough
Sputum
Dyspnea

Smoking cessation
Reduction of indoor pollution
Reduction of occupational

FEV1/FVC!70%
FEV1x80% predicted

exposure
Short-acting bronchodilator as

needed

Table 4. Definition of stage II: moderate

FEV1/FVC ! 70%
30% ! FEV1 ! 80% pred.
With or without chronic

symptoms

Avoidance of noxious agents
Smoking cessation
Reduction of indoor pollution
Reduction of occupational

exposure
Regular bronchodilator treatment
Short-acting bronchodilator as

needed
Rehabilitation
Consider inhaled steroids

Table 5. Definition of stage III: severe

FEV1/FVC ! 70%
FEV1 ! 30% pred. or

respiratory failure or
right heart failure

Chronic symptoms

Avoidance of noxious agents
Regular bronchodilator treatment
Short-acting bronchodilator as

needed
Rehabilitation
Consider inhaled steroids
Long-term oxygen therapy if

respiratory insufficiency
Consider surgical alternatives

lines according to stages of severity [15]. The avoidance of
risk factors is the major therapeutic intervention. The
effect of smoking cessation cannot be underestimated and
repeated efforts should be made to convince and help the
patient. The bronchodilator therapy will be tailored to the
individual symptoms and therapeutic response. The rec-
ommendations for the use of inhaled glucocorticosteroids
have been discussed above.

Management of Acute Exacerbation of COPD
COPD is associated with acute exacerbations of symp-

toms. Exacerbations are often the primary reason for con-
sultation for a patient with COPD. Increased breathless-
ness is usually the main symptom, but this can be associ-
ated with increased coughing and sputum and with
change in the colour and/or viscosity of the sputum. Fever
is rather rare unless associated with pneumonia. Exacer-
bations of COPD might be caused by respiratory infec-
tions, both viral and bacterial, and by an increase in air
pollution. The cause of an exacerbation can very often not
be identified.

Exacerbations of COPD are important clinical events
for patients with COPD and require adequate medical
attention. COPD exacerbations can lead to respiratory
failure in patients with more advanced COPD. Repeated
exacerbations are also associated with a more rapid de-
cline in health status [8].

The treatment of an exacerbation of COPD is very
much dependent on the severity of the exacerbation and
the severity of the underlying COPD.

Mild to Moderate Exacerbation. A mild exacerbation
can very often be managed by a temporary increase in the
dose and frequency of the existing bronchodilator therapy
or by the addition of a new bronchodilator. A course of
antibiotics should be added if purulent sputum is present
and the dyspnoea and sputum volume have increased
[16]. The choice of antibiotic will depend on the local sen-
sitivities of the most prevalent bacterial causes of COPD
exacerbations: Streptococcus pneumoniae, Hemophilus
influenzae and Moraxella catharalis.

Severe Exacerbation. Patients with severe symptoms
during an exacerbation should receive treatment with
bronchodilators, according to the recommendations given
for mild to moderate exacerbations. A nebulizer or a pres-
surized metered-dose inhaler with a spacer should be used
for the administration of higher doses of bronchodilators
in subjects who are too short of breath to use the standard
metered dose inhalers. The criteria for using antibiotics
are the same as for milder exacerbations. Oral and sys-
temic glucocorticosteroids have been shown to shorten
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the recovery from an exacerbation and help restore lung
function more quickly [17, 18]. A dose of 40 mg of pred-
nisolone per day for 10 days is recommended. Oxygen
therapy should be given when hypoxaemia is suspected or
documented. The oxygen concentration should be low, in
order to avoid the risk of worsening hypercapnia. The
oxygen concentration can be increased if blood gas moni-
toring is available. Indications for hospitalization of a
patient with an acute exacerbation of COPD include a

marked increase in the intensity of the symptoms, a back-
ground of severe COPD, the onset of new physical signs
such as cyanosis or peripheral edema, the sudden onset of
an arrhythmia, significant comorbidities, a change in
mental status and older age [15]. In COPD patients with
acute respiratory failure, temporary ventilatory support
can be given by non-invasive means using either negative-
or positive-pressure devices or by invasive mechanical
ventilation [19].
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Summary
This review deals with the evidence for variability in drug

response due to genetic polymorphisms and speculates on potential
use of genetic data in determining variability in drug response in
patients with asthma and COPD. Polymorphism of the ß2-adreno-
receptor gene at a number of sites corresponding to amino acid
positions 16 and 27 have been proposed as being functionally rele-
vant. Genes for muscarinic M2, histamine H1 and glucocorticoid
receptors and the 5-lipoxygenase promoter may also be relevant.
The molecular genetics of COPD are less well understood, but
genes for oxidative stress, TNF-· and nicotine metabolism have
been implicated.

Functional Genetic Polymorphism
As the human genome sequencing project has pro-

gressed, it has become increasingly clear that high rates of
genetic polymorphism exist in the human genome.
Whereas some mutations have clear deleterious effects,
most polymorphisms have minor, if any, functional con-
sequences. For a polymorphism to contribute to variabili-
ty in drug responsiveness in the population at large, it
would need to be at least reasonably common. Hence
polymorphisms with an allelic frequency of 0.1% may be
important in determining treatment response in very
small numbers of individuals, but obviously cannot con-
tribute to determining treatment response in large popula-
tions to any major extent. Intuitively, one would imagine
that commoner polymorphisms would have smaller func-
tional effects, although one area of research which re-
mains to be explored in more depth is the possibility that
a range of polymorphisms, each with relatively minor
functional effects, could in combination contribute to a
marked phenotypic change (fig. 1).

Fig. 1. Factors affecting treatment response.

Genetic Variability
Current estimates of genetic polymorphism within the

human genome for coding DNA are at 1 in 1,000 bp, and
for non-coding DNA are at 1 in 500 bp. These figures,
however, hide the large variability between different
genes: for example, the ß2-adrenoceptor (see below) con-
tains at least 17 polymorphisms within a region of 3 kb
containing the gene and its major transcriptional control-
ling region.

Polymorphic Variation in Respiratory Drug
Targets
Polymorphism screening has been performed for many

of the immediate respiratory drug targets, although down-
stream targets such as components of signal transduction
pathways and/or ion channels remain little studied.
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Criteria for Assessing Pharmacogenetic Candidate Genes

E Polymorphisms: Does the candidate gene or its controlling
region contain polymorphisms?

E Coding region: Is the polymorphism degenerate or non-degene-
rate (i.e. does it alter the amino acid sequence of the protein)?

E Non-coding region: Does the polymorphism interfere with
known regulatory regions/splice-sites?

E Is the polymorphism non-conservative?
Coding region: Conservative or non-conservative amino acid

substitution?
Non-coding region: Conservative or non-conservative base

substitution?
E Are there functional data to suggest a functional effect for the

polymorphism?
E Is there association in clinical studies of a relevant end-point with

a given allele/haplotype?

Other Considerations for Pharmacogenetic Candidate Genes

E Homozygotes versus heterozygotes
Autosomes contain a pair of genes at a given locus: individuals
may be homozygous or heterozygous.

E Nature of polymorphism
Most polymorphisms are single nucleotide polymorphisms and
are hence b-iallelic, although some involve deletions or insertions
which may introduce a frameshift in coding regions.

E In vitro functional data
Most in vitro studies have used site directed mutagenesis to
address the functionality of a given polymorphism. This effecti-
vely replicates the homozygous phenotype, but for common poly-
morphisms in the general population heterozygote individuals
will predominate.

E Linkage disequilibrium
When a given gene contains a number of polymorphic variants
then additional difficulties are created. Over short regions of
DNA linkage disequilibrium tends to be very strong, making it
difficult to look at the effects of a given polymorphism in isola-
tion.

ß2-Adrenoceptor. The human ß2-adrenoceptor remains
the best studied candidate gene from a respiratory phar-
macogenetic aspect [1, 2] (fig. 2). In all, 17 polymor-
phisms are known within the gene or its regulatory region,
although functional data exist for only 4 sites.

Cys 19 Arg BUP. Preliminary functional data have
suggested a role for the –47 C-T single nucleotide poly-
morphism (SNP). This alters the terminal amino acid of
the short ß upstream peptide (BUP), that has a role in
transcriptional/translational inhibition of ß2-adrenocep-
tor expression in the airways. Translational inhibition is
at least in part dependent on the arginine content of the
peptide: the –47 C-T SNP increases the number of argi-

nine residues in the peptide from 3 to 4. No clinical data
currently exist on this polymorphism although in vitro
studies suggest some reduction in ß2-adrenoceptor expres-
sion in transformed cell systems [3, 4].

Arg 16 Gly. The Gly 16 polymorphism results in
increased receptor downregulation, following long-term
exposure to agonist, both in recombinant cell systems and
primary cultured airway smooth muscle. Clinical studies
have suggested reduced response to ß2-agonists in individ-
uals carrying Gly 16, with either tachyphylaxis to the
bronchodilator effects of formoterol [5] or a reduced acute
bronchodilator response to salbutamol in children [6]. A
further study correlated the presence of Gly 16 with the
nocturnal asthma phenotype [7]. The Gly 16 variant is
frequent in the general population, having an allelic fre-
quency of 60%.

Gln 27 Glu. In contrast, there are no good functional
data to suggest a role for the Glu 27 polymorphism (which
protects against downregulation) in determining treat-
ment response. Weak linkage and association with re-
duced IgE and bronchial hyperreactivity have been ob-
served in clinical studies, possibly due to linkage disequi-
librium with the cytokine TH2 gene cluster close by on
chromosome 5Q31 [8, 9]. Again, the allelic frequency is
high at 50% for Glu 27 [10].

Thr 164 Ile. The Ile 164 variant of the ß2-adrenoceptor
alters agonist binding and receptor sequestration follow-
ing long-term stimulation [11, 12]. Because this polymor-
phism is close to the putative binding site for the lipo-
philic tail of salmeterol it is also possible that salmeterol
binding may be altered in individuals carrying this vari-
ant of the receptor. Individuals carrying the Ile 164 vari-
ant will be expected to show reduced responses to ß2-ago-
nists and potentially a different time course of action of
salmeterol. However, this polymorphism is rare (allelic
frequency 3%) and clinical studies have been limited,
with homozygous individuals not studied to date.

Asthma Severity. In addition to the above studies, dif-
ferent ß2-adrenoceptor variants have not been found to be
significantly associated with long-term disease control or
fatal/near fatal asthma [13, 14]. However, studies have
been complicated to some extent by the large number of
ß2-adrenoceptor polymorphisms [15] and the linkage dis-
equilibrium which exists [10].

Muscarinic M2 Receptor. A screen by single strand con-
formational polymorphism (SSCP) and direct sequencing
of the muscarinic M2 receptor and a short region of the
5) UTR and 3) UTR revealed three changes from the pub-
lished sequence. An A-insertion in the 3) UTR at +1793
appeared to be present in all samples studied and hence
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Adapted from Liggett [1].

Fig. 2. ß2-Adrenoceptor polymorphism.

may represent an error in the database. The other two
SNPs give rise to a degenerate polymorphism in the cod-
ing region (basepair +1197, T-C) and a common bi-allelic
3) UTR polymorphism (+1196, T-A, allelic frequency
65% [16]. No functional data are available on these poly-
morphisms at present.

Histamine H1 Receptor. Although not a primary target
for asthma or COPD, anti-histamines acting via the H1

receptor remain important in the management of atopic
disease (e.g. allergic rhinitis). A limited screen (by SSCP)
of the coding region of the H1 receptor revealed one
degenerate polymorphism (Gln 356 Gln), which is unlike-
ly to be functionally relevant [17].

Glucocorticoid Receptor. The glucocorticoid receptor
was one of the first to be sequenced to look for polymor-
phic variation. These studies were initiated by the obser-
vation that at least some asthmatics appear to be steroid
insensitive. However, no genetic basis for steroid resis-
tance was found at the receptor level [18]. More recently,
a polymorphism which results in a single amino acid sub-
stitution (N-Asp 363 Ser) and a consequent gain of func-
tion has been described within the glucocorticoid receptor
[19]. The possibility that this gain of function polymor-

Fig. 3. 5LO promoter genotype and response
to a 5LO inhibitor.

phism might increase response to steroids or alter the
extent of adrenal suppression profile following treatment
with steroids deserves further study.

5-Lipoxygenase. Other than the ß2-adrenoceptor per-
haps the best data on functionally important polymor-
phisms within respiratory drug targets comes from studies
on the 5-lipoxygenase (5LO) promoter. This promoter
contains a repeat transcription factor binding site for Sp1:
the wild-type genotype containing 5 repeats [20]. Individ-
uals have been observed with differing numbers of re-
peats, all of which appear to reduce transcriptional activi-
ty of the 5LO gene. In a large pharmacogenetic study per-
formed retrospectively on a group of individuals in a
phase III trial of the 5LO inhibitor ABT-761, individuals
carrying genotypes which were predicted to give rise to
lower levels of 5LO activity in the lungs were less respon-
sive to the 5LO inhibitor [21] (fig. 3). Whether or not
these polymorphisms may contribute to response to leu-
kotriene receptor antagonists remains to be established.

Inflammation and Airway Hyperreactivity
Asthma commonly involves IgE-mediated allergic

reactions to common aeroallergens that are the result of
interactions between a number of genetic and environ-
mental factors [22, 23]. In addition, a number of genes
have now been associated with airway hyperreactivity
(AHR). Through defining the genetic basis of asthma, ato-
py and AHR, it is hoped to provide better classification
and new treatments. These genes may be important in
predicting responders for biotechnology therapies di-
rected specifically against IgE, eosinophils (anti-IL-5 and
IL-4R), and AHR.
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COPD
The molecular genetics of COPD are less well under-

stood than asthma [24], although genes relating to oxida-
tive stress [25], tumour necrosis factor-· [26] and nicotine
metabolism have been implicated [27]. Depending on the
type of therapy, these genes have the potential to exert
pharmacogenetic effects. The phosphodiesterase isoen-
zymes are being screened as targets, but will be particu-
larly challenging given the large number of genes within
this gene family and the number of splice variants that
can arise from individual gene members.

Pharmacoeconomics
The real test of the value of pharmacogenetic data will

come in pharmacoeconomic studies assessing the value of
prior knowledge of genotype to predict response before
commencing treatment. Intuitively, it seems likely that
this is unlikely to be feasible on a reactive basis, but with
advances in DNA chip technology, it may be cost-effec-
tive on a pro-active basis. One possibility is that a phar-
macogenetic profile for an individual could be established
at a ‘well-person check’ which would potentially give
information on the most effective drugs to be used, not
just in respiratory disease, but in a range of other diseases
which may develop in later life in that individual.

Phase II
The other setting in which pharmacogenetic informa-

tion may be particularly important is in the context of
small phase II clinical trials. If by chance such trials con-
tain an excess of individuals with a given genotype, it
would be easy to overestimate or underestimate the effica-
cy of the drug if the polymorphism has significant func-
tional effects.

Conclusion
It is clear that significant genetic variation exists in

many genes whose products are respiratory drug targets.
Preliminary studies have been performed defining the
extent of genetic variation in some of the primary targets,
and reasonable functional data together with limited clin-
ical studies have addressed the importance of these vari-
ants in determining treatment response. The available
data on genetic polymorphism will increase markedly
over the next few years and will need to be matched by a
structured approach to looking at functional effects. Most
polymorphisms are unlikely to have a sufficiently large
clinical effect to be important in day-to-day management,
but a small number of polymorphisms will exist which
produce clinically important effects on treatment re-
sponse.
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Summary
Delivery of drugs by inhalation for the treatment of respiratory

disease is well established. The primary advantage of local delivery is
the achievement of efficacy while minimizing systemic side effects.
With the respiratory tract as the target organ, biologics are likely to
benefit even more by direct delivery because their transport between
the blood circulation and the airway tissue and lumen is limited. This
may result in better safety and efficacy, as well as improved econom-
ics since much lower doses may be effective compared to systemic
administration. Protecting biologics against degradation during stor-
age and aerosol generation may require the use of new types of for-
mulations and inhalation systems with which they can be efficiently
and reproducibly delivered. Examples of current clinical status of
biologics delivered to the lung are provided.

The choice of delivery method to the lung depends on
the target location, and the transport and clearance mech-
anisms specific to the drug of interest. The lung is a well-
perfused organ, but ordinarily entry of high-molecular-
weight substances from the blood circulation into the lung
parenchyma and airway lumen is limited. Interestingly,
the highly absorptive area of the small airways and alveoli
can be accessed by direct deposition of the therapeutic
substance, and this is explored for noninvasive delivery of
macromolecules such as insulin for systemic activity [1].
This chapter, however, is limited to the direct delivery of
biologics for local effects within the respiratory tract.

There are considerable therapeutic advantages with
this organ-directed approach (table 1). Inhalation treat-
ment of respiratory tract disease achieves rapidly high tar-
get site drug concentration in the lung and relatively low
systemic exposure. For example, inhaled ß-adrenergic

agents provide rapid bronchodilation in asthma and are
equipotent to oral doses approximately 20-fold greater
[2]. Aerosolized doses of corticosteroids for asthma are
orders of magnitude less than oral steroid doses, resulting
in substantially less systemic adverse effects [3]. The ratio
of lung to oropharyngeal deposition may determine the
balance between desired (local) and undesired effects of
these aerosols [4]. Pentamidine [5] and tobramycin [6],
drugs used for the treatment of lung infections, are associ-
ated with serious systemic toxicity that can be minimized
through their administration by inhalation. Even more
localized delivery to specific airway segments that avoids
toxicity at other sites can be achieved with a microspray
guided via bronchoscope [7].

Table 1. Points to consider for the choice of pulmonary delivery
system

Attribute Reason for importance of the
attribute

Stability of biologic during
manufacture, development
storage and aerosolization

Safety and efficacy

Efficiency of delivery to the lung Safety, efficacy, convenience
to patient, economics

Robust performance over realistic
range of ambient conditions
and the patients’ ability to
comply with proper technique

Safety and efficacy

Portability, frequency and duration
of administration

Ease of use affecting patients’
compliance with therapy
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Methods of Direct Delivery of Biologics to the Lung
Key Factors Affecting Pulmonary Deposition of Inhaled

Particles. In the majority of therapeutic applications, it is
desirable to administer the drug to a large portion of the
respiratory tract and in a manner convenient for self-
administration by the patient. The major physical deter-
minant of drug deposition in the respiratory tract follow-
ing inhalation of an aerosol cloud is the aerodynamic size
of the droplet or particle carrying the drug. This aerody-
namic diameter depends on the physical size, shape and
density of the particle [8]. The aerodynamics of delivery
does not depend on the size of the drug molecule because
the particle is typically orders of magnitude larger than
the biological molecule. Oropharyngeal deposition is the
primary cause of inefficiency and variability of conven-
tional inhalation systems. To minimize this, particles in
the aerodynamic size range 2–3 Ìm are to be used, and
they need to be inhaled at a low inspiratory flow rate, fol-
lowed, in some cases, by a brief breath-holding to avoid
their exhalation. Correct breathing maneuvers are not
easily achieved spontaneously, but desired reproducible
breathing patterns can be obtained, e.g., with feedback
using visual prompts leading to reproducible deposition
[9].

Formulation Issues. The starting point for preclinical
and clinical studies of a macromolecular drug is often the
aqueous solution in which it was manufactured in puri-
fied form. Commercially viable formulations of parenter-
al and inhalation solutions of biologics are stable when
refrigerated, and typically have adequate room tempera-
ture stability of F30 days. Aggregation, the commonest
degradation route for proteins, can be prevented frequent-
ly by the addition of small quantities of surfactant. Deam-
idation may be controlled by pH adjustment, and, similar
to oxidation, does not necessarily have an impact on pro-
tein activity or safety [10]. If adequate stability cannot be
achieved with an aqueous formulation, a ‘dry powder’ for-
mulation may be attempted. Lyophilized proteins for
injections do not have properties suitable for inhalation
delivery without further processing and new methods of
protein powder stabilization for aerosol delivery are
therefore under development [10].

Delivery Systems. Nebulizers. A number of choices
now exist to administer aqueous solutions of biologics.
Conventional jet nebulizer systems consist of a source of
compressed air and a single-use or reusable nebulizer.
They can nebulize solutions and reconstituted powders.
The aerosol output and particle size distribution are rela-
tively independent of the formulation properties. Their
disadvantages include long administration times, poor

portability and variable and inefficient delivery [11].
Also, during nebulization, the vast majority of droplets is
too large and refluxed within the nebulizer. Some biolog-
ics are degraded during this process [10]. Ultrasonic nebu-
lizers run the additional risk of denaturing the biologic
due to temperature increases during operation [11].

‘Soft-Mist Inhalers’. New hand-held aerosol generators
that utilize aqueous formulations overcome the key limi-
tations of conventional nebulizers. Prevention of micro-
bial growth in the aqueous formulation is essential and
can be achieved in single use sterile dosage forms [10, 12].
Bulk drug reservoir systems may require addition of pre-
servative to the formulation. The interaction of a preser-
vative with the biologic may compromise the effective-
ness of the preservative and the biochemical stability of
the drug; very few suitable preservatives exist for respira-
tory products [10]. Aerosol generation using these novel
aqueous delivery systems is accomplished by either me-
chanical extrusion of the formulation through nozzles, or
with a vibrating orifice or ultrasonic mesh [10]. Mechani-
cal extrusion of protein formulations in the AERx system
through single-use nozzles, consisting of an array of mi-
cron-size holes, showed no loss of protein activity or integ-
rity. In combination with the system’s built-in breath con-
trol, 60–80% lung delivery of the loaded protein dose has
been reported from in vitro and in vivo measurements
[13, 14]. If a high concentration formulation is stable, a
lung drug dose as high as 4 mg/puff can be achieved [15].
Somewhat lower efficiencies and doses/puff have been
reported thus far for multidose reservoir systems current-
ly in development [16, 17].

Propellant-Driven Metered Dose Inhalers (pMDI).
Traditional pressurized metered dose- and dry powder-
inhalers (pMDIs and DPIs) are inefficient and result in
highly variable doses to the lung [10]. Further, the pMDI
propellants are not suitable for the formulation of protein
solutions. Suspension-based pMDIs would require special
methods to manufacture the protein powders, which are
yet to be investigated [10].

Dry-Powder Inhalers. Conventional DPI performance
depends on the patient’s breathing effort. New powder
systems that deliver biologics at higher efficiencies and
reproducibilities use power-assisted powder dispersion.
They also utilize novel formulations with excipients for
protection against degradation of the biologic during
manufacture and storage [10]. The proportion of the exci-
pient can be high, affecting the maximum drug dose/puff.
Some excipients used in powder formulations such as sug-
ars or salts cause bronchoconstriction in hyperresponsive
subjects [10]. A powder formulation can be more stable at
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room temperature than an aqueous solution. Such formu-
lations, however, may be sensitive to extremes of humidi-
ty that can result in physical and biochemical degradation
of the product [10]. This may preclude the use of bulk
drug reservoir DPIs, and necessitate the use of single-dose
presentations.

The Spiros (Dura) device has a battery-driven propell-
er to disperse the drug powder. The lung dose with pro-
teins is unknown for this system, but for albuterol it was
26 and 19% of the nominal dose at low and high inspirato-
ry flow rates, respectively (coefficient of variation F30%)
[18]. The Inhale Therapeutics’ DPI uses biologics stabi-
lized in a glassy sugar matrix and compressed air to dis-
perse the powder [10].

The use of physically larger solid particles carries some
attraction because they are less cohesive and surface-
adhesive, and therefore can be dispersed more efficiently
with lower energy expenditure than smaller particles [8,
10]. Such particles may be able to deliver a higher dose/
breath to the lung as long as they have appropriate aerody-
namic behavior. Good penetration of larger particles with
extremely low inspiratory flow rate was reported [19]. A
new generation of large porous [20] and hollow [21] parti-
cles is being developed which have respirable aerody-
namic size despite their larger physical size, due the
reduction in density. They may provide in the future
alternative strategies for biologic inhalation products.

Examples of Clinical Applications of Pulmonary
Delivery of Biologics
Recombinant Human Deoxyribonuclease (Dornase al-

pha, rhDNase). Pulmozyme® (rhDNase, Genentech Inc.)
for the treatment of cystic fibrosis, is currently the only
biologic on the market for inhalation delivery. This com-
pound has undergone extensive preclinical and clinical
safety investigations [12]. Pulmozyme is approved for
delivery by nebulizer, with each treatment taking typical-
ly 15–30 min. Recently, clinical development was ini-
tiated with rhDNase delivered by the AERx aqueous
bolus delivery system with a view to shortening the deliv-
ery time and therefore enhancing compliance with the
therapy [14].

Soluble IL-4 Receptor. Nuvance (Immunex), an IL-4
receptor, administered by inhalation via a nebulizer, is
currently being studied for the treatment of asthma [22].

Anti-IgE Antibodies. While anti-IgE antibodies admin-
istered by injection showed efficacy in allergic asthmatic
subjects [23], clinical trials with the inhaled product failed
to demonstrate similar positive effects [24]. Whether
delivery systems which are more efficient than conven-

tional nebulizers would enhance the efficacy of the drug
by inhalation is unknown at this time.

Human Alpha-1-Antitrypsin. Prolastin, human plasma-
derived alpha-1-antitrypsin (A1AT; Bayer) is an injecta-
ble product for replacement therapy of A1AT in emphyse-
ma patients with congenitally low levels of serum A1AT.
A1AT administration by inhalation was found to be safe
using nebulizers [25].

Cystic Fibrosis Transmembrane Conductance Gene. Mi-
crospray delivery [7] with bronchoscope guidance was
used to deliver the cystic fibrosis transmembrane conduc-
tance gene using an adenovirus vector in patients with
cystic fibrosis. The greater localization of the gene vector
by this method was presumed to result in better safety
compared to administration of the vector by instillation
[26].

Conclusions
We witnessed a remarkable growth in pulmonary de-

livery of biologics towards the end of the 20th century
[27]. New delivery systems with the ability to deliver pro-
tein and gene therapies much more effectively and repro-
ducibly are now in late-stage clinical testing which will
provide the ultimate validation in terms of the safety and
efficacy of these technologies. The beginning of the new
millennium is marked by completion of the sequencing of
the human genome that will accelerate the development
of new therapeutic biologics. The scientists working in the
discovery area will be able to select the most appropriate
pulmonary delivery systems that match the properties of
the therapeutic substance and, most importantly, the
needs of the patients in the target population.
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cal and physiological factors influencing the
effectiveness of inhaled insulin; in Dalby RN,
Byron PR, Farr SJ (eds): Respiratory Drug De-
livery VI. Buffalo Grove, Interpharm Press,
1998, pp 25–33.

2 Walter EH: Inhaled versus oral treatment with
salbutamol. Res Clin Forums 1984;6:73–81.

3 Lipworth BJ: Systemic adverse effects of in-
haled corticosteroid therapy: A systematic re-
view and meta-analysis. Arch Intern Med
1999;159:941–955.

4 Borgstrom L: Local versus total systemic bio-
availability as a means to compare different
inhaled formulations of the same substance. J
Aerosol Med 1998;11:55–63

5 Conte JE, Golden JA: Intrapulmonary and sys-
temic pharmacokinetics of aerosolized pen-
tamidine used for prophylaxis of pneumocystis
pneumonia in patients infected with the hu-
man immunodeficiency virus. J Clin Pharma-
col 1995;35:1166–1173.

6 Ramsey BW, Pepe MS, Quan JM, Otto KL,
Montgomery AB, Williams-Warren J, Vasiljev
KM, Borowitz D, Bowman CV, Marshall BS,
Marshall S, Smith AL: Intermittent adminis-
tration of inhaled tobramycin in patients with
cystic fibrosis. N Engl J Med 1999;340:23–30.

7 Cipolla DC, Gonda I, Shak S, Kovesdi I, Crys-
tal R, Sweeney TD: Coarse spray delivery to a
localized region of the pulmonary airways for
gene therapy. Hum Gene Ther 2000;11:361–
371.

8 Gonda I: Physico-chemical principles in aero-
sol delivery; in Crommelin DJA, Midha KK
(eds): Topics in Pharmaceutical Sciences 1991.
Stuttgart, Medpharm Scientific Publishers,
1992, pp 95–115.

9 Farr SJ, Rowe AM, Rubsamen R, Taylor G:
Aerosol deposition in the human lung following
administration from a microprocessor con-
trolled pressurised metered dose inhaler. Tho-
rax 1995;50: 639–644.

10 Clark AR, Shire SJ: Formulation of proteins for
pulmonary delivery; in McNally EJ (ed): Pro-
tein Formulation and Delivery. New York,
Dekker, 2000, pp 201–234.

11 Cipolla D, Clark AR, Chan H, Gonda I, Shire
SJ: Assessment of aerosol delivery systems for
the recombinant human deoxyribonuclease I
(rhDNase). STP Pharma Sciences 1994;4:50–
62.

12 Gonda I: Deoxyribonuclease inhalation; in Ad-
jei LA, Gupta PK (eds): Inhalation delivery of
therapeutic peptides and proteins. New York,
Dekker, 1997, pp 355–365.

13 Smaldone GC, Agosti J, Castillo R, Cipolla D,
Blanchard J: Deposition of radiolabeled pro-
tein from AERx in patients with asthma (ab-
stract 38). J Aerosol Med 1999;12:98.

14 Mudumba S, Khossravi M, Yim D, Rossi T,
Pearce D, Hughes M, Cipolla D, Sweeney T:
Delivery of rhDNase by the AERx pulmonary
delivery system; in Dalby RN, Byron PR, Farr
SJ (eds): Respiratory Drug Delivery VI. Buffalo
Grove, Interpharm Press, in press.

15 Cipolla D, Boyd B, Evans R, Warren S, Taylor
G, Farr S: Bolus administration of INS-365:
Studying the feasibility of delivering high doses
of drug using the AERx pulmonary delivery
system; in Dalby RN, Byron PR, Farr SJ (eds):
Respiratory Drug Delivery VI. Buffalo Grove,
Interpharm Press, in press.

16 DeYoung LR, Chambers F, Narayan S, Wu C:
The AeroDose multidose inhaler device design
and delivery characteristics; in Dalby RN, By-
ron PR, Farr SJ (eds): Respiratory Drug Deliv-
ery VI. Buffalo Grove, Interpharm Press, 1998,
pp 91–95.

17 Newman SP, Steed KP, Reader SJ, Hooper G,
Zierenberg B: Efficient delivery to the lungs of
flunisolide aerosol from a new portable hand-
held multi-dose nebulizer. J Pharm Sci 1996;
85:960–964.

18 Hill M, Vaughan L, Dolovich M: Dose target-
ing for dry powder inhalers; in Dalby RN,
Byron PR, Farr SJ (eds): Respiratory Drug De-
livery V. Buffalo Grove, Interpharm Press, pp
197–208.

19 Anderson M, Svartenegren M, Camner P: Hu-
man tracheobronchial deposition and effect of
a histamine aerosol inhaled by extremely slow
inhalations. J Aerosol Sci 1999;30:289–297.

20 Vanbever R, Mintzes JD, Wang J, Nice J, Chen
D, Batycky R, Langer R, Edwards DA: Formu-
lation and physical characterization of large
porous particles for inhalation. Pharm Res
1999;16:1735–1742.

21 Tarara TE, Dellamary LA, Smith DJ, Weers
JG: Engineered hollow porous particles for in-
halation. AAPS PharmSci Suppl 1999;1:2962.

22 Borish LC, Nelson HS, Lanz MJ, Claussen L,
Whitmore JB, Agosti JM, Garrison L: Interleu-
kin-4 receptor in moderate atopic asthma Am J
Respir Crit Care Med 1999;160:1816–1823.

23 Patalano F: Injection of anti-IgE antibodies
will suppress IgE and allergic symptoms. Aller-
gy 1999;54:103–110.

24 Fahy JV, Cockroft DW, Boulet LP, et al: Effect
of aerosolized anti-IgE (E25) on airway re-
sponses to inhaled allergen in asthmatic sub-
jects. Am J Respir Crit Care Med 1999;160:
1023–1027.

25 Vogelmeier C, Kirlath I, Warrington S, Banik
N: The intrapulmonary half-life and safety of
aerosolized alpha-1-protease inhibitor in nor-
mal volunteers. Am J Respir Crit Care Med
1997;155:536–541.

26 Harvey B-G, Leopold PL, Hackett NR, Grasso
TM, Williams PM, Tucker AL, Kaner RJ, Fer-
ris B, Gonda I, Sweeney TD, Ramalingam R,
Kovesdi I, Shak S, Crystal RG: Airway epithe-
lial CFTR mRNA expression in cystic fibrosis
patients after repetitive administration of a
recombinant adenovirus. J Clin Invest 1999;
104:1245–1255.

27 Adjei LA, Gupta PK: Inhalation Delivery of
Therapeutic Peptides and Proteins. New York,
Dekker, 1997.

Igor Gonda, PhD
Aradigm Corporation, 3929 Point Eden Way
Hayward, CA 94545 (USA)
Tel +1 510 265 9000, Fax +1 510 265 0277
E-Mail gondai@aradigm.com



Fig. 1. Airflow limitation: simplified interre-
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Summary
Both COPD and asthma are not disease entities, but rather each

is a complex of conditions contributing to airflow obstruction. Three
conditions may contribute to airflow limitation in COPD; (1) chronic
bronchitis (mucous hypersecretion); (2) adult chronic bronchiolitis
(small or peripheral airways disease) and (3) emphysema (defined
anatomically by permanent, destructive enlargement of airspaces
distal to terminal bronchioli without obvious fibrosis). The airways
in chronic bronchitis and in COPD are markedly inflamed; however,
in contrast to asthma, the predominant type of inflammatory cell and
the main anatomic site of the lesion appear to differ. There is difficul-
ty distinguishing subjects with COPD who may show a degree of
reversibility and those older subjects with asthma whose reversible
airflow obstruction has become more ‘fixed’; moreover, mixtures of
COPD and asthma may coexist in any one patient (fig. 1). The fol-
lowing synopsis focuses on the structural changes and the inflamma-
tion of conducting airways and lung in COPD and briefly makes
comparisons with what is known in asthma.

Proximal Bronchi (Chronic Bronchitis)
Cough productive of sputum is the symptom most fre-

quently experienced by smokers: cough is an effective
mechanism for clearing large proximal airways (down to
about the 6th generation of branching). Normally, respira-
tory tract secretions amount to less than 100 ml/day and
have been suggested to consist primarily of glycosamino-
glycans. Chronic irritation causes alterations to the bio-
chemistry and flow of mucus and an increase in the num-
ber and activity of secretory cells: there is an enlargement
of the mass of submucosal gland (by an increase in both
the number and size of its cells) and an increase in the
number of mucous cells (i.e. goblet cells) in the surface

epithelium. Mucous gland enlargement and hyperplasia
of goblet cells are the histological hallmarks of chronic
bronchitis, although similar changes are also reported in
asthma. However, in fatal asthma, in contrast to chronic
bronchitis, the airways are occluded by a particularly ten-
acious mixture of exudate and mucus.

The normal presence of mucous gel is essential to
mucociliary clearance – in normal healthy subjects the
mucus is present as discrete flakes but in smoker’s bron-
chitis it appears as a continuous sheet or ‘blanket’. The
appearance and increase of goblet cells in small airways
(i.e., small bronchi and bronchioli of less than 2 mm in
diameter) where goblet cells are normally absent or sparse
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Fig. 2. Histological section of a mucosal biopsy taken by flexible
fibre-optic bronchoscopy of a patient with an exacerbation of bron-
chitis. There are large numbers of CD45+ leukocytes infiltrating the
subepithelium zone and fewer within the squamoid surface epithe-
lium. Scale bar = 70 Ìm.

is a key alteration contributing to small airways disease
and the development of COPD [1]. Epithelial changes in
chronic bronchitis include epithelial atrophy, focal squa-
mous metaplasia, ciliary abnormalities and decreases of
ciliated cell number and mean ciliary length. In contrast,
in asthma, there is patchy loss of surface epithelium, rela-
tively uniform thickening and hyaline appearance of its
reticular basement membrane, bronchial vessel dilata-
tion, congestion and oedema and marked increase of
bronchial smooth muscle [2, 3].

Smoking induces an inflammatory response: it alters
the immunoregulatory balance of T-cell subsets in blood,
BAL fluid, conducting airways and lung parenchyma [4,
5]. Smoking initiates a peripheral blood leukocytosis and
a reversible decrease in the normally high CD4+ to CD8+
cell ratio in blood of heavy smokers (i.e. 150 pack-years).
There is also a significant reduction of the CD4+ to CD8+
cell ratio in BAL fluid but not in blood of a group of mild-
er smokers (14 pack-years). The increase in the number of
BAL fluid and tissue CD8+ T-cells is positively associated
with pack-years smoked [5, 6]. Histological examination
of conducting airways (taken at resection for tumour)
from smokers demonstrates that mucus hypersecretion
shows a stronger association with inflammation than with
the size of submucosal glands [7].

In bronchial biopsies of subjects with COPD there is
infiltration of the mucosa by inflammatory cells [6, 8, 9]
(fig. 2). In stable disease, this is associated with upregula-

tion of cell surface adhesion molecules such as ICAM-1.
In the surface epithelium, Fournier et al. [10] have dem-
onstrated an increase in inflammatory cells of all types in
smokers with chronic bronchitis and mild COPD by com-
parison with non-smokers. In the subepithelial zone of
bronchitics there are significant increases in the numbers
of CD45 (total leukocytes), CD3 (T cells), CD25 activated
and VLA-1 (late activation) positive cells (presumed to be
T cells) and of macrophages [8]. In smokers with COPD,
T lymphocytes and neutrophils increase in the surface
epithelium whilst T lymphocytes and macrophages in-
crease in the subepithelium [9, 11–13]. In contrast to asth-
ma, the predominant T cell subset in COPD is the CD8+
cell (and not the CD4+) which increases in number and
proportion. Furthermore, the increase of CD8+ cells
shows a negative association with FEV1 expressed as a
percentage of predicted [9].

Small Airways (Chronic Bronchiolitis)
Whilst the site of the lesion and diagnosis is, as yet,

difficult to pinpoint by lung function, experimental physi-
ologists [e.g. Hogg et al., 14] have indicated that the domi-
nant site of airflow limitation lies in small bronchi and
bronchioli of less than 3 mm in diameter. As the cross-
sectional area of the bronchiolar zone of the lung is nor-
mally large in relation to the bronchial divisions, breath-
lessness and airflow limitation due to small airway disease
are detectable only late in the course of the condition.

Ciliated and non-ciliated secretory cells are the main
cell types in bronchioli [15] and, of them, the Clara cell is
the major secretory cell type which functions also as the
progenitor cell from which ciliated and mucous cells
develop. It has been suggested that the Clara cell produces
both a hypophase component of bronchiolar surfactant
and a low-molecular-weight protease inhibitor (syn. anti-
leukoprotease or bronchial mucosal protease inhibitor)
[16], which normally prevents proteolysis of airway tis-
sues. Replacement of Clara cells and their anti-elastase
secretion thus predisposes the small airway to proteolytic
digestion: such changes in respiratory bronchioli may
underlie the development of emphysema of the centriaci-
nar type (see below). In smokers, Clara cells are replaced
by mucous cells and mucus appears in peripheral airways
and its secretion is abnormally increased therein [17]. The
increase in mucus at this distal site is difficult to clear by
cough, leading to obstruction of small airways. Replace-
ment of the normal surfactant lining by mucus leads to an
abnormally high surface tension which results in small
airway instability and predisposes to early airway closure
during expiration [18].
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In smokers dying suddenly of non-respiratory cause,
there is inflammation in membranous and respiratory
bronchioles as well as surrounding alveolitis consisting of
pigmented macrophages [1, 19, 20]. These inflammatory
changes to small airways appear to be related to clinical
airflow obstruction in COPD [14, 21]. The same profile of
CD8-predominant inflammation seen in the large airways
also occurs deeper in the lung in both the small airways
[13] and also the lung parenchyma [22, 23].

Histologically, one of the most consistently observed
early effects of cigarette smoke in the airways of both man
and experimental animals is a marked increase in the
number of macrophages and neutrophils. The increase is
seen also within the lung interstitium and alveolar space
and can be detected in BAL fluid [20]. The associated ear-
ly smoking-related structural changes have been described
in studies comparing lungs of young smokers and controls
of similar age in a group of subjects who had experienced
sudden non-hospital deaths. In severely affected patients,
the structural changes include: mucous metaplasia, bron-
chiolar smooth muscle hypertrophy, mural oedema, peri-
bronchiolar fibrosis and an excess of airways less than 400
Ìm in diameter [1, 20, 24]. It is suggested that the primary
lesion is persistent and progressive inflammation that
leads to peribronchiolar fibrosis. The peribronchiolar in-
flammation and fibrosis may predispose to the develop-
ment of centrilobular emphysema and may be responsible
for the subtle abnormalities detected by tests of lung func-
tion. Associated loss of alveolar attachments to the airway
perimeter (fig. 3a, b) contributes to loss of elastic recoil
and favours increased airway tortuosity and early closure
of bronchioli during expiration [25, 26].

Emphysema
Two main morphologic forms of emphysema are de-

scribed, distinguished anatomically by the region of the
acinus that is destroyed. Centriacinar (syn. centrilobular)
emphysema is characterized by focal destruction re-
stricted to respiratory bronchioli and the central portions
of the acinus, each focus surrounded by areas of grossly
normal lung parenchyma. This form of emphysema is
usually most severe in the upper lobes of the lung (fig. 4).
Panacinar (or panlobular) emphysema involves destruc-
tion of the walls, in a fairly uniform manner, of all the air
spaces beyond the terminal bronchiolus. The panacinar
form is characteristic of patients who develop smoking-
related emphysema relatively early in life and, in contrast
to the centriacinar form, has a tendency to involve the
lower lobes more than the upper.

Fig. 3. Haematoxylin- and eosin-stained sections. a Transverse sec-
tion of a small airway showing peribronchiolitis consisting mainly of
lymphocytes (scale bar = 250 Ìm). b Emphysematous lung in which
there is destruction of alveolar attachments to the bronchiolar wall,
resulting in its tortuous appearance and early collapse during expira-
tion. Scale bar = 1.0 mm.

The early changes of emphysema have been thought to
include the appearance of small fenestrae in the alveolar
septa which subsequently enlarge (an alteration which has
been referred to as ‘microscopic’ emphysema) and subtle
disruption to elastic fibres with accompanying loss of elas-
tic recoil and subsequent bronchiolar and alveolar distor-
tion, [27], (fig. 5a, b). These microscopic changes lead to
loss, by destruction, of the elastic framework, of interal-
veolar septa and the macroscopic appearance of spaces
greater than 1 mm in diameter. Recent data have shown
that this destructive process is accompanied, paradoxi-
cally, by a net increase in the mass of collagen. This sug-
gests that, contrary to the current internationally accepted
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Fig. 4. Gross appearance of the cut surface of a lung in which the
centriacinar emphysema is restricted to the upper aspects of each
lobe. Scale bar = 10.0 cm. Courtesy of Prof. B. Heard.

definition of emphysema there is active alveolar wall
fibrosis in emphysematous lungs [28].

The destruction of the respiratory zone in emphysema
is considered to be the result of an inflammatory reaction
involving neutrophils and release of neutrophil elastase
which overwhelms the normal anti-protease protective
screen [29, 30]. However, CD8+ T cells may also be
directly involved in this process [31]. Similarly to the
findings in the large conducting airways there are signifi-
cant negative associations of the numbers of CD8+ cells
and FEV1 % of predicted in both the small (peripheral)
conducting airways and lung parenchyma but the correla-
tions (i.e. r values) are stronger than in the larger airways
supporting the distal site as the major contributor to
reduced lung function.

Differences and Similarities of COPD and Asthma
COPD and asthma seem to differ at the tissue level in a

number of respects (tables 1, 2). But there are similarities
also. Compared to normal healthy control tissue, there are
a number of studies that report a small but significant
increase in the number of tissue eosinophils in subjects
with chronic bronchitis or COPD [7, 9, 32]. Sputum
eosinophilia is also reported in cases of ‘eosinophilic
bronchitis’, i.e. patients with chronic bronchitis but with-
out a history of asthma and without bronchial hyperre-

Fig. 5. Scanning electron micrographs of human lung alveolar tissue.
a From a non-smoker, showing alveoli and the occasional ‘pore of
Kohn’. Scale bar = 150 Ìm. b From a smoker showing ‘microscopic’
emphysema and alveolar walls peppered by fenestrae too small to be
seen by the naked eye. Such early lesions are considered to result in
loss of lung elastic recoil. Scale bar = 150 Ìm.

Table 1. Fold increase in inflammatory cells in subjects with atopic
asthma, smoker’s chronic bronchitis (CB) and COPD versus healthy
controls

CB COPD Asthma

CD45+ 2.2 2.3 2
CD3+ 2.3 4.0 2
CD4+ B 2.8 2.5
CD8+ 3 8.4 2
CD4+:CD8+ 1:4 1:2 3:1
Neutrophil B 2.2 –1.5
Eosinophil 1.7 3.5 93
Macrophage 4.5 8.6 B
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Table 2. Simplified comparison of COPD and asthma

COPD Asthma

Airflow obstruction progressive deterioration of lung
function (? reversible component)

variable (B irreversible component)

Post mortem excessive mucus (mucoid/purulent)
small airway disease, emphysema

hyperinflation, airway plugs (exudate + mucus)
no or little emphysema

Sputum macrophage
neutrophil (infective exacerbation)

eosinophilia, metachromatic cells
Creola bodies

Surface epithelium fragility undetermined fragility/loss
Bronchiolar mucous cells metaplasia/hyperplasia mucous metaplasia is debated
Reticular basement membrane variable or normal homogeneously thickened and hyaline
Congestion/oedema variable/fibrotic present
Bronchial smooth muscle enlarged mass (small airways) enlarged mass (large airways)
Bronchial glands enlarged mass (increased acidic glycoprotein) enlarged mass (no change in mucin histochemistry)
Cellular infiltrate predominantly CD3, CD8, CD68, CD25,

VLA-1 and HLA-DR+, mild eosinophilia
eosinophilia in exacerbations
mast cell increase in smokers and COPD

predominantly CD3, CD4, CD25 (IL-2R)+
marked eosinophilia (activation)
mast cell increase (decrease in severe/fatal)

Cytokines (ISH) IL-4 and IL-5 gene expression
RANTES only in exacerbations

IL-4, IL-5, eotaxin and RANTES gene
expression

sponsiveness [33, 34]. Furthermore, the numbers of tissue
eosinophils are markedly increased when there is an exac-
erbation of bronchitis [35]. Recently, we have found that
inflammatory cells associated with mucus-secreting
glands of bronchi (resected from smokers’ lungs) demon-
strate gene expression for both IL-4 and IL-5 and the
numbers of these cells are significantly higher in subjects
with chronic hypersecretion as compared with their
asymptomatic controls [36]. Moreover, in exacerbations
of bronchitis, lymphomononuclear cells are involved in
the production of eosinophil chemoattractants including
eotaxin and RANTES [37]. These and other data [38]
emphasize the extent of similarity that may exist between
an exacerbation of bronchitis in smokers with chronic
bronchitis and non-smokers with asthma.

Conclusions
The involvement of activated lymphocytes seems to be

a common theme in both asthma and COPD. However,
the predominant lymphocyte subset in COPD and asth-
ma appears to be distinct. The profound tissue eosino-
philia of asthma does not normally appear in COPD
unless there is an exacerbation of bronchitis. Whilst in
COPD there is tissue destruction and remodelling in the
lung parenchyma and bronchioli, this contrasts with the
involvement of relatively large (proximal) airways in asth-
ma. By rigorous recordings of clinical data in association
with careful application of the histologic, cytologic, im-
munologic and molecular techniques now available, it is
likely that biopsies of conducting airways will provide for

differential diagnosis and the delineation of subtypes of
patients with COPD or asthma. It is also likely that biop-
sies will help in monitoring disease progression and
responsiveness to treatment. Comparative studies of the
distinct patterns of interleukin and cytokine gene expres-
sion in smokers with COPD and smokers with asthma are
now urgently needed: such studies will provide the basis
for the rational development of novel therapies.
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Summary
Measurement of airway function is central to the diagnosis and

assessment of asthma and COPD. Many drug studies – particularly
in asthma – have improvement in airway function as a major objec-
tive; even when this is not the case, airway function is almost always
monitored to characterize the patients and to exclude confounding
changes. Assessment of hyperinflation, exercise performance and
alveolar structure/function are the most common additional aspects
studied during drug trials. Many other aspects of lung function are
sometimes relevant (e.g. blood gases and/or oximetry, tests of region-
al function (ventilation and perfusion scans), control of ventilation,
skeletal and respiratory muscle function, pulmonary hypertension),
but are not considered here.

Airway Function
Tests of Forced Expiration. The most widely used tests

are based on forced expiration from the position of full
inflation (total lung capacity, TLC) (table 1) [1–5]. Prop-
erly performed, these tests reflect the combined mechani-
cal properties of the airways and lung parenchyma.

A forced expiratory vital capacity manoeuvre may be
expressed either as change in volume versus time (spirom-
etry, usually measuring the volume expired in the first
second, FEV1), as an instantaneous flow rate such as peak
expiratory flow (PEF), or, as flow versus expired volume
throughout the expiration (maximum expiratory flow-
volume (MEFV) curve) (fig. 1). In disease there is a poten-
tial degree of freedom between change in FEV1 and in
PEF; furthermore PEF is more influenced by sub-optimal
technique than FEV1. Maximum expiratory flow rates at
smaller lung volumes are achieved with relatively small
expiratory pressures (perhaps 25% of maximum effort)
and thus are termed effort-independent. In contrast, PEF

Fig. 1. FVC manoeuvre shown as expired volume versus time (spiro-
gram) and expiratory flow versus expired volume (MEFV curve) in a
normal subject. From the spirogram, FEV1 and FVC are routinely
recorded. PEF is the only flow rate commonly measured, usually with
a mechanical indicator gauge calibrated in l W min–1. The detailed con-
tour of the MEFV curve varies considerably between individuals, but
is highly reproducible within an individual, making it useful for qual-
ity control of the manoeuvre and for detecting mild airflow obstruc-
tion. Early changes in the MEFV curve are a reduction in flow
towards the end of expiration (MEF50, MEF25) and ‘scooping’ of the
curve so that it becomes convex to the volume axis. These changes
may have no effect on PEF or FVC and only a small effect on FEV1.
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Table 1. Tests of airway function

Test Instrumentationa Advantages Disadvantages Indication

FEV1, l Spirometers which directly measure changes in
volume (bulky, must accommodate at least 8 l)
or flow-measuring devices (see MEFV curves
below) (more portable but calibration less
robust)

Simple, highly repeatable;
‘tight’ reference values
Reflects airway and alveolar
function over wide range of
lung volumes

Relatively insensitive for
studies of normal
pharmacology

Most clinical studies of
dilator and constrictor
responses; ‘gold standard’

PEF
usually
l W min–1

Mechanical indicator gauges (small, robust,
need no power source, cheap) but linearity and
stability of calibration can be a problem or
flow-measuring devices (see MEFV curves
below): absolute values may vary according
to airflow resistance of device

Simplest; although it reflects
large airway size in normals,
obstruction in all size of
airways reduces PEF in
disease

More effort dependent and
less reliable than FEV1,
especially in COPD

Home monitoring, exercise-
induced responses; young
children; most useful for
changes within an individual

FVC, l As for FEV1 Indicates extent of airway
closure/opening

Repeated forced expiration
tiring, particularly in COPD
where change in volume may
continue for 16 s; usually
parallels change in FEV1

Examining airway closure

MEFV
curves
l W s–1

Flow measured with pneumotachograph, ane-
mometer or turbine; change in volume derived
by integrating flow or flow obtained by differ-
entiating change in volume of a spirometer

Widely available; good
quality control of
repeatability

Repeated forced expiration
tiring and may not add to
FEV1, FVC

Identifying mild airflow
obstruction; measurements
during forced inspiration can
detect inspiratory obstruction

Measurement of airflow resistance during tidal breathing
Airway
resistance b

cm H2O W l–1
W s

Body plethysmograph; very bulky, expensive
(3 pressure transducers) and requires skilled
operator and calibration

Indicates tidal airway
dimensions, usually
combined with FRC

Complex equipment,
repeatability poorer than tests
of forced expiration, especially
in severe obstruction

Best method for normal
pharmacology; best alterna-
tive to spirometry for clinical
responses; also indicates
hyperinflation

Total
respiratory
resistance
cm H2O W l–1

W s

Forced oscillation of small volume change at
mouth; less bulky and expensive and easier to
operate

Indicates tidal airway
dimensions during natural
breathing

Not widely available, FRC
not obtained (value includes
chest wall resistance)

Alternative to body
plethysmography

a A Buyers Guide published by the European Respiratory Society gives a full description of types, manufacturers and costs of spirometers.
Eur Respir Buyers 2000;3:40–43, also available at www.ersnet.org.

b kPa in SI units: 1 kPa = 0.098 (F0.1) cm H2O.

depends on the lung volume at which it is achieved (the
closer to TLC the larger the PEF) and so is submaximal if
the expiration is started slightly below TLC and/or there is
a slow rise in the pressure generated by the expiratory
(mainly abdominal) muscles [6]. Flow at all lung volumes
is also reduced if the breath is held at TLC before com-
mencing forced expiration [7].

Maximum expiratory flow is determined by the dy-
namic dimensions of the intrathoracic airways and by the
recoil pressure of the lung (PL) which provides an impor-
tant part of the effective driving pressure for expiratory
flow and also distends and stabilizes the intrapulmonary
airways. In normal subjects at volumes close to TLC,
resistance of the medium-size and small airways is low so
PEF reflects central airway dimensions and PL; as lung
volume is reduced, total resistance rises due to narrowing

of the medium-sized and small airways. FEV1 in normal
subjects is measured over a large portion of the forced
vital capacity (FVC) (fig. 1) and reflects the lumped
dimensions of all generations of airways.

Technical Factors, Instruments, Selection of ‘Best’ Tests
and Repeatability. At present, most trials use FEV1 (FVC)
for laboratory measurements and PEF for home monitor-
ing. Quality control for FEV1 currently depends on regu-
lar calibration checks using a large syringe and inspection
of the original spirogram. Computerized assessment
based on the MEFV curve (time to PEF, sharpness of
PEF, superimposition of descending part of successive
MEFV curves, continuance to zero flow, time expiration
is sustained) (fig. 1) can give real-time quality control to
the operator and has been used in one large North Ameri-
can trial [8] and is likely to be widely adopted. Values



32 Pride

should be expressed at body temperature (BTPS) not
ambient room temperature. Manufacturers calibrate peak
flow mechanical gauges but subsequently the most widely
used check is to note the value obtained by a normal
member of staff. Home PEF recording is subject to both
technical and recording errors, although devices which
electronically record the value and timing of PEF exist [9].
FEV1 and FVC can also be monitored at home using port-
able devices which measure and integrate flow [10]. These
devices are currently much more expensive than simple
PEF gauges and usually lack the quality control possible
in the laboratory, but many manufacturers are developing
improved devices for home or office use.

Whichever technique or instrument is used, most ex-
perts recommend that maximum values from 3 technical-
ly satisfactory efforts should be used, provided the second
best effort is within 5%. (Poor technique underestimates
true values.) Repeatability of FEV1 is better than that of
PEF and other values from the MEFV curve [1, 2].

Reference Values for FEV1. Values of FEV1 depend on
age, height, gender and ethnic group [1, 2, 11]. FEV1 in
non-smoking subjects reaches a maximum between 18
and 23 years; deterioration in FEV1 at about 20 ml Wyear–1

begins in the late twenties and reaches 30 ml Wyear–1 in
middle-aged and older adults. Decline in FEV1 starts ear-
lier in smokers and in middle age averages F45 ml W

year–1. These rates of decline are small compared with
random intra-individual variability so that it takes many
years to establish reliable rates of decline (or treatment-
induced changes in decline) [12] in an individual; a smok-
er susceptible to COPD is identified more easily by a low
absolute value of FEV1 in middle age.

Interpretation of Tests of Forced Expiration. In the early
stages of smoking-induced airway disease and in asthma
in clinical remission narrowing is confined to the smallest
airways; PEF and FEV1 (and resistance) remain within
normal limits but maximum flow at small volume is
usually reduced. When airway narrowing is more exten-
sive, regardless of which size(s) of airways are most
involved, resistance is increased and maximum flow re-
duced at all lung volumes. In severe airflow obstruction,
the transition between PEF and subsequent maximum
flow becomes larger (especially in COPD). Consequently,
PEF falls proportionally less than FEV1 as airflow ob-
struction worsens, while maximum flow at 50% or less of
FVC falls proportionately more than PEF or FEV1. These
differences do not necessarily invalidate their use for
monitoring airway function; nevertheless FEV1 is the
‘gold standard’ for monitoring airway function (table 1).
A reduced FEV1 or PEF of itself is not certain evidence of

airways obstruction; when lung volumes are reduced (as for
instance after pneumonectomy), FEV1 and PEF are also
reduced. To diagnose obstruction, the FEV1/FVC ratio also
has to be reduced (!0.70 or !0.65 in subjects over 65 years);
alternatively, the MEFV curve can be inspected for its char-
acteristic convexity toward the volume axis. However,
because FVC is difficult to repeat in COPD (forced expira-
tion may take 110 s to complete), it is common to follow
COPD by FEV1 alone once the initial diagnosis has been
confirmed. As the severity of asthma varies, there are
changes in FVC as well as FEV1; reductions in FVC usually
parallel those in FEV1 but indicate increased airway clo-
sure or near-closure, probably due to narrowing of small
airways. Other attempts to localize the serial site of airway
disease from tests based on forced expiration breathing air
have had only limited success. Thus while PEF is particu-
larly dependent on central intrathoracic airway dimensions
in healthy subjects, this specificity is lost as airway narrow-
ing (at any site in the tracheobronchial tree) progresses.
This is fortunate: otherwise using PEF to monitor asthma
would be very unreliable. In asthma, a reduced FEV1

reflects solely airway changes, but loss of PL due to emphy-
sema also contributes in COPD.

Measurement of Airflow Resistance during Tidal
Breathing. Measuring airway resistance indicates airway
dimensions during tidal breathing (table 1); despite its
greater physiological relevance, much less is known about
normal values, changes with ageing, etc., chiefly because it
is usually measured by whole-body plethysmography,
which is only available in specialized lung function labo-
ratories. Body plethysmography, however, is particularly
useful for pharmacological studies in normal subjects or
subjects with mild airflow obstruction, where a larger sig-
nal is obtained than with tests of forced expiration. As
obstruction becomes more severe, it is difficult to define a
single value of resistance and plethysmography becomes
less useful. A simpler method of measuring resistance –
forced oscillation – is becoming more widely available.

Diurnal Variation and Bronchodilator Responsiveness.
Virtually all patients with airway obstruction, whether
due to asthma or COPD, improve airway function after
bronchodilators and also show diurnal variation in airway
function (minimum at 4.00 h, maximum at 16.00 h).
Hence repeated studies of airway function should be per-
formed at a standard time of day. Home monitoring of
PEF is usually performed on waking before bronchodila-
tors are taken and in the early evening but more frequent
measurements may be required to establish full circadian
variability. Routine bronchodilator responses are usually
measured after large doses of an inhaled ß2-adrenergic
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Table 2. Tests of alveolar structure/function in asthma and COPD

Test Instrumentation Advantages Disadvantages Indication

KCO, ml W min–1
W mm Hg–1

W l–1
Measure volume, expired
helium and CO: standard
equipment in lung function
laboratories

Simple, indicates available
perfused surface area of lung;
can indicate microscopic
emphysema

Reductions occur with many
other diseases; uncertainty
about extent of alveolar
volume sampled

Simple assessment of alveolar
function and/or pulmonary
circulation in airway
obstruction

Computerized tomography
of lung, Hounsfield density
units

Bulky, and expensive, but
available in most hospitals;
resolution and calibration
improving, breath-hold time
and radiation dose reducing

Density profile reflects
pathology of emphysema;
can measure lung volume

State of lung inflation needs to
be controlled for comparative
studies; ‘density masks’ detect
gross, un- or poorly ventilated
areas; radiation dose

Localization of emphysema
(e.g. lung volume reduction
surgery); identification and
progression of emphysema

Conversion to SI units (mmol W min–1
W kPa–1 ) is 0.335 times traditional units. Nomenclature and abbreviations are confusing, although technique is standard

world-wide. CO transfer coefficient (KCO; obtained simultaneously) may also be referred to as CO transfer per unit alveolar volume (TL/VA, DL/VA) although it is
essentially the rate constant for CO uptake by the alveoli. See Hughes and Pride [5] for more details.

agonist, but in COPD, response to anticholinergics is also
useful. Responses are commonly expressed as percent
increase of baseline, but inevitably this is heavily in-
fluenced by initial values; it is better to express response
as absolute increase (ml) or as percent of predicted value,
which normalizes the absolute increase for height, age and
gender of the subject. Effects of adding in a second bron-
chodilator are difficult to interpret fully unless a complete
dose-response curve to the original bronchodilator is ob-
tained to examine whether a plateau of airway response
had been achieved. Action of a long-acting bronchodilator
[13] may additionally be assessed by measuring trough
function (usually on waking). If the trial drug is not an
‘immediate’ bronchodilator (for instance an anti-inflam-
matory agent) [14–16], the appropriate test is usually an
improvement in post-bronchodilator airway function.

Hyperinflation
An increase in end-tidal lung volume – functional

residual capacity (FRC) – usually accompanies airflow
obstruction due to asthma and COPD [17]. Hyperinfla-
tion characteristically increases with increasing severity
of obstruction, and in an individual further increases dur-
ing exercise and is reduced by bronchodilators. Breathing
tidally closer towards TLC widens the intrapulmonary
airways, but the size of tidal volume is restricted and more
negative inspiratory pressures are required, which may
contribute to dyspnoea. Hyperinflation may be assessed
by measuring FRC – either by body plethysmography,
which has the advantage that both airway resistance and
FRC are routinely measured, or by multi-breath helium
dilution, which is available in most lung function labora-
tories. Alternatively, changes in FRC may be inferred
simply by measuring inspiratory capacity (TLC – FRC)

with a spirometer, because TLC does not appear to
change as airway obstruction varies spontaneously or with
drugs. Unfortunately, many spirometers can only be used
for expiratory measurement.

Exercise Performance
Assessment of exercise ability is the most useful ad-

junct to tests of airway function. Exercise ability may be
assessed by performance of a standard enforced task (bi-
cycle or treadmill ergometry) or by measuring 6-min walk
distance (which also tests motivation) [18] or walking
with enforced acceleration (shuttle walk test) [19]. These
assessments may be supplemented by visual analogue
scales before and after exercise and questionnaires grad-
ing dyspnoea of effort and quality of life or health status
[20, 21]. Airway function contributes to exercise perfor-
mance but many other physiological factors play a part
(hyperinflation, oxygenation, skeletal muscle strength and
endurance, etc.) so there are many reasons why changes
(or lack of changes) in airway function [22] may not be
mirrored by corresponding changes in dyspnoea or exer-
cise performance.

Assessment of Alveolar Structure and Function
(table 2)
Emphysema can be detected either by measuring asso-

ciated specific mechanical properties (large TLC – de-
tected by the same methods as those used to measure
FRC –, or reduction in PL, which requires placing a small
oesophageal catheter) or by the simple single-breath CO
transfer test (TLCO or DLCO), which is in routine use in
lung function laboratories. Because TLCO is measured
during breathholding at TLC, the effects of uneven airway
narrowing are minimized particularly when CO transfer
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coefficient (KCO), which is the rate constant for CO uptake,
is used. Whereas PL, TLCO and KCO reflect the function of
surviving, ventilated lung, qualitative assessment of CT
imaging [23] (and gross pathology) emphasize the grossly
emphysematous areas which have little or no surviving
function, although recent attempts have been made to
quantify lung surface area from complete CT density pro-
files [24]. Progression of emphysema is slow; estimates
using CT densitometry suggest a loss of 1% of lung weight
per annum in the accelerated form associated with ·1-anti-
trypsin deficiency [25] so that, similar to FEV1, assessing
progression in alveolar disease requires either a large num-
ber of subjects or long-term follow-up of smaller numbers
to achieve an adequate signal-noise ratio. In asthma, alveo-
lar structure and function remain normal.

Conclusions
Currently, most clinical studies in asthma and COPD

are monitored by simple tests of forced expiration (spi-
rometry measuring FEV1 and FVC in the laboratory and
mechanical gauges measuring PEF at home). Quality con-
trol of spirometry can be improved by concurrent record-
ing of the maximum expiratory flow versus expired vol-
ume (MEFV) curve during the forced expiration. Measur-
ing changes in exercise performance and hyperinflation
provides additional information which may differ from
that provided by spirometry. Future treatment of COPD
is likely to be directed at alveolar disease as well as at the
airway component; alveolar structure/function can be as-
sessed by computed tomography and the standard single-
breath carbon monoxide transfer test, which provide
complementary information.
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Summary
Standardized bronchoprovocation tests are providing relevant

pathophysiological and clinical information about patients with asth-
ma and COPD. The responses to so-called ‘indirect’ challenges are
largely dependent on the state of activation of inflammatory or resi-
dent cells within the airways, while ‘direct’ challenges are less vari-
able and more influenced by chronic features of airway inflammation
or remodelling. Hence, bronchoprovocation tests are providing com-
plementary and integrated information about multiple pathophysio-
logical pathways within the airways. Measurement of AHR warrants
broader usage in clinical practice and in clinical studies with novel
drugs for asthma.

Reasons to Measure AHR
AHR to bronchoconstrictor stimuli is a major patho-

physiological feature of airways in diseases such as asth-
ma and COPD. It is more and more realized that the inte-
grative, physiological markers of airways disease might
better reflect the complex acute and chronic pathophysi-
ology than cellular or molecular biomarkers of inflamma-
tion. Interestingly, there is increasing evidence that moni-
toring AHR adds substantially to the benefits of long-term
asthma management.

Pathogenesis
AHR can be defined as an increase in the ease and

degree of airway narrowing in response to bronchocon-
strictor stimuli in vivo. It can be measured by broncho-
provocation tests in the laboratory, which have been stan-
dardized to a great extent [1–3]. Bronchial challenge tests
mimic the spontaneous variability in airway obstruction
as observed in patients with asthma or COPD.

The understanding of the pathogenesis and pathophys-
iology of AHR has evolved rapidly during the past years.
Epidemiological studies suggest that AHR has both a

genetic and an environmental background. In children
from a general population, it appears to be associated with
parental asthma, atopy and early respiratory illness [4]. So
far, the genetic predisposition of AHR has not been fully
clarified. In clinical populations with asthma it was dem-
onstrated that AHR to histamine is linked to loci on chro-
mosome 5q, independently of linkage of serum IgE to the
same chromosome [5]. In addition, environmental expo-
sures, such as respiratory virus infections, allergens, and
parental smoking might also contribute to induction of
AHR. Even though there is no doubt that respiratory
virus infections can temporarily worsen the degree of
AHR in asthma [6], it remains to be established as to
whether virus infections are causally involved [7].

Mechanisms of AHR
The underlying mechanisms of AHR are multiple,

being associated both with acute as well as chronic airway
inflammation. The major determinants of AHR seem to
be the mechanical consequences of (sub)mucosal as well
as adventitial inflammation on airway smooth muscle
shortening and thereby on airway luminal diameter [8]. It
essentially includes multiple mechanisms, including:
acute inflammation and chronic airway wall remodelling
[9], as well as primary or secondary changes in behaviour
of the smooth muscle itself, including the occurrence of a
difficult to reverse, contractile ‘latch’ state [10].

Acute airway obstruction can arise from smooth mus-
cle contraction either with or without inflammatory
changes in the airway wall. These inflammatory changes
include hyperaemia, plasma exudate, oedema, or hyperse-
cretion. In combination with smooth muscle contraction,
such mucosal and peribronchial swelling will lead to
excessive airway narrowing [11].



36 Sterk

Table 1. Examples of challenge tests used in clinical research

Pharmacological challenges
E Histamine
E Methacholine
E AMP
E Bradykinin
E Leukotrienes
E Tachykinins

Physiological challenges
E Exercise
E Hypertonic saline (potentially combined with sputum induction)

[15]
E Distilled water
E Cold air

Challenge with inducers of airways inflammation
E Allergen
E Ozone
E Occupational sensitizer
E Rhinovirus infection [16]

Challenge Agents
The interpretation of the presence and severity of

AHR depends critically on the nature of the bronchocon-
strictor challenge (table 1). Some bronchoconstrictors act
directly and predominantly on the airway smooth muscle
itself (e.g. methacholine, histamine), whereas other stimu-
li depend on the involvement of cellular or neurogenic
mechanisms, indirectly leading to smooth muscle con-
traction and possibly to inflammatory changes in the air-
way wall (e.g. non-isotonic aerosols, cold/dry air, exercise,
AMP, bradykinin, tachykinins, leukotrienes, sodium me-
tabisulphite) [2].

It should be emphasized that airway inflammation is
actually induced by challenge with sensitizing agents, par-
ticularly during late asthmatic reactions (e.g. allergens,
occupational sensitizers) [2]. In addition, these challenges
by themselves can also cause a transient worsening in air-
way responsiveness to other, non-sensitizing stimuli,
which also occurs after respiratory virus infection [6].
Such measurements of allergen- or virus-induced AHR
are highly suitable for pathophysiological research and so-
called ‘proof-of-concept’ studies using new and experi-
mental interventions in asthma [12, 13].

Based on the heterogeneity in pathophysiological path-
ways, it is not surprising that the results of the various chal-
lenge tests are only weakly correlated, and thereby not
being interchangeable, each test implicitly providing dif-
ferent and perhaps complementary information on the
multiple pathways leading to airway narrowing (see below).

Measurement of Responsiveness
The methods of measurement have been standardized

internationally [1–3, 12–14]. The dose-response curves of
pharmacological challenges are usually analysed in terms
of position, the provocative concentration or dose leading
to a certain change in lung function: PC20 or PD20 [2].
Because of the log-normal distribution of these variables,
any differences between subjects, or any changes within
subjects, are currently analysed in doubling doses. This
refers to two-fold steps [2]. However, particularly in epi-
demiological studies, many subjects do not reach a 20%
fall in FEV1, so that we need other measures of AHR in
those subjects in order to avoid censored data. One
approach might be curve-fitting of the sigmoid log-dose
response curve, or just using the so-called ‘two-point’
slope of the linear dose-response curve [17]. The latter
indices have large advantages in epidemiological studies,
but should be applied with caution [1].

Finally, there is little doubt that the maximal response
on the dose-response curve is an essential outcome of
bronchial challenge tests. The presence or absence of a
plateau (excessive airway narrowing) and its level have
successfully been used in drug trials. However, the level of
expertise required for measuring this outcome precludes
its application in multicentre studies [8]. As an indirect
measure of excessive airway narrowing, the fall in FVC at
the PC20 level is likely to be a promising alternative.

Relation with Airways Inflammation
AHR in asthma is associated with on-going airway

inflammation. Hence, it can be regarded as a physiologi-
cal surrogate marker of acute as well as airway chronic
inflammation. This appears from cross-sectional and lon-
gitudinal relationships between e.g. the PC20 to metha-
choline and the number of activated eosinophils in bron-
chial biopsies and subepithelial collagen thickness in pa-
tients with moderately severe asthma [18].

Not surprisingly, the strength of such associations var-
ies greatly between studies. This is because, fortunately
(!), AHR is not identical to certain aspects of inflamma-
tion (fig. 1). It positively distinguishes itself from cellular
or molecular markers of inflammation, namely that it
integratively reflects multiple, variable as well as persis-
tent features of inflammation, and even more than that
[10, 19]. Not only in the bronchial (sub)mucosa, but also
in the adventitia [9–11]. And not only in the large, central
airways, but also in the small, peripheral airways [9–11].
This is a great advantage of this functional measurement
in in vivo studies.
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Fig. 1. When detecting and monitoring airway patho-
physiology in asthma, the currently available methods
do not provide similar information on the ab-
normalities within the airways. In each study one has
to chose between information on specific, but limited
inflammatory pathways, as opposed to general and
more integrative information including the conse-
quences of airway inflammation. Exhaled markers,
cellular and molecular markers in sputum, ‘indirect’
challenges and ‘direct’ challenges are different in this
respect. a = Inflammatory mediators and cytokines;
b = cellular infiltration and activation; c = neurogenic
activity; d = epithelial damage; e = submucosal gland
hyperplasia; f = Collagen deposition in the subepitheli-
al reticular layer; g = microvascular permeability inter-
nal and external of the smooth muscle layer; h = airway
smooth muscle growth, contractility and latch; i =
(peri)bronchial swelling by oedema, vascularity and
fibrosis, and j = damage to alveolar attachments.

Direct or Indirect Challenges
It is often argued that the results by so-called ‘indirect’

challenge tests are a better reflection of airway inflamma-
tion than the response to ‘direct’ stimuli, such as histamine
or methacholine. Indeed, the response to e.g. AMP is more
sensitive than methacholine to allergen-induced inflamma-
tion or to inhaled steroid treatment [20] in asthma. Hence,
it appears that AMP challenge can be a marker of acute and
rapidly varying airway inflammation, probably reflecting
cellular infiltration and activation. However, this might
not be the feature of interest in long-term asthma monitor-
ing. The relatively slow response of histamine or metha-
choline challenges to inhaled steroids might contain a more
important message, namely the accompanying gradual
improvement of e.g. oedema, hyperaemia, vascularity,
smooth muscle growth and behaviour, or collagen deposi-
tion (fig. 1) [18]. Such features are often non-specifically
referred to as airway remodelling [21], and are likely to be
major determinants of methacholine responsiveness [9–
11]. Hence, it can be postulated that the latter is particu-
larly suitable in the long-term monitoring of asthma.

Asthma and COPD Management
AHR is closely associated with – but not identical to –

the diagnosis of asthma [2]. It appears that pharmacologi-
cal and exercise challenges are particularly suitable for the
exclusion of asthma in the clinic, because of their high
sensitivity and high negative predictive value. However,
the tests are less useful to confirm the diagnosis, particu-
larly in epidemiological studies, due to their moderate
specificity and relatively low positive predictive value.

What is the benefit of monitoring AHR, on top of symp-
toms and lung function, in asthma management in clinical
practice? This question requires long-term follow-up stud-
ies. Sont et al. [18] have recently completed a 2-year parallel
follow-up study, in which they demonstrated that adding
AHR to methacholine as a guide for asthma treatment
improved the clinical as well as histopathological outcome.
Hence, it appears that that monitoring asthma according to
the current guidelines does not lead to optimal disease con-
trol, and that methacholine challenge tests appear to be a
powerful adjunct measure to improve asthma control dur-
ing long-term follow-up. It cannot be excluded that this also
holds for COPD, because even in this disease AHR appears
to be an independent predictor of long-term outcome [22].

Clinical Research
In view of the rapid progress in the development of

new drugs for asthma, there is an on-going debate as to
whether to include the measurements of AHR as an out-
come variable in trials aimed to test a proof of concept
and/or the clinical benefits of novel drugs. Based on the
above, one would predict that AHR will provide comple-
mentary information as compared to cellular or molecular
markers of inflammation in sputum, exhaled air or bron-
chial biopsies. And, equally important, it appears from
long-term intervention trials that such information is clin-
ically highly relevant.

The dissociation between simple measures of airway
inflammation and AHR has been underlined by recent
trials with anti-inflammatory interventions in asthma.
First, it appeared that children with asthma who were
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uncontrolled despite high-dose therapy with inhaled ste-
roids, still demonstrated AHR to histamine and AMP,
whereas sputum eosinophil counts were already suppressed
to nearly normal values [23]. Allergen avoidance on top of
inhaled steroids in these children substantially improved
AHR, which could not be demonstrated for sputum eosin-
ophil counts [23]. This dissociation also occurs between
AHR and sputum eosinophils during the occurrence of
exacerbations despite high-dose steroid therapy in patients
with severe asthma. Under those circumstances AHR to
methacholine (but not to hypertonic saline) worsened,
despite unchanged sputum eosinophil counts [24]. Hence,
clinically relevant signals of inflammation are not being
detected by some of the currently used measurements.

These results suggest that AHR is an indispensable out-
come in the clinical research of asthma. This has been
underlined by a recent study on the effects of single-dose

treatment with a humanized, monoclonal antibody
against IL-5 in atopic asthmatics. Despite being extremely
effective in reducing the number of circulating and spu-
tum eosinophils during a 16-week period, anti-IL-5 did
not change AHR to histamine nor the late asthmatic
response to inhaled allergen [25].

Conclusion
AHR comprises the common physiologic pathway for

multiple (cellular and biochemical) abnormalities within
the airways. Its association with airway remodelling, as
opposed to acute inflammation only, appears to be the
reason for its success in improving the clinical long-term
management of asthma. Measurement of AHR in con-
junction with biomarkers of inflammation is especially
important in the early clinical phases of development of
new therapies for asthma and COPD.
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Summary
Remodelling of the airways is a major feature of chronic persis-

tent asthma, resulting in epithelial goblet cell metaplasia, subepitheli-
al and mucosal fibrosis, smooth muscle hypertrophy and increased
microvasculature. The epithelium is a major source of cytokines, che-
mokines and growth factors that control remodelling in the adjacent
myofibroblasts, microvasculature and nerves. Indeed, activation of
the epithelial mesenchymal trophic unit is a fundamental abnormali-
ty in chronic asthma. There are shortfalls in small animal models of
relatively acute allergen-driven airway inflammatory responses,
since they do not identify effects on airway remodelling.

Considering asthma as an inflammatory disorder of
the airways has done much to provide a rationale for how
drugs with anti-inflammatory activity, such as corticoste-
roids, produce their beneficial effects. Increasingly, how-
ever, patients with more severe and difficult asthma seem
to respond less well to corticosteroids even at high doses
[1]. Airway remodelling explains why patients with mod-
erate to severe disease gain considerably from the addi-
tion of drugs, such as inhaled long-acting ß2-adrenoceptor
agonists and cysteinyl leukotriene-1 receptor antagonists.
It seems that the bronchial epithelium is especially impor-
tant in orchestrating repair and proliferative responses
[2]. On account of an impaired restitution response to
injury, the epithelium becomes a major source of growth
factors, the downstream actions of which could explain
the subepithelial collagen deposition as well as wider
responses including the increase in blood vessels, nerves
and smooth muscle (fig. 1).

Inflammatory Cells
Most mild to moderate asthma is linked to a Th2-

mediated inflammation characterized by coordinate
overexpression of cytokines encoded in the IL-4 gene clus-
ter on chromosome 5q31–33. T cells, macrophages, mast
cells and eosinophils all have the capacity to generate pro-
liferative and remodelling growth factors but, of these
cells, it seems that the tissue macrophage is one of the
most important sources of TGF-ß, PDGF and bFGF [3].
Activated tissue macrophages are cells that are centrally
involved in the pathogenesis of interstitial lung disease,
although they probably do not function alone. As asthma
becomes more chronic and severe, it loses its connection
with atopy and adopts some of the characteristics of
COPD with evidence of fixed airflow obstruction and
neutrophil recruitment. This occurs in relation to expres-
sion of a second set of inflammatory cytokines involved in
Th1-mediated inflammation (e.g. IFN-Á, IL-2, TNF-·)
and release of neutrophil-selective chemoattractants (e.g.
IL-8, GRO-·, LTB4) [1]. While it has been suggested that
the neutrophil response is secondary to the effect of ste-
roids, a more likely explanation is the recruitment during
a tissue-destructive phase of the disease.

Bronchial Epithelium
Structural damage to the bronchial epithelium is a fea-

ture of severe asthma that has been frequently described
in post-mortem studies. Bronchial biopsy studies under-
taken in asthma of differing severity have clearly shown
epithelial damage, and there is now evidence to indicate
that this occurs as a primary feature of asthma [2]. Char-
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Fig. 1. Two theoretical constructs for the
pathogenesis of asthma. The parallel rather
than the sequential paradigm would fit the
variable clinical phenotype of asthma best
and also take account of a wider range of
gene-environmental interactions in disease
pathogenesis.

acteristically, the columnar epithelial cells detach from
basal counterparts, probably as a result of premature
apoptosis with loss of intercellular adhesion. The extent of
epithelial damage appears to relate to both asthma severi-
ty and the level of BHR. There also occurs a characteristic
thickening of the lamina reticularis component beneath
the true basement membrane with the collagen deposited
in this region being of the interstitial repair subtypes types
I, III and V and is accompanied by the laying down of a
regenerative form of laminin-ß and tenascin-c [2, 4].

Loss of the protective barrier provided by the bron-
chial epithelium will increase the access of a wide range of
environmental stimuli, including air pollutants, infec-
tious agents and allergens to effector cells in the airway
wall. For example, ICAM-1, the major receptor for the
major subtypes of human rhinovirus (HRV), which is
overexpressed in the basal epithelium of asthmatic air-
ways [5], creates an easy target for lower airway involve-
ment following the common cold.

Increased expression of mucin genes by EGFs gener-
ated by the damaged epithelium and IL-4 and IL-13 from
the Th2-mediated inflammatory response explains the
increased number of goblet cells within the epithelium in
severe chronic asthma (fig. 2). The epithelial damage-
repair cycle also initiates overexpression of a range of epi-
thelial pro-inflammatory genes, including the inducible
form of nitric oxide synthase, the cytoplasmic form of
PLA2, cyclooxygenase-2 and a number of metalloendo-
proteases involved in the repair response, especially
MMP-9. A number of cytokines are also expressed by the
activated epithelium, including GM-CSF, IL-6, TNF-·

and a range of chemokines, such as eotaxin, RANTES and
IL-8 [3]. The consequence of this epithelial perturbation
is to enhance the airway’s ability to support an inflamma-
tory response and, at the same time, drive tissue repair
processes [2, 4].

Airway Wall Fibrosis
Proliferating myofibroblasts are responsible for the ‘re-

pair’ collagen deposited beneath the basement membrane
in asthma, their numbers correlating with the thickness of
the lamina reticularis. Myofibroblasts play an important
role in chronic wound healing through their capacity to
lay down matrix proteins to contract in the presence of
pharmacological mediators, e.g. endothelin, and to se-
crete an array of growth factors (fig. 1). Growth factors
derived from repairing epithelium drive the myofibro-
blasts to proliferate and then secrete collagen. These fac-
tors include TGF-ß1 and -ß2 (which normally inhibits pro-
liferation of fibroblasts), bFGF, IGF-1, PDGF-BB and
ET-1 [6].

Although difficult to study, there is some evidence to
indicate that, in chronic severe disease, collagen deposi-
tion is increased in the submucosa and deeper reaches of
the airway wall [7]. This is accompanied by other matrix
proteins and proteoglycans, including decorin, versican
and fibronectin. These provide important cell-surface
stimuli for activating inflammatory leukocytes and pro-
longing their survival. They also provide a reservoir for
cytokines, e.g. IL-4 (heparin), chemokines (heparan sul-
phate) and growth factors (TGF-ß binding to decorin and
bFGF factor binding to heparan sulphate). Encrypted
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Fig. 2. Role of the abnormal damaged and
stressed epithelium in airway wall remodel-
ling in asthma.

cytokines and growth factors can be released in the pres-
ence of pro-inflammatory mediators and proteolytic en-
zymes, thereby providing a continuous ongoing stimulus
for cell proliferation and matrix production.

An increase in thickness of the submucosa by infiltrat-
ing inflammatory cells, proteoglycans and new collagen,
with water being trapped by the high molecular weight
proteoglycans, will have a considerable impact on airway
wall caliber with a given degree of smooth muscle shorten-
ing [8]. This alone may contribute greatly to AHR, where-
as thickening of the airway wall outside the smooth mus-
cle (which serves to spread the elastic recoil forces of the
alveoli over a greater surface area) provides an explana-
tion for the loss of the characteristic plateau response
observed in normal subjects with increasing doses of a
contractile agonist.

Myofibroblasts are also an important source of proin-
flammatory cytokines, including stem cell factor required
for mast cell growth, maturation and survival and GM-
CSF, a potent inhibitor of eosinophil apoptosis. Myofi-
broblasts are highly efficient at supporting the survival of
both mast cells and eosinophils, both by the secretion of
soluble products and through cell-to-cell contact [9].

Microvasculature
The small blood vessels in the submucosa play an

important role in asthma, providing not only a secondary
source of mediators derived from circulating plasma pro-
teins and endothelial cells, but also a mechanisms through

which effector leukocytes are recruited into the airways.
In chronic severe asthma, there is ample evidence for
upregulation of both endothelial selectins and adhesion
molecules belonging to the immunoglobulin superclass.
Of particular relevance is VCAM-1 which is under the
regulation of TNF-·, IL-4 and IL-13. Through its interac-
tion with the ß2-integrin, VLA-4, VCAM-1 is largely
responsible for the selective recruitment of eosinophils,
basophils and T cells into the asthmatic airway. In
chronic asthma, the number of microvessels in the sub-
mucosa is increased as a consequence of enhanced secre-
tion of vascular growth factors, including ET-1, NO and
VEGF [10].

Airway Nerves
Although in mild asthma the number of sensory nerves

within the asthmatic airway is unchanged, in chronic and
severe disease there is increased innervation, resulting
from the secretion of nerve growth factors from epithelial
and inflammatory cells [3, 11]. C-fibres containing neuro-
peptides, such as substance P, neurokinin A and CGRP
contribute to altered local vascular and smooth muscle
homeostasis in asthma, although the clinical efficacy of
tachykinin antagonists has been disappointing, even in
patients with brittle asthma in whose airways neural path-
ways might be expected to be important. Another impor-
tant group of sensory neurons is those bearing the rapidly
adapting A‰-receptors, which are incriminated in the pro-
duction of cough. In animal models, neuropeptide recep-
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tors are under the regulation of pleiotrophic cytokines
such as TNF-·.

Airway Smooth Muscle
Changes to airway smooth muscle have provided the

foundations for disordered airway function in asthma [12,
13]. When airways from the lungs of asthmatic patients
have been studied in vitro using a range of contractile ago-
nists, enhanced responsiveness has only been demon-
strated with adenosine and its analogues. This purine
nucleoside stimulates A2B receptors on primed mast cells
to release contractile mediators such as histamine and
cysteinyl leukotrienes [14]. Adenosine hyperresponsive-
ness observed in asthma probably relates to altered mast
cell function rather than to any change in airway smooth
muscle itself.

Morphological studies of smooth muscle in airways
obtained from patients who have died from asthma reveal
evidence of an increase in muscle bulk, due in large part to
an increase in smooth muscle cells. Whether these cells
function differently in asthma is not known [13]. How-
ever, recent electrophysiological and biochemical studies
indicate that cycling of the actin and myosin cross bridges
in asthmatic smooth muscle is abnormal, leading to a fro-
zen or latched state which is difficult to relax [12]. Airway
smooth muscle in asthma undergoes a process of dediffer-
entiation towards that of a myofibroblast cell type with
more pleiotrophic cell functions, including the secretion
of matrix proteins and cytokines [13]. Whether this occurs
in asthmatic airways in vivo is not known, nor is it known
whether the biochemical mechanisms involved in con-
traction of airway smooth muscle become disordered in
the inflammatory milieu including ion fluxes, phosphory-
lation and dephosphorylation reactions and engagement
of myosin with actin.

The Epithelial Mesenchymal Trophic Unit
Epithelial injury produced by inflammatory and envi-

ronmental insults, such as air pollutants, environmental
tobacco smoke and respiratory viruses, is usually rapidly
repaired through the release and autacoid actions of EGF,
amphiregulin, TGF-· and heparin-binding EGF-like
growth factor [2–4]. However, in asthma it seems that epi-
thelial proliferation and repair involving cell signalling is
impaired, resulting in a change in the epithelial phenotype
to one that secretes profibrogenic cytokines including
TGF-ß [15]. The precise biochemical site at which this
block occurs is not known although it is accompanied by
reduced expression of proliferating cell nuclear antigen and
increased expression of the G1 cell cycle inhibitor p21waf.

Associated with impaired epithelial restitution is the
enhanced activity of the underlying myofibroblasts which
in asthma exhibit hyperresponsiveness to the TGF-ß pro-
duced by the altered epithelium and a reduced capacity to
degrade collagens I, III and V. The net consequence of this
is the deposition of subepithelial collagen and the secre-
tion of multifunctional growth factors by the myofibro-
blasts including CTGF, PDGF, NGFs, VEGF and GM-
CSF with their capacity to drive fibroblast, nerve, vascu-
lar and Th2 inflammatory responses characteristic of air-
way wall remodelling (fig. 2). The combined involvement
of the epithelial-myofibroblast unit resembles the critical
involvement of the same cells in fetal branching morpho-
genesis (epithelial mesenchymal trophic unit) [2]. Thus,
for asthma to become fully manifest, a combination of
Th2-mediated inflammation and activation of the epithe-
lial mesenchyme is required – the interaction leading to
chronic inflammation and remodelling (fig. 1).

Therapeutic Targets
It is only relatively recently that the concept of an

altered structure and function of the constituent elements
of the conducting airways has become a recognized com-
ponent of chronic asthma. While there is some evidence
that the early introduction of inhaled corticosteroids are
able to prevent or reverse structural changes in the air-
ways [16, 17], there is little evidence that other therapeut-
ic interventions can influence the natural history of asth-
ma. Theoretical possibilities might include EGFR ligands
that promote epithelial repair and increase resistance
against environmental insult, inhibitors of TGF-ß (e.g.
blocking antibodies) that might suppress fibrogenesis and
smooth muscle proliferation and similar blocking strate-
gies against factors that lead to proliferation of nerves (e.g.
NGFR antagonists) or microvessels (e.g. VEGFR antago-
nists). Until appropriate animal models are generated to
test these agents, it will not be possible to estimate the
potential usefulness of this approach.

With the clear recognition that the Th2 cytokines IL-4,
IL-9 and IL-13 are involved in epithelial goblet cell meta-
plasia (via TGF-·) as well as epithelial production of
TGF-ß, the new drugs aimed at targeting these cytokine
pathways, e.g. soluble IL-4R (Nuvance) and the IL-4 dou-
ble mutein, look especially promising.

Clinical Trials
If novel agents are to be tested against airway remodell-

ing in asthma, it will be important to identify clear clinical
end points. One of these might include the corticosteroid-
refractory component of FEV1 or similar measure of air-
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way calibre or a measure of BHR followed over time. To
complement these physiological measures, new markers
of matrix turnover and airway remodelling need to be
developed to provide shorter-term surrogate indices
against which to measure efficacy. Finally, in order to
know whether restructuring of the airways continues in

the presence of current controller therapies, long-term,
natural history studies are required. Until these are avail-
able, it would be wise to treat asthma with adequate doses
of controller therapies, e.g. inhaled corticosteroids as soon
as it is diagnosed.
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Summary
Several gases, such as NO and CO, and hydrocarbons, have been

measured in exhaled air in adults and children (fig. 1). More recently,
non-volatile markers and mediators (hydrogen peroxide, isopros-
tanes, leukotrienes, prostaglandins, cytokines, products of lipid
peroxidation, nitrite/nitrate, S-nitrosothiols, nitrotyrosine) have
been detected in exhaled air and condensate. There is a strong ration-
ale to use these exhaled markers to monitor airway inflammation and
oxidative stress in asthma and COPD, as well as during treatment
with corticosteroids, leukotriene antagonists, antioxidants and novel
therapies.

Nitric Oxide
Exhaled NO is a useful and practical non-invasive

marker that is strongly related to airway inflammation [1,
2]. NO is generated by several cells in all areas of the
respiratory tract by NO synthase (NOS). iNOS is acti-
vated by cytokines and is the major source of elevated
NO in asthma. Exhaled NO has been standardized and
validated against invasive assessment of inflammation
by bronchoscopy [3] and induced sputum, and is there-
fore [4] reproducible and comparable between different
centres.

Elevated exhaled and nasal NO levels correlate strong-
ly with skin test scores, total IgE, and blood eosinophilia
in atopic asthma, and exhaled NO may differentiate
between healthy subjects with or without respiratory
symptoms and patients with asthma and atopy. Addition
of PC20 makes the NO/PC20 combination a very specific
test for allergic asthma. Therefore, exhaled NO measure-
ments may be used for patient selection and asthma
screening.

Exhaled NO may be used to monitor the effect of anti-
inflammatory treatment in stable [5] and unstable asthma

[6]. Exhaled NO levels may be increased before any signif-
icant deterioration in lung function, PC20, or sputum
eosinophils [7] and may serve as a ‘loss-of-control marker’
[1]. Exhaled NO is extremely sensitive to steroid treat-
ment, and the reduction in NO may be seen within 6 h
after a single dose of nebulized steroids, or within 2–3
days following treatment with inhaled steroids [5, 6, 8, 9].
The levels of exhaled NO are higher in adults and children
with severe asthma, and are related to asthma symptoms
and the use of ß2-agonists in severe asthma [10], and
improvement in FEV1 also in children [11]. A correlation
between exhaled NO, sputum eosinophils and eosinophil
cationic protein, but not between NO and PC20, is pre-
served in asthmatics treated with steroids [12, 13], but is
lost in asthmatic smokers.

Corticosteroids have no effect on exhaled NO in nor-
mals [8], but reduce NO in asthma (table 1) and this
reduction is more prominent in severe disease [11, 14].
The onset of action of inhaled budesonide on exhaled NO
is short (2–3 days) and dose dependent [9] (fig. 2).

The short- and long-acting ß2-agonists have no acute
effect on exhaled NO [15], as they do not have any anti-
inflammatory effect on chronic inflammation in asthma.

Pranlukast inhibits the rise in exhaled NO when the
dose of inhaled corticosteroids is reduced, and montelu-
kast rapidly reduces exhaled NO by 15–30% [16] in chil-
dren with asthma. This may reflect a reduced impact of
inflammatory cytokines on iNOS.

NOS inhibitors by blocking NOS [17] may be impor-
tant in the management of severe steroid-resistant asth-
ma. Inhaled PGE2 which also downregulates iNOS, de-
creased exhaled NO in asthma [18]. Potentially, the effect
of immunosuppressants (cyclosporin and rapamycin), or
cyclo-oxygenase inhibitors (ibuprofen), which are able to
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Fig. 1. Exhaled gases and condensate measurements.
Fig. 2. The effect of inhaled budesonide (BUD) on exhaled NO in
patients with mild asthma. Mean values B SEM in patients treated
with 400 Ìg BUD (P) or 100 Ìg BUD ($) or placebo ([). Level of
significance of difference between 400 Ìg BUD and 100 Ìg BUD:
* p ! 0.05.

Table 1. Effect of corticosteroids on exhaled NO

Drugs Magnitude Time
after IS
treatment

Refer-
ence

Prednisolone, 30 mg/day, 3 days1 no effect 8

Asthma
Budesonide, 1,600 Ìg/day (mild)1 ↓ 30% 7 days 5
Budesonide, 100 Ìg/day (mild)1

Budesonide, 400 Ìg/day
↓ 29%
↓ 50%

28 days
28 days

28

Prednisolone, 30 mg/day, 3 days (mild)1 ↓ 22% 72 h 8
Prednisolone + IS (severe) ↓ 40% 48 h 29
Prednisolone, 1 mg/kg, 5 days (severe) ↓ 46% 5 days 14
Prednisolone, 1 mg/kg, 5 days (moderate) ↓ 52% 5 days 11
Fluticasone, 1,000 Ìg/day, 4 weeks ↓ 76% 2 weeks 30
Budesonide, 100 Ìg/day (mild) no change 3 days 9
Budesonide, 400 Ìg/day ↓ 26% 3 days

IS = Inhaled steroids; ↓ = decrease; ↑ = increase.
1 Placebo-controlled randomized trial.

inhibit both iNOS and COX-2, may be studied by moni-
toring exhaled NO.

Exhaled NO levels in stable COPD [19] are lower than
in either smoking or non-smoking asthmatics and are not
different from those in normal subjects. This is due to the

effect of tobacco smoking, which downregulates NOS and
reduces exhaled NO [19]. Patients with unstable COPD,
however, have high NO levels [20], which may be ex-
plained by continuous neutrophilic inflammation and ox-
idative stress. Exhaled NO can be used to monitor COPD
exacerbations.

Carbon Monoxide
CO is a product of haem degradation by haeme oxy-

genase, reflects oxidative stress and can be measured by
electrochemical CO sensors in exhaled air of adults, chil-
dren and neonates. It is affected by active or passive
smoking, but a cut-off level of 6 ppm effectively separates
non-smokers from smokers. Despite the early reports on
elevated levels of exhaled CO in mild stable asthma, we
have found significantly elevated CO levels only in pa-
tients with severe asthma. This may reflect a high level of
oxidative stress and predominantly neutrophilic inflam-
mation in these patients.

Considering the simplicity of CO measurements and
portability of CO analysers, exhaled CO may be used to
monitor paediatric asthma. Children with persistent asth-
ma despite treatment with steroids have elevated exhaled
CO compared with those with infrequent episodic asthma
[21]. We have also found elevated CO levels in ex-smoker
COPD patients, suggesting ongoing oxidative stress.

1

2
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Hydrocarbons
Exhaled hydrocarbons, non-specific markers of lipid

peroxidation, may help to estimate the magnitude of in
vivo lipid peroxidation, and to monitor the effect of novel
drugs with anti-oxidant properties. Ethane and pentane
can be measured by gas chromatography from a single
breath sample, in which no preconcentration is required
[22], and are elevated in acute asthma [23] and in smokers
[24].

Exhaled Condensate
Exhaled breath condensate is collected by cooling or

freezing of exhaled air. Abnormalities in condensate
chemistry and exhaled markers reflect intrinsic abnor-
malities of the airway lining fluid caused by inflammation
and oxidative stress and may be a valuable means of mon-
itoring of lung diseases. The collection takes 10–15 min of
tidal breathing to obtain 1–3 ml of condensate and is well
tolerated by patients with severe airway obstruction and
children. Exhaled condensate is analysed by gas chroma-
tography (GC), or by immunoassays (ELISA).

Hydrogen Peroxide
Activation of inflammatory cells results in increased

production of H2O2, which is augmented in exhaled con-
densate in asthma and severe COPD [25].

Eicosanoids
Prostaglandins (PG), thromboxane, isoprostanes and

leukotrienes are derived from arachidonic acid and have
potent pro-inflammatory properties. Their non-invasive
analysis provides an opportunity to assess the profile of
eicosanoids in asthma and COPD directly, and may be a
better predictor of clinical efficacy of leukotriene antago-
nists, corticosteroids, or thromboxane A2 (TXA2) receptor
antagonist than urine, serum, or invasive BAL.

Isoprostanes
Isoprostanes, products of arachidonic acid peroxida-

tion, can be detected in exhaled breath condensate by
ELISA, which is comparable to GC analysis, and reflect
cellular effects of oxidative stress. We have found that 8-
isoprostane levels were doubled in subjects with mild
asthma compared with normals, and increased by 3-fold
in severe asthma irrespective of corticosteroids [26]. The
lacking effect of corticosteroids on 8-isoprostane is most
likely due to their ineffectiveness at inhibiting oxidative
stress. It makes isoprostane a good marker of oxidative
stress in moderate to severe asthma. We have found that
the concentration of 8-isoprostane is also increased in

normal cigarette smokers, but to a much greater extent in
COPD patients.

Prostaglandins
An increased expression of COX-2 leads to high levels

of PG and thromboxane B (TXB) in asthma and COPD.
We have demonstrated that PGE2 and PGF2· are marked-
ly increased in exhaled condensate of patients with
COPD, but not in asthma. In contrast, TXB2 is increased
in asthma but undetectable in either normal subjects or
patients with COPD. Exhaled prostaglandins and throm-
boxanes may be useful markers to monitor the effects of
TXA2 receptor antagonist and phosphodiesterase inhibi-
tors in asthma and COPD.

Leukotrienes
Leukotrienes (lipid mediators derived from arachi-

donic acid via the 5-lipoxygenase pathway) are potent
pro-inflammatory mediators in asthma and COPD. We
have demonstrated further elevation of LTE4, LTC4,
LTD4 in exhaled condensate during the late asthmatic
response to allergen challenge, and the worsening of asth-
ma symptoms and lung function in patients with exacer-
bations was associated with the increase of leukotrienes
and nitrotyrosine in condensate. Markedly elevated levels
of exhaled LTB4 were seen in both asthma and COPD,
whereas LTE4 was increased only in asthma [Montuschi
et al., unpubl. obs.].

Oxynitrogen intermediates
Low levels of exhaled S-nitrosothiols, naturally occur-

ring bronchodilators, have been found in asthmatic chil-
dren with respiratory failure. We have shown S-nitroso-
thiols were reduced after 3 weeks of treatment with 400 Ìg,
but not 100 Ìg of budesonide [9]. In contrast, there was a
rapid and dose-dependent reduction in nitrite/nitrate
(NO–

2/NO–
3) in the same mild asthmatics, suggesting that

NO–
2/NO–

3 are more sensitive to anti-inflammatory treat-
ment. Increased levels of nitrotyrosine correlated with
asthma symptoms during steroid withdrawal in moderate
asthma, suggesting that exhaled nitrotyrosine may predict
asthma deterioration caused by inflammation. Chronic
oxidative stress presented to the lung by cigarette smoke
may increase decomposition of nitrosothiols, explaining
elevated exhaled S-nitrosothiols in healthy smokers, which
were related to their smoking history.

Cytokines and Lipids
Measurement and identification of proteins in exhaled

condensate is still controversial. Higher concentrations of
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total protein in exhaled condensate have been found in
young smokers versus non-smokers, whilst the levels of
IL-1ß and TNF-· were not different. We have found that
IL-8 levels in exhaled condensate were only mildly ele-
vated in stable cystic fibrosis (CF), but were 2-fold higher
in unstable CF patients compared with normal subjects
[Balint et al., unpubl obs.]. Primary (diene conjugates)
and secondary (ketodienes) products of lipid peroxidation
are increased in exhaled condensate and in bronchial
biopsies samples from patients with COPD and chronic

bronchitis compare with normal subjects [27]. Potential-
ly, these approaches may be of a considerable interest.

Conclusions
Accurate assessment of airway inflammation and oxi-

dative stress is important to the clinical management of a
variety of pulmonary conditions, including asthma and
COPD. It may allow the clinician to monitor the progres-
sion of the disease and to assess the efficacy of anti-
inflammatory or antioxidant treatment.
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Summary
The incidence of both asthma and COPD is increasing through-

out the world, and acts as a major incentive for the development of
improved therapy. For the large range of bronchodilator and anti-
inflammatory therapies in current clinical development, reliable
decision making is required in phase II, before entering large-scale
and expensive phase III studies. With anti-inflammatory therapies
for asthma, there has been a tendency to move away from the
inhaled-allergen challenge as a proof of concept study, and instead
test in symptomatic clinical disease in conjunction with biomarkers.
Phase II studies in COPD are more difficult because inclusion crite-
ria, monitoring parameters, comparator therapies and trial design
are less well established.

Good Clinical Practice
Clinical studies within a drug development pro-

gramme should be carried out under Good Clinical Re-
search Practice (GCP), although GCP is not expected to
be introduced into European law until 2001 at the earliest.
Phase II decision making studies in asthma and COPD
utilize non-invasive surrogate biomarkers, as well as phar-
macokinetic and pharmacodynamic evaluation to assist
in dose range finding [1].

Asthma
Asthma is generally defined on the basis of the charac-

teristic episodic symptoms, in conjunction with assess-
ment of lung function (table 1). It should be stressed that
systemic treatments for asthmatic allergic disease have
relevance to all atopic diseases, since the pharmaceutical
industry has concentrated most efforts on asthma as
opposed to atopic dermatitis and rhinitis [2, 3].

Table 1. Inclusion criteria and monitoring in studies on asthma and
COPD

Asthma COPD

Episodic wheeze
Chest tightness
Shortness of breath
Nocturnal wakening
Short acting, rescue ß2-agonist

usage
Health status

Symptoms/history
Smoking history
Productive daily cough
Shortness of breath
Shuttle test, 6-min walk test
Health status – St. George’s

Lung function
PEF and FEV1
Reversibility and variability
AHR

FEV1 % predicted
FEV1 /FVC ratio
Gas transfer, TLCO
Residual volume
Response to inhaled SA

ß2-agonists and anticholinergics
Response to oral/inhaled steroids

Laboratory tests
Allergy – skin prick tests
Blood IgE, Th2 cells
Blood and sputum eosinophils
Exhaled NO
BAL
Bronchial mucosal biopsy

Blood gases, neutrophil CD11b,
Th-1 cells, oxidant/anti-oxidant

Breath NO, eicosanoids
Sputum neutrophils, macrophages
Urine elastin/collagen degradation

products
BAL and bronchial biopsy

X-rays and imaging Chest X-ray
High resolution CT scan

Concomitant therapy
SA and LA ß2-agonists
ICS
Oral steroids

SA and LA ß2-agonists
Anticholinergics
Inhaled corticosteroids

Bronchodilation. Acute bronchodilation can be studied
in patients with mild asthma who have sufficient bron-
choconstriction at baseline, so that there is ‘room to
improve’ FEV1 following single-dose administration. In
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Fig. 1. Principle of using pharmacokinetic and pharmacodynamic
assessments to aid dose range finding of therapies directed against
eosinophils and neutrophils. Preclinically, dose-response curves are
determined on volunteer or animal blood to which the novel thera-
peutic (drug) is added ex vivo, and then the response to a specific
stimulus is determined by flow cytometry of granulocytes in whole
blood. In the context of a clinical trial, the volunteer subject has
received the therapeutic, and blood is taken at intervals to determine
both a pharmacokinetic and pharmacodynamic profile. The graph
demonstrates that the therapeutic may only be detectable pharmaco-
kinetically for a short time, while the pharmacodynamic action may
persist. GAFS = Gated autofluorescence and forward scatter; PK =
pharmacokinetics; PD = pharmacodynamics.
Fig. 2. The early and late asthmatic reactions following inhalation of
a nebulized relevant allergen by an allergic asthmatic that has a dual
reaction. The FEV1 is determined at intervals for up to 10 h following
the inhalation.

addition bronchoprotection can be evaluated in relation
to bronchoconstrictor stimuli such as histamine, metha-
choline, hyperventilation, adenosine and exercise.

Allergen Challenge. The inhaled-allergen challenge is
the classic design for pre-clinical and clinical testing of
novel anti-inflammatory drugs in asthma (fig. 2) [4]. Ste-
roids, cromones, leukotriene antagonists, salicylates, hep-
arin, frusemide, and cyclosporin A all cause inhibition of
the late asthmatic reaction. Anti-IgE is of interest be-

cause it inhibits both the early- and late-phase response to
inhaled allergen when administered by intravenous infu-
sion [5], but not when given by inhalation [6]. In patients
with allergic asthma treated with inhaled or oral steroids,
anti-IgE given intravenously for 20 weeks had demonstra-
ble efficacy and caused serum IgE to decrease by 195%
[7]. However, it is relevant to therapies directed against
eosinophils that agents such as anti-IL-5 and IL-12 do not
affect the late asthmatic reaction, despite considerable
effects on blood and sputum eosinophil numbers [8, 9].

Symptomatic Asthma. A range of recent studies have
documented effects of anti-leukotrienes on patients with
symptomatic mild to moderate asthma that are on in-
haled ß2-agonists only [10]. These study designs provide a
more clinically relevant ‘wild-type’ population for
studying potential efficacy than utilizing an allergen chal-
lenge. However, they frequently require at least 4 weeks of
anti-inflammatory therapy in conjunction with detailed
monitoring to discriminate a given anti-inflammatory
effect.

Steroid Add-On and Titration Studies. Theophylline
and montelukast have been studied as add-on agents in
asthmatics already receiving inhaled and oral steroids
(fig. 3) [11, 12]. Steroid titration is a system for stepwise
reduction in the dose of inhaled steroid [13, 14]. An alter-
native design is to abruptly discontinue ICS the day
before administration of study drug; as has been per-
formed to compare soluble IL-4 receptor (IL-4R) with pla-
cebo [15]. A whole range of important clinical studies are
still being performed on ICS themselves; these address
such questions as dose response finding [16–19], the pos-
sibility of once-a-day steroids, and effects on bones and
growth [20].

Severe Asthma. Patients with severe asthma have more
fixed airways obstruction, airways remodelling, and a ten-
dency for neutrophilic as well as eosinophilic and IgE-
mediated disease. A chimaeric monoclonal antibody
against CD4 has recently been shown to be effective in
chronic severe asthma [21].

Asthma Exacerbations and Emergency Asthma. Emer-
gency asthma represents a major clinical problem with a
requirement for more rapidly acting therapy, since hospi-
talization generally occurs for a period of at least 4 days
[22]. Therapies that target TNF have the potential to
cause rapid onset of anti-inflammatory effects in emer-
gency asthma. It is important to stress that asthmatics
may be vulnerable to exacerbations even when asthma is
brought under apparent control.

Natural History and Disease Modification. It is a major
challenge to study long-term effects of drugs on the air-

1
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ways in the context of structural changes in the airways that
comprise airways remodelling. Current asthma therapy is
palliative and neither curative nor disease modifying, and
only a minority of asthmatics achieve a long-lasting remis-
sion. 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 adju-
vants, but therapy may be required in childhood for genet-
ically susceptible individuals in the context of natural aller-
gen exposure or allergen immunotherapy [23–25]. As with
disease-modifying anti-rheumatoid therapies, it is impor-
tant to demonstrate disease modification in terms of pro-
longed efficacy following cessation of treatment.

COPD
The considerable need for effective therapy for COPD is

reflected in a large range of potential therapies entering
clinical development [26]. COPD is thought to involve oxi-
dative stress, inflammation, mucus, proteases and repair
mechanisms, but we do not know the relative role of these
factors in clinical pathogenesis. Recently, European points
to consider in clinical trials on drugs for the treatment of
COPD have been issued [27].

Bronchodilators. The prolonged effects of the inhaled
anticholinergic agent, tiotropium bromide, have been
demonstrated in terms of bronchoprotection against
methacholine-induced bronchoconstriction in asthma
[28], and the dose-response relationship established in
COPD [29].

Anti-Inflammatory Treatments. Ariflo is a second-gen-
eration phosphodiesterase (PDE) type 4 inhibitor that
selectively inhibits the low-affinity rolipram binding form
of PDE4, in an effort to minimize potential for nausea
and vomiting [30]. 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 FEV1 compared to place-
bo of 160 ml, representing an 11% improvement.

Natural History. Studies on the natural history of
COPD involve monitoring post-bronchodilator FEV1 in
considerable numbers of patients over a number of years.
Three major studies have recently been performed on
effects of ICS on the longitudinal decline in post-bron-
chodilator FEV1 over 3 years in patients with COPD [31–
33]. Although effects on FEV1 are modest, ICS are effec-
tive in preventing exacerbations and cause improvement
in health status.

Exacerbations. It has already been noted that phase II
studies in COPD may be poorly predictive of efficacy in

Fig. 3. The range of potential phases in a study of a novel therapeutic
(study drug) in an asthmatic patient receiving inhaled corticosteroids
(ICS). During the ‘run in’ phase, the patient maintains clinical diaries
including symptoms, lung function and ß-agonist usage. The ‘add on’
or ‘capping’ phase occurs when the study drug is added to a constant
dose of ICS. Steroid titration is performed when the dose of ICS is
gradually titrated down at intervals, although abrupt steroid with-
drawal can be performed in certain circumstances, prior to steroid
replacement.

larger phase III studies. Recombinant human DNAse
(dornase alfa, Genentech) was evaluated in 244 patients
hospitalized for acute pulmonary exacerbation of COPD,
and caused a 59% reduction in mortality compared with
placebo [34]. On this basis, a larger phase III study in
acute exacerbations of COPD was undertaken, but when
interim analysis demonstrated a negative trend in mortal-
ity data, the study was halted. Paggiaro et al. [35] have
recently undertaken a study on the effects of inhaled fluti-
casone propionate in preventing COPD exacerbations in
patients with a history of at least one exacerbation per
year for 3 years. In a differing design, a recent study has
documented moderate improvement in clinical outcome
when using systemic glucocorticoids to treat exacerba-
tions of COPD [36].

The Future
Based on better understanding of cellular and molecu-

lar events in asthma and COPD, we have novel rational
therapies in ongoing clinical studies in asthma and
COPD. Most of these new drugs inhibit components of
inflammatory responses, but in the future there are real
possibilities for the development of preventative and even
curative treatments. We can expect clinical studies to
involve assessment of genotypes and phenotypes to iden-
tify potential responders to specific therapies, as well as
more sensitive monitoring of lung function, imaging
methods and biomarkers of inflammation.
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Summary
This chapter deals with general principles in the pathophysiology

and biochemistry of airflow limitation and the pharmacology of
bronchodilator drugs that underlies their clinical utility. Bronchodi-
lators are important palliative therapies for asthma and COPD
because they relieve suffering and, when used appropriately, they can
be life-saving. Bronchodilators work by opposing active contraction,
either by blocking contractile receptors (indirectly acting) or by
entraining a biochemical pathway functionally antagonistic to a con-
tractile mediator or process (directly acting). Consequently, some
bronchodilators also have other effects, such as suppression of
aspects of airway inflammation, but they cannot prevent or cure dis-
ease, alone or in combination with any known agent(s). There is no
convincing evidence that any clinically available or experimental
bronchodilator can significantly impede disease progression in asth-
ma or COPD.

The Nature of Airflow Limitation in Asthma and
COPD
Physiological studies have demonstrated that small

peripheral airways 2–3 mm in diameter are the principal
site of airflow obstruction, and the site of action of most
bronchodilators, in both asthma and COPD [1–3]. In
vitro studies on smooth muscle from asthmatic lungs are
rare and the available evidence is not uniform: there is
evidence for an increased capacity to generate force, to
shorten at an increased rate, to shorten excessively and
there is also evidence for impaired relaxant responses to
ß-adrenoceptor agonists [4, 5].

In asthma, airflow limitation is at least partially revers-
ible because it is largely due to contraction of airway
smooth muscle, compounded by airway wall thickening,

oedema, lumenal mucus, debris and fluid accumulation
in airway interstices. Bronchodilator responses are there-
fore relatively easily assessed by an index of forced expira-
tion such as FEV1. In severe or long-standing disease, a
degree of irreversible fixed airflow obstruction may devel-
op which does not respond to bronchodilators.

Airflow limitation in COPD is more complex. Hogg et
al. [1] demonstrated that the principal site of airflow limi-
tation in smokers is in peripheral airways, including small
bronchi and bronchioles !2 mm diameter. These airways
are both inflamed and thickened in COPD and the sur-
rounding alveolar walls, which normally provide elastic
tethering and recoil [6], are usually disrupted, often
severely, by emphysematous proteolytic destruction of
elastin and collagen fibres. Airflow obstruction is further
worsened by mucus secretion and loss of surfactant fol-
lowing transdifferentation of Clara cells into goblet cells.
The relative contributions of airway wall inflammation
versus loss of elastic recoil subsequent to emphysema as
causes of airflow limitation are disputed and likely to vary
with severity of disease [7]. The interplay of lung paren-
chyma and airway wall changes in COPD compound the
difficulty of assessing bronchodilator responses using
FEV1 as a response index, especially when disease is
advanced and hyperinflation prominent. This may ex-
plain why some patients report great symptom relief from
bronchodilators in the absence of significant changes in
FEV1. It is important to note that the perception of respi-
ratory resistance may be very poor and breathlessness
may not relate directly to measurements of impaired lung
function.
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Fig. 1. Modulators of rate of contraction.

Mechanisms of Airway Smooth Muscle
Contraction
Bronchodilators relax airway smooth muscle by oppos-

ing active tone and it is therefore essential to understand
how airway smooth muscle contracts in order to under-
stand bronchodilators. The contractile machinery of air-
way smooth muscle is shown diagrammatically in figure 1
and is composed of a myosin hexamer, comprising a pair
of asymmetric heavy chains ( 200–204 kD) and two myo-
sin light chains (17 and 20 kD) arranged into an active
head structure and a tail. The head group contains actin
attachment sites and two domains of the Ca2+-stimulated
Mg2+ dependent ATPase (myosin ATPase). The 17-kD
light chain is essential for myosin ATPase activity while
the 20-kD light chain is regulatory: its state of phosphory-
lation, which is in turn regulated by myosin light-chain
kinase (MLCK), governs actin-myosin interactions by
regulating myosin ATPase activity and hence contraction.
The myosin head group interacts with a chain of F actin
and G actin subunits interwoven with tropomysin. The
number of actin-myosin cross-bridges determines the
force of contraction whereas the actomyosin cycling rate
determines the rate of contraction of airway smooth mus-
cle. It has recently been suggested that perturbation of the
myosin cycling in an increased rate of contraction of air-
way smooth muscle, particularly when disease uncouples
tidal stretching forces from actually stretching airway
smooth muscle, may be a princial determinant of exces-
sive bronchoconstriction and BHR in asthma [8]. This
theory is particularly important as it may help explain

why BHR persists when airway inflammation has been
largely resolved by inhaled glucocorticosteriods.

The actin-myosin cycling rate is influenced by (1) Ca2+/
calmodulin-dependent MLCK (the levels of which are
believed to be upregulated in asthma); (2) Ca2+/cal-
modulin-independent phosphorylation mechanism, and
(3) p160 Rho kinase (ROCK) which phosphorylates the
myosin-binding subunit of myosin light-chain phospha-
tase, reducing its enzymatic activity and leading to an
increased duration of 20-kD light-chain phosphorylation.
ROCK is also implicated in Ca2+ sensitization of airway
smooth muscle [9].

The ease with which myosin slides over actin is also
governed by actin-binding proteins, notably caldesmon
and h1-calponin, which slow the rate of contraction.
These proteins are phosphorylation substrates (leading to
loss of actin dampening) for several kinases likely to be
activated in response to inflammatory mediators and
growth factors implicated in the pathogenesis of asthma,
such as (1) p21-activated kinase (PAK), (2) extracellular-
signal-related kinases 1 and 2 (ERK 1 and 2) and (3) pro-
tein kinase C epsilon (PKCÂ), but whether these phos-
phorylation events actually do occur in human asthma is
unknown.

Bronchodilators that raise cellular cyclic adenosin
monophosphate (cAMP), e.g. phophodiesterase (PDE) in-
hibitors and ß2-adrenoceptor agonists are conventionally
thought to activate protein kinase A (PKA) and possibly
PKG, leading to a phosphorylation-dependent reduction
in MLCK activity, together with a fall in intracellular
Ca2+. Similar transduction pathways converging on cy-
clins are thought to account for the anti-proliferative
effect of ß-adrenoceptor agonists on airway smooth mus-
cle [10]. It therefore seems clear that the increasingly
sophisticated understanding of the regulation of airway
smooth muscle will lead to a much better understanding
of how bronchodilators work, and also fail to work, in dis-
ease.

Neuro-Humoral Regulation of Airway Caliber
Some drugs cause a degree of bronchodilation indirect-

ly by inhibiting contractile tone in the airways. Human
airways are directly innervated by post-ganglionic para-
sympathetic neurons that increase tone by releasing ace-
tylcholine which activates post-junctional M3 cholinocep-
tors. There is almost no detectable sympathetic innerva-
tion of human airway smooth muscle at any level of the
airways but noradrenalin released from sympathetic
nerve varicosities may dampen cholinergic tone by inhib-
iting neurotransmission in ganglia via ß-adrenoceptor ac-
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tivation. Vagal tone and vago-vagal reflexes can therefore
exert strong effects on airway caliber, which are particu-
larly evident in COPD and acute severe asthma. Both in
vitro and in vivo studies suggest that excitatory non-
adrenergic, non-cholinergic (NANC+) responses can be
elicited in human airways, probably via neuropeptide
release, although the physiological significance of this
observation is not known. Humans lack physiological
inhibitory NANC innervation. At least 20 known chemi-
cal mediators which have been recovered from diseased
human lungs, such as histamine, endothelins, cysteinyl-
leukotrienes, thromboxane, prostanoids, growth factors,
kinins, some cytokine and peptides, all contract airway
smooth muscle and are implicated in humoral regulation
of tone. Few if any of these mediators have a physiological
role in health because these antagonists produce no or
trivial changes in lung function. However, in disease,
antagonists of many of these mediators lessen broncho-
constriction, may also cause indirect bronchodilation and
improve the maximal effect of directly acting bronchodi-
lators notably ß2-adrenoceptor agonists: anti-cholinergic
agents and leukotriene antagonists are the most promi-
nent examples. Inflammatory mediators also promote
bronchoconstriction by triggering vagal c-fibre afferents
(sensory fibre) causing cholinergic reflex bronchoconstric-
tion and facilitation of parasympathetic ganglionic neuro-
transmission.

Macrokinetics, Microkinetics and Biophysics of
Bronchodilator Drugs
The utility of bronchodilators is governed as much by

their pharmacokinetic bioavailability in the lungs as by
their intrinsic pharmacological properties. Most inhaled
agents are now formulated to deliver microfine particles
of 0.1–10.0 Ìm mass median aerodynamic diameter to
the lung which optimizes delivery to smaller peripheral
airways. In contrast, orally administered drugs, the peak
achievable plasma concentration of which must be held
well within the ‘therapeutic window’ concentration range
to prevent systemic side effects, do not reach high peak
concentrations in the lung. Very small amounts of inhaled
drugs actually achieve extremely high topical concentra-
tions, sometimes as much as 1,000-fold in excess of the
minimal effective concentration. This topical deposition
of concentrated drug in the periciliary fluid is important
because it achieves a bulk movement down local concen-
tration gradients that forces drug to partition into the air-
way smooth muscle bundle but also keeps the total dose
delivered to the periphery low thereby minimizing side
effects. In addition to bulk partition, optimization of bio-

Table 1. Clinical useful compounds

Directly acting bronchodilators Indirectly acting agents with
bronchodilator activity

Albuterol (salbutamol), bitolterol,
fenoterol, formoterol (eformoterol),
isoetharine, levalbuterol (l isomer
of albuterol), metaproterenol, 
pirbuterol, salmeterol, terbutaline
(bambuterol, a terbutaline pre-
prodrug)

Non-selective ß-adrenoceptor agonists
Isoprotenerol (isoprenaline)

Mixed agonists
ß2-/dopamine D2/3 receptor agonists

Non-selective PDE isozyme inhibitors
Theophylline, aminophylline

Anticholinergic muscarinic
antagonists

Ipratropium
Oxitropium
Tiotropium (in development)

CysLT1 leukotriene receptor
antagonists

Montelukast, zafirlukast,

5-Lipoxygenase inhibitors
Zileuton

physical interactions with airway smooth muscle mem-
branes maximize retention of compound in the airways
and hence duration of effect. Membrane partition coeffi-
cients (rather than simple lipophilicity alone) are reason-
able predictors of duration of action, as exemplified by
long-acting ß-adrenoceptor agonists, such as formoterol
and salmeterol, especially if the specific orientation of the
drug in the lipid bilayer is also modelled [11]. Inhaled
drugs which do not achieve this partitioning because of
their biophysical properties, for example cromones and
methylxanthines, have very short half-lives after inhala-
tion. Most recently, drugs with discrete receptor kinetics
have been discovered, such as the anticholinergic, tiotro-
pium, which binds to all classes of muscarinic receptors
with comparable affinity, but has an extremely slow disso-
ciation from M3 cholinoceptors on airway smooth mus-
cle.

Effects of Disease on the Biochemistry of
Bronchodilation
Most bronchodilators are functional antagonists,

which means that they elicit signal transduction responses
that oppose some aspect(s) of the biochemistry of airway
smooth muscle contraction. The classical studies of Van
Amsterdam et al. [12] established the general concept that
as the intensity of contraction is increased, the pharmaco-
logical efficacy of bronchodilators is progressively dimin-
ished due to biochemical antipathy between contracting
and relaxing pathways, dependent on the formation of
inositol phosphates. Subsequently, the molecular nature
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Table 2. Classes of experimental compounds (pre-clinical or early-phase clini-
cal trial) awaiting demonstration of clinical utility

Directly acting bronchodilators Indirectly acting agents with some
bronchodilator activity (mostly
weak or ineffective in vivo)

Selective type IV isozyme inhibitors
SB 207499 Ariflo®

Atrial naturetic peptide
Calcium-calmodulin inhibitors
Directly acting adenylyl cyclase

activators
Myosin light chain kinase inhibitors
PAR2-activating peptides
Potassium channel openers

PGE2 and synthetic PGE2 receptor
agonists

ROCK inhibitors
Y-27632

Prejunctional agonists suppressing
cholinergic neurotransmission

Opioid agonists
·2-Adrenoceptor agonists
M2 cholinoceptor agonists

of this cross-talk or functional antagonism has been eluci-
dated. In the case of ß-agonists, it is now clear that pro-
gressively increased tone converts agonists with high effi-
cacy (defined as maximal extent of cAMP formation) into
weak partial agonists due to impairment of cAMP genera-
tion and loss of ß-adrenoceptor affinity for its agonist
[13]. Moreover, it is now also understood that relaxant
receptors may uncouple from their transduction pathways
in very severe disease and that this uncoupling can be
mimicked in vitro by exposing airway smooth muscle to
inflammatory mediators such as TNF-· and especially IL-
1, both of which are implicated in infectious exacerba-
tions of asthma and COPD [14, reviewed in Anderson,
15]. Immune defects in asthma may alter airway smooth
muscle function: allergic sensitization via high-affinity
IgE receptors (FcÂRI) has been demonstrated to promote
Ca2+ flux into airway smooth muscle and also to increase
the activity of MLCK [16]. In experimental animals,
inflammatory mediators also increase the degree of elec-
tromechanical coupling between airway smooth muscle
cells promoting single, rather than multi-unit, a behaviour
which may favour contraction. Thus disease per se may
lessen the clinical effectiveness of bronchodilators.

Compensatory Adaptations to Bronchodilation
Cellular homeostatic mechanisms tend to lessen bron-

chodilator responses over time although the degree to
which this occurs is highly variable. Potent long-acting ß2-
adrenoceptor-selective agonists, such as salmeterol and
formoterol, cause a measurable loss of bronchoprotection
against bronchoconstricition induced by inhaled metha-

choline, a cholinergic agonist, but no appreciable loss of
bronchodilation even after years of use. G-protein-cou-
pled receptors, such as the ß2-adrenoceptor undergo ho-
mologous desensitization due to receptor internalization
into endosomes and possible subsequent proteolytic de-
struction. The fate of the receptor is dependent on phos-
phorylation of intracellular domains by G-protein-associ-
ated kinases and the activities of arrestins. After sustained
stimulation, ß-adrenoceptor mRNA may be destabilized,
presumably due to ribonuclease induction, but airway
smooth muscle is refractory to this process. The efficiency
of signal transduction from G-coupled receptors leading
to cAMP accumulation is diminished during sustained
agonist exposure due to induction of PDE isoenzymes
which hydrolyse cAMP [17]. In situations where endoge-
nous bronchoconstricting agonists, e.g. acetylcholine, are
tonically present, blockade of receptors by antagonists fre-
quently causes upregulation of post-junctional effector
receptors and may also downregulate prejunctional auto-
inhibitory receptors. This may lead to potentiation of neu-
rotransmitter release and enhanced bronchospasm when
the antagonist is removed from the system (rebound
effects) but marked changes are not usual in humans for
anticholinergics, cysLT1 leukotriene blockers or antihis-
tamines.

As the molecular regulation of vascular smooth muscle
tone is broadly comparable to regulation of airway
smooth muscle tone, ventilation perfusion mismatch (V/
Q mismatching) is a frequent consequence of many
inhaled bronchodilators especially ß-adrenoceptor ago-
nists. This may cause marked, transient falls in blood oxy-
gen saturation. Less well known is the fact that many
bronchodilators actually increase the oxygen cost of
breathing, possibly via agonist activity in skeletal muscle,
with unknown clinical consequences [18]. Concern has
been expressed that some antagonists of some mediators,
e.g. tachykinin NK1 receptor antagonist, may lessen re-
spiratory drive as neuropeptidergic neurotransmission is
important in carotid body chemoceptors. Similarly, de-
creased post-bronchodilator pCO2 may lessen respiratory
drive in hypercapnic COPD patients. A benefit of system-
ically bioavailable agents increasing cAMP levels, such as
the non-selective PDE-blocking xanthines, is to increase
respiratory muscle strength to a measurable degree.

Bronchodilator Effects on Non-Airway Smooth
Muscle Tissues
Bronchodilators, especially those that increase cAMP,

exert marked anti-inflammatory effects on a range of
human or animal cells or tissues in vitro. Thus ß-adreno-
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ceptor agonists suppress neutrophil and eosinophil re-
cruitment, mast cell degranulation, microvascular plasma
leakage and T cell cytokine synthesis. However, these
effects seem not to occur to any appreciable extent during
regular use in vivo probably because inflammatory-cell ß-
adrenoceptors undergo rapid downregulation. A theoreti-
cal benefit of PDE inhibitors is that they may overcome
this weakness; however, theophylline has no appreciable
anti-inflammatory effect in biopsy studies. New type-4
PDE-selective agents strongly suppress TNF-· release
from a range of cell types, a potential advantage in COPD,
but whether this occurs in clinical practice is unknown.
Respiratory tract infection is a frequent precipitant of
acute severe asthma and some bonchodilators, such as sal-
meterol, have been shown to protect respiratory epithe-
lium from pathogen-mediated damage in vitro [19]. In
clinical practice, ß-agonists alone, however, have no effect
on the rate of disease exacerbations caused by infection.
Anti-leukotrienes, which bronchodilate indirectly, sup-
press lung eosinophilia in asthma, but the clinical signifi-
cance of this finding is unknown. Very recently, it has
been demonstrated that ß-adrenoceptor agonists activate
steroid receptors via PKA [20] – the functional signifi-
cance of this discovery is currently the subject of intense
research.

Genetic Variation and Polymorphisms in the
Machinery of Contraction and Relaxation
Genetic studies have identified variations in dilator

and contractile mechanisms that may predispose to exces-
sive bronchoconstricition and/or impede the activity of
bronchodilators:

(1) single amino acid polymorphisms in the ß2-adreno-
ceptors (4 known) and their 5) leader cistron (1 known)
[21]; (2) myosin light-chain kinase isoforms and levels of
expression [22]; (3) variation in PDE isozyme expression
and allosteric state [23]; (4) 5-lipoxygenase promotor mu-
tations [24], and (5) differential protein kinase C isoform
expression.

Animal and cell studies suggest that other aberrations
are likely, such as genetic dysregulation of protein expres-
sion leading to aberrant signal transduction and a set of
variations increasing the likelihood of airway smooth
muscle proliferation and hypertrophy occurring as well as
determinants of extracellular matrix deposition, particu-
larly within the smooth muscle bundles. These changes
would, in general, worsen bronchoconstriction and lessen
dilator responses but they are yet to be delineated in
human asthma.

With the greater insights that have recently been
gained into the molecular basis of airflow obstruction and
bronchodilation, it is likely that better treatment strate-
gies with existing and new drugs will rapidly follow.
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Summary
The LABAs salmeterol and formoterol have both prolonged airway

smooth muscle effects and non-bronchodilator activity. They have a
complementary mode of action to the topical anti-inflammatory
effects of corticosteroids, and inhibit mucosal oedema, increase muco-
ciliary transport and reduce respiratory tract infection. In asthma,
LABAs are currently positioned as ‘add-on’ therapy, where combina-
tion with inhaled steroids results in better lung function and symptom
control, decreased rescue medication and fewer exacerbations. In
COPD patients, LABAs such as salmeterol reduce breathlessness,
decrease exacerbations and improve health-related quality of life.

Mechanism of Action
Long-acting ß2-agonists (LABAs) stimulate trans-

membrane ß2-adrenoceptors, leading to dissociation of
the ·-subunit of the associated Gs-protein and the forma-
tion, via activation of adenylate cyclase, of intracellular
cAMP, which then mediates their biological and thera-
peutic effects [1, 2].

Formoterol is moderately lipophilic and taken up as a
cell membrane depot, from where it leaches out to interact
with the ß2-receptor to exert a concentration-dependent
duration of action [1]. Salmeterol, which is highly lipo-
philic, instead diffuses laterally through the membrane to
the ß2-receptor, where the side chain is anchored to an
auxilliary exosite domain of hydrophobic amino acids
(fig. 1) allowing the head of the molecule to repeatedly
engage and disengage the active site of the receptor, result-
ing in an inherently long duration of action [1].

Receptor Pharmacology
Salmeterol and formoterol have high affinity for the

ß2-receptor compared with salbutamol. In ß2-receptor-
containing tissues, the rank order of potency is: formote-

Fig. 1. The exosite mechanism of action of salmeterol.

rol 1 salmeterol 1 salbutamol (table 1). This activity lies
predominantly in the (R)-enantiomer(s) of the molecules
[3]. To date, the influence of polymorphic forms of the
ß2-adrenoceptor on responses to LABAs is unclear.

Formoterol has high efficacy at the ß2-receptor (ta-
ble 1), whilst salmeterol, like salbutamol, is a partial ago-
nist [1]. This difference may influence the degree of recep-
tor occupancy and desensitization which occurs. These
pharmacological properties do not, however, affect either
clinical efficacy or responsiveness of patients to short-act-
ing ß2-agonists. Whilst both LABAs show some tolerance
to protective effects against bronchostimulatory challenge
(e.g. histamine, methacholine), formoterol also demon-
strates reduced bronchodilator activity on chronic dosing
[4]. This may be due to the full agonist properties of the
molecule.
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Table 1. Comparative profile of LABAs

Formoterol Salmeterol

very potent potent
Onset of action rapid delayed
Duration of action – long

– dose-related
– long
– inherent

ß2-Receptor selectivity selective highly selective
Efficacy full agonist partial agonist
Mechanism of action membrane depot receptor exosite
Clinical role p.r.n./maintenance

therapy?
maintenance
therapy

Both formoterol and salmeterol are selective ß2-adre-
noceptor agonists (table 1), but the selectivity ratio for air-
way ß2:cardiac ß1-receptors is higher for salmeterol [1].

Airway Smooth Muscle
In human airway tissue in vitro, the onset of broncho-

dilator activity is salbutamol X formoterol ! salmeterol,
and the duration of relaxant effect is in the rank order:
salmeterol 1 formoterol 1 salbutamol (table 1). This pro-
file has been confirmed clinically across the respiratory
disease spectrum. Salmeterol, like salbutamol, has also
been shown to inhibit smooth muscle hyperplasia induced
by mitogens such as thrombin, via an action on cell cycle
regulatory proteins [5], and to inhibit the release of pro-
inflammatory chemokines such as eotaxin and IL-8 from
smooth muscle cells [6].

Non-Smooth-Muscle Effects
The pharmacological activity of LABAs is not re-

stricted to airway smooth muscle, possibly as a result of
their ability to produce sustained elevated levels of intra-
cellular cAMP in a range of other target cells [1].

Although LABAs inhibit mast cell mediator (hista-
mine, PGD2, LTC4) release in vitro, such an effect has not
been consistently demonstrated in vivo. However, after
single inhaled doses in atopic asthmatic subjects, salmete-
rol inhibits the release of pro-inflammatory mediators
(e.g., IL-4, IL-5) following segmental allergen challenge
[7]. Such mediators play a role in inflammatory cell
recruitment, and indeed formoterol and salmeterol have
been shown to reduce submucosal eosinophils [8] and
neutrophils [9], respectively, in patients with mild to
moderate asthma. Clinical studies have also shown for-
moterol and salmeterol to inhibit plasma protein extrava-
sation induced by histamine or allergen, thereby reducing

the mucosal oedema component of the acute inflammato-
ry response [10].

The anti-neutrophil effect of salmeterol, whereby num-
bers of cells, activation status and the release of mediators
such as myleoperoxidase and lipocalin are reduced in tis-
sue biopsy and BAL fluid [11], may be of relevance in
COPD. In addition, LABAs have been demonstrated to
increase cilial beat frequency, and at clinical doses, salme-
terol has been shown to significantly increase mucociliary
transport [12]. Finally, salmeterol exhibits a cytoprotec-
tive effect on the respiratory mucosa against the damaging
effects of micro-organisms such as Pseudomonas aerugi-
nosa and Haemophilius influenzae [13]. This may relate
to the reduced incidence of respiratory tract infection in
COPD patients treated with salmeterol [14].

Interactions with Corticosteroids
In addition to the well-documented increase in ß2-

adrenoceptors induced by corticosteroids, LABAs, such
as salmeterol, increase steroid-dependent translocation of
the glucocorticoid receptor from the cell cytosol to the
nucleus, via a possible mitogen-activated protein kinase
(MAPK)-mediated phosphorylation mechanism, leading
to a ‘priming’ of the receptor [15]. This complementary
mechanism of action of the LABAs is reflected in vitro,
for example, as an increase in steroid-induced eosinophil
apoptosis [16], additive inhibition of cellular cytokine
and chemokine release [17], and potentiation of respirato-
ry mucosal cytoprotection [18].

In asthmatic patients, the addition of salmeterol to
low-dose inhaled steroids decreases the number of eosino-
phils and reduces mast cells and CD4+ T cells in airway
tissue [19], and significantly inhibits the degree of angio-
genesis occurring as part of the remodelling process [20].
These effects were not observed with higher doses of corti-
costeroids, and may contribute to the increased clinical
efficacy with LABA/steroid combination therapy.

Clinical Use in Bronchial Asthma
In addition to their long-acting bronchodilator activi-

ty, LABAs have been shown to produce a clinically rele-
vant reduction in inhaled steroid dose [21], and salmete-
rol, unlike salbutamol, significantly decreases exacerba-
tions in patients with moderate to severe disease [22].
However, the most important role for LABAs in asthma is
as an ‘add-on’ combination therapy with inhaled steroids.
This concept was first developed by a multi-centre study
in the UK [23] in asthmatics not controlled on low-dose
steroid. Treatments were divided into one group, where
the dose of inhaled steroid (beclomethasone dipropion-



Fig. 2. Additional benefit of adding salmeterol over at least doubling
the dose of ICS. From Shrewsbury et al. [25].
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ate) was increased 2.5-fold, whilst the other had salmete-
rol (50 Ìg b.d.) added to their existing steroid. In terms of
lung function and symptoms, the salmeterol combination
group improved more than the increased steroid group.

The FACET study [24] evaluated the risk that a LABA,
although improving lung function, may be suppressing
symptoms of underlying inflammation and increasing the
risk of exacerbations of asthma. After stabilizing over 4
weeks on budesonide 1,600 Ìg daily, 800 symptomatic
patients were given either low-dose (200 Ìg/day) or high-
dose (800 Ìg/day) budesonide with or without formoterol
(12 Ìg b.d.) for 1 year. The rate of exacerbations was
reduced not only by increasing the inhaled steroid dose,
but also by the addition of the LABA. Further evaluation
[24] showed that lung function deteriorated prior to
severe exacerbations after treatment with LABA or ste-
roids, suggesting that there was no masking of inflamma-
tion in the clinical setting.

A meta-analysis (MIASMA) which compared the addi-
tion of salmeterol to at least doubling the dose of inhaled
steroid has been performed [25]. The analysis on nine par-
allel-group trials of at least 12 weeks in 3,685 patients
showed that not only did salmeterol give better lung func-
tion, symptom control and less need for rescue medica-
tion than increased inhaled steroid, but there were also
fewer exacerbations (fig. 2).

Other therapeutic agents, such as theophylline and leu-
kotriene receptor antagonists (LTRA), have been com-
pared with LABAs as an alternative to increased doses of
inhaled steroids. The addition of theophylline has also
been shown to be beneficial [26], although a meta-analysis
of LABAs versus theophylline by the Cochrane Airways
Group [27] showed that salmeterol was more effective
with less adverse events. The LTRA, montelukast added
to low-dose beclomethasone dipropionate (400 Ìg/day) in
incompletely controlled asthmatics produced an increase
in morning FEV1 from baseline in the order of 5% [28].
This modest effect was confirmed in two other compara-
tor studies [29, 30] with zafirlukast, where the LABA, sal-
meterol, was at least twice as effective in increasing lung
function, decreasing symptoms and reducing rescue bron-
chodilator use [30].

A study of salmeterol and fluticasone propionate in a
single inhaler [31] showed an improvement in health sta-
tus greater than fluticasone propionate alone, and signifi-
cantly greater than salmeterol, which alone failed to have
any benefit. The mechanism for this effect is unclear, but
the simplicity and logic of the combination approach sug-
gests that compliance with dosing would improve, but at
present no data are available.

Clinical Use in COPD
One advantage of LABAs is their long duration of

action, and as in asthma, in COPD patients both salmete-
rol and formoterol increase lung function for at least 12 h
compared with 4–6 h for salbutamol [32, 33]. In a study of
salmeterol and the shorter-acting bronchodilator, ipratro-
pium bromide [14], the LABA also resulted in less noctur-
nal dyspnoea. In another study [34] of 674 COPD patients
using salmeterol 50 and 100 Ìg b.d., whereas both groups
showed a significant increase in FEV1, only the 50 Ìg b.d.
dose [35] resulted in a clinically significant improvement
in health-related quality of life (St. George’s Respiratory
Questionnaire, SGRQ). Formoterol also failed to show a
clinical benefit in the SGRQ score at 24 Ìg b.d. [36], but
results at lower doses have not been reported. In the
review by the Cochrane Airways Group [36] of LABAs in
COPD, it was concluded that improvements in quality of
life and a reduction in breathlessness can occur with only
small changes in lung function.

Conclusions
LABAs have been demonstrated to be markedly effec-

tive as ‘add-on’ therapy in asthma, where there is increas-
ing evidence to suggest that they have complementary
actions to corticosteroids. In addition, in COPD patients,
LABAs reduce breathlessness, decrease exacerbations and
improve health-related quality of life. Further pharmaco-
logical and clinical studies are in progress to further
understand the non-bronchodilator actions of LABAs.
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Summary
For over a century, ß-agonists have been used for the treatment of

asthma and obstructive airway diseases. The drugs of this class each
have a chiral carbon, thus, when synthesized, contain a 50:50 mix-
ture of R- and S-isomers. The R-isomerisomer, being an adrenaline
analog, possesses bronchodilator and bronchoprotective properties;
the S-isomer has no therapeutic benefits. Studies differentiating the
biological activities of R- and S-albuterol have suggested that the S-
isomer has properties which are inappropriate for an asthma medica-
tion. Recently, R-albuterol (levalbuterol) has become available and
seminal studies have demonstrated that the removal of S-albuterol
from racemic albuterol creates a more efficacious therapeutic for
mild persistent to acute asthma.

Background
ß-Adrenergic agonists provide rapid and effective re-

lief of symptoms of acute and chronic airway obstruction
caused by bronchial smooth muscle contraction. This has
led to extensive use of these drugs not only in asthma, but
also in COPD. Currently employed ß-agonists were de-
signed to have enhanced specificity for the ß2-receptor (to
avoid excessive cardiac stimulation) and structural fea-
tures to achieve extended bronchodilation (prolonged
pulmonary residence). Endogenous adrenaline – R-adren-
aline – is a pure single isomer. In contrast, all marketed
ß-agonists (fenoterol, terbutaline, albuterol, salmeterol
and formoterol) are racemates, composed of a 50:50 mix-
ture of the R-isomer (an analog of adrenaline) and an S-
isomer, an anti-analog of adrenaline. It is the R-isomer
that provides the therapeutic benefit. While the S-isomers
have been considered inert, recent evidence suggests this

may be incorrect. Experimental and clinical studies reveal
that the S-isomer of albuterol may cause a paradoxical
intensification of airway obstruction, especially when
chronic excessive doses were employed. This capacity to
exacerbate asthma symptoms was seen in animal experi-
ments [1] and provides the rationale for the development
of single (homoisomer) ß-agonists.

Historically, synthetic drugs containing chiral carbons
have been administered as racemates containing both the
isomer contributing the therapeutic benefit (eutomer) and
the isomer having little or no therapeutic benefit (disto-
mer). However, in 1992 the FDA introduced guidelines to
encourage the pharmaceutical industry to switch existing
marketed racemic drugs to single-isomer eutomer formu-
lations [1]. The FDA recognized that single-isomer drugs
may offer a number of advantages over existing racemic
mixtures, which they considered fixed combination drugs
[1]. Similar guidelines have been also been developed in
Europe, Canada and Japan. From these guidelines, it
would be most difficult to develop a racemate, although
racemates developed outside the US before 1992 (i.e. for-
moterol) are still permissible.

Rationale for Single-Isomer ß-Agonists
Although ß-agonist drugs have been known to be com-

posed to two isomers in equal amounts, the S-isomers
have been viewed as biologically inert and hence tolerated
in racemic formulations. In general, they are not inert,
however, and have pharmacological properties that are
singularly inappropriate for subjects with asthma or
COPD [2] (table 1).
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Fig. 1. 3D conformational structures of R- and S-albuterol.

Table 1. Pharmacological effects of ß-agonist distomers

S-Isomer Pharmacological
effect

Differentiation from
activation of ß-receptors

S-Isoprenaline potentiation of
voltage-dependent
influx of Ca2+ ions

unaffected by
propranolol
no elevation of cAMP

S-Albuterol influx of Ca2+ ions not mimicked by
eutomer

S-Clenbuterol stimulation of
noradrenaline
release

unaffected by
propranolol or by
desensitization

S-Albuterol activation of
human eosinophils
in vitro

not mimicked by
eutomer

R-Trimetoquinol inhibition of
human platelet
aggrevation

not mimicked by
agonists

S-Salmeterol relaxation of
guinea-pig
trachea

unaffected by
propranolol

S-Isoprenaline reduced
intraocular
pressure

unaffected by
propranolol and
not accompanied
by elevated cAMP

S-Albuterol exaggerated
responses to
spasmogens
in vitro

not mimicked by
ß-agonist eutomers

S-Isoprenaline,
S-albuterol and
S-terbutaline

exaggerated
responses to
spasmogens
in vivo

not suppressed by
ß-agonist eutomers
or by propranolol

S-Albuterol acute oral and IV
LD50 in rat

1100-fold lower than
predicted by eudismic
ratio1

1 Eudismic ratio = potency of eutomer/potency of distomer.

When actions of the S-isomer are inappropriate for
asthma and avoidable through single-isomer formula-
tions, it could be considered clinically useful and logical to
replace racemic ß-agonists by single-isomer formulations,
as these become available. This logic provides the basis
for levalbuterol (Xopenex), the single-isomer form of
racemic albuterol (fig. 1). A similar rationale may apply to
R;R-formoterol and for other ß-agonists which are struc-
tural analogues of adrenaline.

Mechanism of Action
Interaction between R-isomers and ß2-adrenoceptors

activates adenyl cyclase, and reduces intracellular Ca2+

ions, causing smooth muscle relaxation. In general, the R-
isomers are 2–3 log orders more potent than the S-isomers
[3]. While this expected effect is achieved by R-albuterol
(levalbuterol), S-albuterol has been shown to dose-depen-
dently promote an influx of Ca2+ into isolated smooth
muscle cells and will oppose, or even nullify, the dose-
dependent decrease in Ca2+ that is produced by R-albute-
rol [4]. In addition, R-albuterol inhibits airway epithelial
cytokine, chemokine and nitric oxide release in vitro,
while S-albuterol paradoxically increased levels, suggest-
ing a pro-inflammatory effect [5]. Studies conducted with
human eosinophils stimulated with IL-5 to release super-
oxide [6] or ionophore-induced secretion of eosinophil
peroxidase [7] showed that R-albuterol inhibited both
superoxide generation and eosinophil peroxidase release,
while S-albuterol augmented superoxide (statistically sig-
nificantly) and eosinophil peroxidase (dose-trend) re-
sponses, indicating again a pro-inflammatory effect. Oth-
er studies demonstrated that S-albuterol augmented the
contractile effect of spasmogens in vitro in human airway
tissues, while R-albuterol was found to effectively inhibit
a variety of direct and indirect spasmogen-induced con-
tractions of isolated human bronchus [8], observations
consistent with its known receptor binding and pharma-
cology. Lastly, in several toxicology models, the lethal
doses (LD) for rats by intravenous or oral administration
of S- and R-albuterol were nearly equivalent [9], suggest-
ing that the S-isomer exhibits toxicology independent of
ß2-receptor interaction. R-Albuterol has 8- to 10-fold
more rapid metabolism over S-albuterol such that, de-
pending upon the route of administration, S-albuterol
accumulates in body fluids following administration of
racemic albuterol. This effect is amplified during regular
administration and is compounded by selective retention
of S-albuterol in human airways [10, 11] as well as pro-
gressive increases and accumulation of S-albuterol in the
plasma [12].
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Effectiveness of Levalbuterol in Pediatrics
In pediatric patients, levalbuterol achieved dose-relat-

ed improvements in FEV1 [13]. Removal of the S-albute-
rol allowed for a reduction in the dose of R-albuterol so
that 0.63 mg offered comparable efficacy to the broncho-
dilation effects of 2.50 mg racemic albuterol, resulting in a
reduction in ß-mediated side effects, such as nervousness,
tremor and tachycardia.

Levalbuterol was evaluated in infants (3–12 months)
by comparing a single nebulized dose of racemic albuterol
(2.50 mg) to levalbuterol (0.63 mg) [14]. Pulmonary func-
tion was determined using crying vital capacity measure-
ments. Levalbuterol 0.65 mg produced a similar improve-
ment in crying vital capacity as compared to 2.5 mg
racemic albuterol in these infants with reactive airway
disease.

Efficacy of Levalbuterol in Exercise-Induced
Bronchoconstriction
In exercise-induced asthma, a controlled study com-

pared the efficacy of 0.63 or 1.25 mg levalbuterol to
2.50 mg racemic albuterol to prevent bronchospasm in
patients with mild to moderate asthma [15]. Levalbuterol
at 0.63 mg produced equal bronchoprotection to 2.50 mg
racemic albuterol [15].

Efficacy of Levalbuterol in Cold Air-Induced
Bronchoconstriction
A number of studies have demonstrated that 0.63 mg

of levalbuterol exhibits similar bronchodilator efficacy to
2.50 mg of racemic albuterol but with fewer ß-mediated
side effects. In a recent controlled study [16], the bron-
chodilator efficacy of 0.63 mg levalbuterol was compared
to 2.50 mg racemic albuterol to prevent cold-air-induced
asthma. This study again showed that 0.63 mg levalbute-
rol produced equal bronchoprotection to 2.50 mg racemic
albuterol.

Efficacy of Levalbuterol in Moderate Persistent
Asthma
In a larger 4-week clinical study (n = 363), levalbuterol

(0.63 mg, 1.25 mg) was compared with racemic albuterol
(1.25 mg, 2.50 mg) and in patients with moderate to
severe persistent asthma after 4 weeks of nebulized treat-
ment [17]. The improvement in FEV1 for the 0.63 mg
dose of levalbuterol was comparable to 2.50 mg of
racemic albuterol, but was associated with fewer ß-
mediated side effects and a less marked effect on serum
potassium, glucose and heart rate. In subjects with a base-
line FEV1 ^60% and steroid naı̈ve, the improvement in

FEV1 of levalbuterol 1.25 mg was statistically better than
2.50 mg of racemic albuterol (p = 0.0024). Relative poten-
cy, calculated by a slope ratio assay from the area under the
curve, showed that in general 1 unit of levalbuterol equaled
1.6 units of racemic albuterol, suggesting enhanced poten-
cy with levalbuterol. Furthermore, 1.25 mg levalbuterol
statistically improve symptom-free days (while 2.50 mg
racemic albuterol did not), statistically reduced rescue
metered-dose inhaler needs (as did 0.63 mg levalbuterol),
while 2.50 mg racemic albuterol did not.

Efficacy of Levalbuterol in COPD and Acute Care
Levalbuterol decreased prescribed dosing and p.r.n.

treatments for hospitalized patients with asthma and
COPD [18]. Over 4 weeks, nebulized levalbuterol 0.63 mg
was given every 6–8 h and breakthrough treatments were
administered as needed [18]. Of the 60 patients who
received a total of 1,252 doses of levalbuterol, only 10%
breakthrough treatments were administered, a substantial
reduction over historical data for racemic albuterol. Then,
levalbuterol 0.63 mg administered every 6 h was initiated
as the standard at this facility for hospitalized patients.
After 30 days, 10% of patients required breakthrough
treatments. Increasing the dose of levalbuterol to 1.25 mg
(q8h) decreased the number of breakthrough treatments
to approximately 6% and reduced ipratropium bromide
need by 25%. The pharmacy noted a 50% decrease in the
number of levalbuterol treatments compared to previous
use of racemic albuterol [18].

A current study of the single-isomer ß-agonist levalbu-
terol for effective bronchodilation in the treatment of
acute asthma in the emergency department revealed sig-
nificant improvements in discharge rate in comparison to
the reported discharge rates of racemic albuterol [19].
Additional studies are in progress to confirm these find-
ings.

Place in Therapy
The medical value or need to substitute single-isomer

ß-agonists for racemic formulations is predicted by the
extent to which distomers can impair therapeutic efficacy
of racemates. These results suggest that the 0.63 mg leval-
buterol dose offers effective bronchodilation with an im-
proved therapeutic index, achieved through equivalent
efficacy with reduction in ß-mediated side effects. The
1.25 mg dose may offer increased bronchodilator effec-
tiveness, perhaps useful in the treatment of acute asthma
exacerbations. In some patients a reduction in dosing fre-
quency can be expected, as well as reducing or eliminating
the need for concomitant medications.
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Conclusions
These completed and on-going studies indicate that the

levalbuterol, at 0.63 mg or 1.25 mg, offers a dosing choice
and may present an improved therapeutic index. With
equivalent efficacy to 2.50 mg racemic albuterol and a

reduction in ß-mediated side effects, 0.65 mg levalbuterol
may offer benefits to patients sensitive to side effects. The
on-going studies are designed to fully characterize the
acute, intermediate and chronic effects of S-albuterol on
pulmonary function.
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Summary
ViozanTM is a first in class dual D2 dopamine receptor and ß2-

adrenoceptor agonist. Preclinical studies have demonstrated that
activation of D2-receptors inhibits sensory afferent driven processes
including cough, mucus production and tachypnoea. Clinical studies
in COPD patients have shown that Viozan significantly improves the
symptoms of cough, breathlessness, sputum production and health
status quality of life. The combination of D2-receptor agonist activity
to modulate sensory nerve reflexes with ß2-adrenoceptor agonist
activity to provide bronchodilatation is a novel approach to the man-
agement of COPD.

COPD is a growing worldwide public health issue as
exemplified by the prediction that it will become the third
biggest cause of global mortality by 2020 [1]. With regard
to morbidity, a treatment for the symptoms experienced
by patients suffering from COPD is an unmet medical
need. A therapy that reduces the symptoms of cough,
breathlessness, wheeze and excess sputum production
would improve patients’ quality of life and may alter the
course of the disease. The inhibition of sensory-nerve-
driven reflex processes is a novel approach to the treat-
ment of such symptoms as is the concept of applying
dopamine D2-receptor agonism to achieve this therapeu-
tic effect.

Rationale for D2 Dopamine Receptor Agonism to
Modulate Airway Sensory Afferent Nerves
The symptoms of COPD can all potentially be me-

diated by neuronal mechanisms. Sensory afferent nerves,
activated by endogenous and exogenous irritants, can gen-
erate reflexes eliciting cough, mucus production, broncho-
constriction and changes in the depth of breathing [2].

D2 dopamine receptors are present on many neurones
and their activation can modulate neuronal activity. Most
studies on these receptors have focused on central ner-
vous system effects, although D2-receptors also have a
widespread distribution in the peripheral nervous system
(see review in Missale et al. [3]) including sensory ganglia
[4]. In general, peripheral D2-receptors have an inhibitory
role, e.g. activation of D2-receptors on presynaptic termi-
nals of postganglionic sympathetic nerves inhibits release
of noradrenaline thereby modulating vascular tone [5].
Additionally, we have demonstrated that dopamine in-
hibits histamine-induced discharge of rapidly adapting
stretch receptors in the lungs of dogs, an effect that was
blocked by the D2-receptor antagonist, sulpiride [6]. Giv-
en this evidence, our working hypothesis was that stimu-
lation of dopamine D2-receptors on sensory nerve endings
in the airways would inhibit sensory nerve activity and
consequently suppress reflex-mediated cough, sputum
production and dyspnoea in COPD.
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Fig. 1. Structures of Dopacard (a) and 7-hydroxy-4-[2-(di-n-propyl-
amino)ethyl]benzothiazol-2(3H)-one (b).

Fig. 2. Structure of Viozan (4-hydroxy-7-[2-(2-(3-(2-phenylethoxy)
propylsulphonyl)ethylamino)ethyl]-1,3-benzothiazol-2(3H)-one, hy-
drochloride).

Chemical Rationale and Screening
Our aim was to develop potent, selective D2 dopamine

receptor agonists. In addition, ß2-agonism would provide
anti-bronchoconstrictor activity and bronchodilation by a
direct action on airway smooth muscle. Candidate drug
selection was targeted at discovering compounds that pos-
sessed both D2- and ß2-receptor agonist properties. These
dual agonists were designed to be delivered topically to
the lung.

Initial chemical leads were developed from Dopacard®

(a D1-receptor and ß2-adrenoceptor agonist, fig. 1a) [7]
and the potent D2-receptor agonist 7-hydroxy-4-[2-(di-n-
propylamino)ethyl]benzothiazol-2(3H)-one (fig. 1b) [8].
These leads possessed the desired D2-receptor and ß2-
adrenoceptor agonist activity but also some ·1-adrenocep-
tor agonist activity, which could cause unwanted cardio-
vascular effects.

D2-receptor, ß2-adrenoceptor and ·1-adrenoceptor
structure activity relationships were constructed and mol-
ecules were ranked according to a potency value (p[A]50)
and intrinsic activity (maximum response relative to a
standard agonist).

Molecular modelling identified parts of the molecules
that were responsible for each of the receptor activities.
Substituents were then added which should introduce
steric and/or electronic effects to reduce the ·1-adrenocep-
tor potency and/or intrinsic activity whilst maintaining or
enhancing D2-receptor and ß2-adrenoceptor agonist ac-
tivity. 

Incorporation of an SO2 moiety into the alkyl chain of
the original lead compounds resulted in analogues with

Table 1. Activity of Viozan at dopamine D2-receptors and adreno-
ceptors [10]

Receptor Tissue p[A]50 Intrinsic activity

rabbit ear artery 8.94 0.90
D2 mouse vas deferens 8.85 –
ß2 guine pig trachea 7.95 0.69
ß2 rabbit saphenous vein 8.64 0.69
·1 rabbit ear artery 6.08 0.08

potent D2-receptor and ß2-adrenoceptor agonist activity
but with negligible ·1-adrenoceptor activity. 4-Hydroxy-
7-[2-[2-[3-(2-phenylethoxy) propylsulphonyl] ethylamino]
ethyl]-1,3-benzothiazol-2(3H)-one hydrochloride (Vio-
zanTM) (fig. 2) was chosen for further development and is
the first in a novel class of dual D2-receptor and ß2-adre-
noceptor agonists for the treatment of COPD [9].

Viozan
E is a potent full agonist at the D2-receptor [10];
E is a potent partial agonist at the ß2-adrenoceptor [10];
E possesses high affinity for human D2- and D3-receptors

but low affinity for human D1-, D4- and D5-receptors
[10];

E exhibits no significant activity at ·2-, ß1- and ß3-adre-
noceptors and low potency at ·1-receptors [10].
A summary of the D2-receptor, ß2-adrenoceptor and

·1-adrenoceptor activities of Viozan is shown in table 1.
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Preclinical Studies
D2-Mediated Properties. The ability of the D2-receptor

agonist properties of Viozan to modulate lung sensory-
nerve-driven processes was examined in animal models of
sensory and reflex mechanisms.

In vivo experiments demonstrated the following ef-
fects of Viozan on sensory nerves:
E Inhibition of histamine-induced discharge of rapidly

adapting stretch receptors in ß-blocked dogs: the activ-
ity of Viozan could be blocked with the D2-receptor
antagonist, sulpiride [6].

E Inhibition of capsaicin-induced plasma protein extrav-
asation in rat indicating an effect on neurogenic in-
flammation: the activity of Viozan was again antago-
nised by the D2-receptor antagonist, sulpiride [11].
Experiments in the ß-blocked dog demonstrated the

following effects of Viozan on reflex-mediated mecha-
nisms:
E Inhibition of histamine-induced tachypnoea: the ta-

chypnoea is reflex in origin as demonstrated by cooling
or cutting the vagus. The activity of Viozan could be
blocked with the peripherally acting D2-receptor antag-
onist, domperidone [11]. Of note, in dogs that were not
ß-blocked, ß2-adrenoceptor agonists had no effect in
this model.

E Inhibition of ammonia-induced mucus production: the
mucus production is reflex in origin since it can be
inhibited by cooling the vagus and reversed by re-
warming. The activity of Viozan was again antago-
nised by domperidone [11]. In dogs that were not ß-
blocked, ß2-adrenoceptor agonists and ipratropium
bromide had no effect on this reflex response [12].

E Inhibition of capsaicin-induced cough in conscious
dogs [11]: reversal was demonstrated with domperi-
done.
ß2-Mediated Properties. In vitro, using the isolated

superfused field stimulated guinea pig trachea prepara-
tion, Viozan had a rapid onset of action and a longer dura-
tion of action than formoterol and salbutamol [13].

In vivo the ß2-adrenoceptor activity was characterised
in dogs, against a histamine-induced bronchoconstriction
[14]. In this model, Viozan inhibited bronchoconstriction
in a dose-dependent manner. The duration of protection
of Viozan was equivalent to that of salmeterol, lasting for
10 h, and was greater than that of formoterol and salbuta-
mol [13].

Comparison of D2 and ß2 Potencies. Relative D2- and
ß2-receptor in vivo potencies of Viozan can be directly
compared in the dog. Comparing ED50 values in the hista-
mine-induced tachypnoea (D2) and the histamine-in-

duced bronchoconstriction (ß2), Viozan possesses D2 = ß2

activity. In addition, compounds with D2 1 ß2 and D2 ! ß2

potency ratios have been discovered, and selected com-
pounds are undergoing further drug development [15].

Determination of Therapeutic Index. D2-receptor ago-
nists have the potential to induce emesis. In order to min-
imise this undesirable effect, all compounds were selected
on the basis of the separation of their topical pharmacody-
namic D2 activity from their emetic activity in the dog.
The absorption and metabolism of Viozan show rapid
first pass metabolism to a glucuronide and low bioavail-
ability, thus minimising systemic exposure. As a result,
Viozan has a therapeutic index greater than 30 in the dog
[11].

Clinical Studies. The efficacy and safety of Viozan
have been assessed in phase II studies in symptomatic
COPD patients with a history of smoking. These studies
were double blind, group comparator, placebo-controlled
multinational studies in which approximately 800 pa-
tients completed treatment.

In a 6-week dose-ranging study [16], compared with
placebo, Viozan dose dependently
E improved individual symptom scores for cough, spu-

tum production, breathlessness and total symptom
score;

E improved morning and evening peak flow;
E reduced the requirement for rescue medication;
E improved health status quality of life as measured by

St. George’s Respiratory Questionnaire on total score
and the individual three quality of life domains,

E showed positive opinion of efficacy by both patient
and investigator.
In a 4-week treatment period, placebo-controlled

study, Viozan was compared with the standard therapies
for COPD, salbutamol and ipratropium bromide. In this
study, Viozan was significantly better than salbutamol
and ipratropium bromide at improving the total symptom
score of cough, sputum production and breathlessness in
COPD patients [17].

In all studies, Viozan was well tolerated and any side
effects were attributable to the ß2-properties of the com-
pound. There was no evidence of a potential for nausea
and vomiting compared to the control placebo groups.
This confirmed the preclinical studies in the dog showing
a clear separation between therapeutic effects and eme-
sis.
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Fig. 3. Mechanism of action of Viozan. D2-agonism modulates senso-
ry afferent nerves, inhibiting local axon reflexes, the local release of
neuropeptides and afferent trafficking to the CNS resulting in inhibi-
tion of central reflexes. ß2-Agonism relaxes airway smooth muscle,
providing functional antagonism of bronchoconstrictor mecha-
nisms.

Conclusion
We have discovered a novel class of dual D2-receptor

and ß2-adrenoceptor agonists. These molecules are able to
modulate pulmonary sensory nerve activity and hence
inhibit cough, mucus production and breathlessness in
animal models. Preclinical data suggest that these effects
are attributable to the activation of D2-receptors on senso-
ry nerves (fig. 3). The ß2-activity provides the added bene-
fit of bronchodilatation. The first-in-class compound,
Viozan, is currently in late clinical development for the
treatment of COPD and it has been shown to have signifi-
cant efficacy in improving symptoms of cough, sputum
production, breathlessness and health status quality of
life. D2-receptor-mediated inhibition of sensory nerve
processes in the airways is a novel approach to the man-
agement of COPD.

References
1 Murray CJL, Lopez AD: Alternative projec-

tions of mortality and disability by cause 1990–
2020: Global burden of disease study. Lancet
1997;349:1498–1504.

2 Undem BJ, Riccio MM: Activation of airway
afferent nerves; in Barnes PJ, Grunstein MM,
Leff AR, Woolcock AJ (eds): Asthma. Philadel-
phia, Lippincott-Raven, 1997, pp 1009–1025.

3 Missale C, Nash SR, Robinson SW, Jaber M,
Caron MG: Dopamine receptors: From struc-
ture to function. Physiol Rev 1998;78:189–
225.

4 Xie G-X, Jones K, Peroutka SJ, Palmer PP:
Detection of mRNAs and alternatively spliced
transcripts of dopamine receptors in rat periph-
eral sensory and sympathetic ganglia. Brain
Res 1998;785:129–135.

5 Ilhan M, Long JP: Inhibition of the sympathet-
ic nervous system by dopamine. Arch Int Phar-
macodyn Ther 1975;216:4–10.

6 Jackson DM, Simpson WT: The effect of dopa-
mine on the rapidly adapting receptors in the
dog lung. Pulmonary Pharmacol Ther 2000;13:
39–42.

7 Brown RA, Dixon JD, Farmer JB, Hall C,
Humphries RG, Ince F, O’Conner SE, Smith
GW: Dopexamine: A novel agonist at peripher-
al dopamine receptors and ß2-adrenoceptors.
Br J Pharmacol 1985;85:599–608.

8 Weinstock J, Gaitanopoulus DE, Stringer OD,
Franz RG, Heible JP, Kinter LB, Mann WA,
Flaim KE, Gessner G: Synthesis and evalua-
tion of non-catechol D-1 and D-2 dopamine
receptor agonists: Benzimidazol-2-one, ben-
zoxazol-2-one, and the highly potent benzo-
thiazol-2-one 7-ethylamines. J Med Chem
1987;30:1166–1176.

9 Bonnert RV, Brown RC, Chapman D, Che-
shire DR, Dixon J, Ince F, Kinchin EC, Lyons
AJ, Davis AM, Hallam C, Harper ST, Unitt JF,
Dougall IG, Jackson DM, McKechnie K,
Young A, Simpson WT: Dual D2-receptor and
ß2-adrenoceptor agonists for the treatment of
airway diseases. 1. Discovery and biological
evaluation of some 7-(2-aminoethyl)-4-hy-
droxybenzothiazol-2(3H)-one analogues. J
Med Chem 1998;41:4915–4917.

10 Dougall IG, Fagura MS, Lydford SJ, Harper D,
McKechnie KCW, Brown RC, Ince F: The in
vitro pharmacology of AR-C68397AA, a novel
dual D2-receptor and ß2-adrenoceptor agonist.
Am J Resp Crit Care Med 1999;A796.

11 Young A, Dougall IG, Blackham A, Jackson
DM, Hallam C, Harper S, Ince F: AR-
C68397AA: The first dual D2-receptor and ß2-
adrenoceptor agonist. Am J Resp Crit Care
Med 1999;159:A522.

12 Young A, Blackham A, Taylor CV, Vendy K,
Harper ST, Mistry H, Hallam C: Reflex mucus
production in the anaesthetised dog. Eur Resp
J 1998;12(suppl 29):66s, P509.

13 Mohammed SP, Dougall IG, Taylor CV, Ince
F, Blackham A, Young A: The ß2-adrenoceptor
activity and duration of action of AR-
C68397AA: An in vitro and in vivo compari-
son. Am J Resp Crit Care Med 1999;159:
A813.

14 Young A, Blackham A, Taylor CV: Activity of
inhaled ß2 agonists in the anaesthetised dog.
Eur Resp J 1998;12(suppl 29):68s, P521.

15 Dougall I, Fagura M, Young A, Blackham A,
Taylor C, Brown R, Cheshire D, Bonnert R,
Ince F: Novel dual D2-receptor and ß2-adreno-
ceptor agonists with varying ratios of activity.
Am J Resp Crit Care Med 2000;161:A435.

16 Wenzel S, Ind PW, Laursen LC, Deamer
L, Nyström P, Rocchiccioli K: Viozan™ (AR-
C68397AA) reduces breathlessness, cough and
sputum production in COPD patients. Am J
Resp Crit Care Med, submitted.

17 Laitinen LA, Laursen LC , Wouters E, Lloyd J,
Blackshaw R, Rocchiccioli K: Efficay of Vio-
zan™ (AR-C68397AA) versus salbutamol and
ipratropium bromide in the management of
COPD. Am J Resp Crit Care 2000;161:A190.

Paul Newbold
AstraZeneca R & D Charnwood
Bakewell Road
Loughborough LE 11 5RH (UK)
Tel. +44 1509 645376, Fax +44 1509 645599
E-Mail Paul.Newbold@astrazeneca.com



Hansel TT, Barnes PJ (eds): New Drugs for Asthma, Allergy and COPD.
Prog Respir Res. Basel, Karger, 2001, vol 31, pp 72–76

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Anticholinergics: Tiotropium
Bernd Dissea Theodore J. Witek, Jr.b

aBoehringer Ingelheim Clinical Research Institute, Ingelheim/Rhein, Germany, and
bBoehringer Ingelheim Pharmaceuticals Inc., Ridgefield, Conn., USA

72

Summary
Anticholinergic bronchodilators have transformed from a fasci-

nating ancient history of inhaling smoke from medicinal plants to the
present day formulations of N-quaternary compounds such as ipra-
tropium bromide. Ipratropium has emerged as important mainte-
nance therapy, particularly in COPD. Recently, the new generation
compound tiotropium (Spiriva®) has been shown to have unique
pharmacologic properties, among the most important being its pro-
longed binding to muscarinic receptors. In clinical trials, this proper-
ty has translated into effective once-daily bronchodilation in patients
with COPD with persistent improvement before the next administra-
tion at trough (at end of dosing interval, 24 h after administration).
Preliminary evaluations of health outcomes have been encouraging,
including the effect of tiotropium on dyspnea and quality of life.

Mechanism of Action
There are several pathophysiologic components that

contribute to the morbidity and mortality of COPD.
These include mucus hypersecretion, dyscrinia and
chronic productive cough (simple chronic bronchitis), air-
flow obstruction in the large airways, destruction of the
lung periphery (emphysema) resulting in obstruction of
peripheral airways and impaired gas exchange [1, 2]. In
COPD, vagal tone mediated through the action of acetyl-
choline (ACh) at parasympathetic ganglia and neuromus-
cular junctions at bronchial smooth muscle may either be
increased, as suggested by Gross et al. [3], and/or may pro-
voke a higher degree of obstruction for geometric reasons

if applied on top of thickened (edematous) or mucus-laden
airway walls [4]. The airflow obstruction in COPD may
show less reversibility to bronchodilators than in asthma
and many studies have shown anticholinergics to be more
effective than ß2-agonists [5–7]. Higher doses of anticho-
linergics may reduce the hypersecretion and expectora-
tion, as shown following 8 weeks of treatment with 200 Ìg
of oxitropium t.i.d. [8]. For these reasons, antagonists at
muscarinic ACh receptors like ipratropium bromide are
the bronchodilators of choice in COPD [1, 2, 9].

Tiotropium, like atropine and ipratropium (fig. 1), is a
competitive antagonist of ACh at muscarinic receptors of
the M1 to M5 subtype. At the receptors of airway smooth
muscle or mucus glands, antagonism of ACh results in
smooth muscle relaxation and inhibition of mucus secre-
tion [10]. This competitive antagonism has been demon-
strated in man using challenges with the agonist metha-
choline [11]. Here, tiotropium provided long-lasting pro-
tection from airway contraction, as evidenced by the
increasing doses of methacholine necessary to reduce air-
way function as measured by FEV1, i.e., PC20FEV1

(fig. 2).
The first clinical evidence of reduction of cholinergic

tone with tiotropium was reported by Maesen et al. [12]
who observed long-lasting increases in airflow following a
single dose. These observations set the stage for develop-
ment of the first once-daily-inhaled bronchodilator for
treatment of COPD [13].
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Fig. 1. The chemical structures of three generations of anti-
cholinergic agents: atropine, ipratropium and tiotropium.

Fig. 2. Changes in PC20 from placebo, for each dose of tiotropium at each
time point after treatment, expressed in terms of doubling dose protection
(means B SEM). From O’Connor et al. [11].

Table 1. Binding affinity of antimuscarinics and dissociation half-
lives of the receptor-drug complexes

Tiotropium

KD, nM t½, h

Ipratropium

KD, nM t½, h

0.041 14.6 0.183 0.11
M2 0.021 3.6 0.195 0.035
M3 0.014 34.7 0.204 0.26

Binding affinity to membrane preparations from Chinese ham-
ster ovary K1 cells expressing human muscarinic receptors, kinetical-
ly determined at 23°C. Dissociation half-lives from 3–5 triplicate
experiments [17].

Preclinical Pharmacology and Toxicology
In vitro pharmacologic studies have shown tiotropium

to be a specific, highly potent antagonist at all subtypes of
muscarinic receptors M1 to M5 showing slow dissociation
with a half-life of around one day as compared to about
15 min with e.g. ipratropium (table 1) [14]. Tiotropium,
similar to ipratropium, is in the classical view not subtype-
selective; however, dissociation from M2 is faster than from
M1 or M3 (table 1) which, in functional experiments, mani-
fested a kinetic receptor subtype selectivity of M3 and M1

over M2. This feature has been demonstrated in the experi-

ments of Takahashi et al. [15] explained in figure 3. Incu-
bation of guinea pig tracheas in vitro with tiotropium and
subsequent washout showed that inhibition of electrical
field stimulation-induced contraction (M3) persisted
much longer than increased junctional ACh release (M2).
Using atropine, both effects were of short duration.

Further support for the slow dissociation of tiotropium
from muscarinic receptors providing prolonged duration
of functional effects was demonstrated in the test system
of methacholine-stimulated ciliary beating [14]. Anticho-
linergics do not influence basal beat frequency. However,
following near-maximal ciliary beat stimulation with me-
thacholine, tiotropium or ipratropium can completely
block this cholinergic response. Upon continuing wash of
the drugs and re-introduction of methacholine, stimula-
tion of beat frequency was reestablished at the first mea-
surement 16 min after switching from ipratropium and
not until 82 min after tiotropium.

The long duration of action was also confirmed in dogs
and guinea pigs following inhalation of the drug [14]. In
the latter species, a single inhalation provided protection
from asphyxia induced by ACh aerosol for more than
24 h.

Toxicology studies performed with in vitro systems, or
mice, rats, dogs and rabbits following inhalational, oral
and parenteral administration for up to 2 years have dem-
onstrated a wide safety margin. Systemic antimuscarinic
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Fig. 3. The functional relevance of kinetic
receptor subtype selectivity following tiotro-
pium. Electrical-field stimulation (EFS) of
guinea pig trachea leads to junctional ACh
release and twitch contraction of the airway
smooth muscle (A, B). Atropine and tiotro-
pium equally enhanced the EFS-induced
neuronal ACh release (prejunctional autore-
ceptor: M2). Both drugs inhibited the EFS-
induced twitch response (airway smooth
muscle: M3 ) (C). The enhanced ACh release
was abolished 2 h after beginning washout of
both drugs, at which time the airway smooth
muscle contraction was still inhibited by tio-
tropium, but not after atropine (D).

effects and their sequelae were observed at higher doses
and prolonged periods of exposure: inhibition of salivary
and lacrimal secretion leading to dry oral mucosa or con-
junctivitis, increase in heart rate, coprostasis. Substance-
related mortality did not occur up to and including the
high dose of about 500 Ìg/kg in 1-year studies in rats and
dogs. Genotoxicity studies, reproduction studies and car-
cinogenicity studies up to 2 years did not reveal any muta-
genic, teratogenic or carcinogenic potential of the drug.

The preclinical profile supports the drug to be safe and
effective. The antimuscarinic responses in these preclini-
cal test systems support the kinetic subtype selectivity of
tiotropium and its long duration of action. Subtype selec-
tivity may translate into higher efficacy (maximum effect
obtainable), but this may be difficult to differentiate from
higher potency (efficacious at lower doses) considering
that huge parallel-group chronic dose ranging studies in
patients with COPD would be required. Receptor-disso-
ciation-mediated long duration of action is the effect that
unequivocally has translated into a distinctive character-
istic in clinical therapeutics.

Formulations and Device
The core clinical development of tiotropium utilizes a

lactose-based powder formulation containing 18 Ìg of
active substance. The first device with tiotropium submit-
ted for marketing authorization will be the HandiHaler®.
This device uses a single capsule which is placed in the
device and is pierced when the patient presses a button.
Upon inhalation, the capsule vibrates and its contents are

inhaled via the inspiratory air stream. Capsule evacuation
occurs at a flow rate threshold of 15–20 liters/min with
patients with COPD of all severities achieving sufficient
flow rates through the device [16]. Additional device
developments are ongoing.

Human Pharmacology
Human pharmacology trials have demonstrated that

tiotropium is well tolerated with known anticholinergic
effects manifesting at doses severalfold the recommended
therapeutic dose. Decreases in airway resistance, albeit of
relatively small magnitude, confirmed the intended pul-
monary pharmacodynamic response, even in healthy sub-
jects. This indirectly confirms the presence of cholinergic
airway tone in normal airways. The most common side
effect was dry mouth explained by the fact that the next
sensitive anticholinergic effect after airway smooth mus-
cle relaxation in man is reduction in salivary secretion. In
multiple-dose studies, there were no significant drug ef-
fects on heart rate or on pupillary diameter.

Pharmacokinetic evaluations of inhaled tiotropium in
patients with COPD have demonstrated steady-state plas-
ma levels after a linear accumulation period of less than 3
weeks. Beyond this time, plasma levels remain constant
and the increase from single dose trough level (before next
dose) to multiple-dose trough level is about a factor of
two. Peak plasma tiotropium levels reach about 14 pg/ml
5 min post-dose with a subsequent rapid decline in less
than 1 h to very low levels (F2 pg/ml range). At these low
levels, plasma tiotropium was eliminated with a terminal
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Fig. 4. The bronchodilating effects of once-daily tiotropium as evi-
denced by improvement in FEV1 over 90 days. Note the improved
trough response, i.e. FEV1 improvement prior to dosing. SE for dif-
ference ranged from 0.01 to 0.02 liters. Difference is highly statisti-
cally significant (p ! 0.01) after treatment administration. Means
adjusted for the center effects and baseline. From Casaburi et al.
[20].

half life of 5–6 days, regardless of dose inhaled [17, 18]. At
even the peak levels attainable in plasma, it can be pre-
dicted that systemic receptor occupancy would be low
(e.g. 6%). At such levels, effects from systemic blockage
would also be expected to be minimal [17]. These theoret-
ical predictions, however, are being evaluated in long-
term observations in man.

COPD Trials
The single-dose results in hyperreactive asthmatics

[11] and patients with COPD [12] have already been
reviewed as confirmatory clinical evidence in the section
‘Mechanism of Action’. The first multiple-dose clinical
trial in COPD was reported by Littner et al. [19] who
observed significant bronchodilation over dose ranges of
4.5–36 Ìg. There was little dose dependency in FEV1

among higher doses than the 4.5-Ìg dose. The primary
endpoint in this trial was the trough FEV1, i.e. the spiro-
metric values measured 23–24 h after dosing. This end-
point was chosen to document the persistent efficacy just

Table 2. Improvement in airflow, dyspnea and quality of life in
1-year studies with tiotropium

Day ¢ FEV1

trough 6-hour average

TDI SGRQ
impact

SGRQ
total

0 – 0.15B0.02
50 0.13B0.02 0.22B0.02 0.9B0.23 –2.1B1.06 –2.3B0.92
92 0.14B0.02 0.20B0.02 1.0B0.24 –2.4B1.21 –2.4B1.05

176 0.16B0.02 0.23B0.02 1.0B0.26 –4.5B1.30 –4.1B1.15
260 0.15B0.02 0.20B0.02 1.1B0.27 –3.5B1.30 –3.3B1.19
344 0.15B0.02 0.21B0.02 1.1B0.28 –4.6B1.29 –4.1B1.18

Preliminary data from 1-year clinical trial in COPD comparing tiotropium
to placebo. Improvements in FEV1 are accompanied by improvement in transi-
tional dyspnea index (TDI) and health status as measured by St. George’s
Respiratory Questionnaire (SGRQ). ¢ FEV1 describes the mean difference B
SE between tiotropium and placebo in change from baseline for trough and the
6 h following inhalation of medication. TDI was measured as mean difference
B SE between tiotropium and placebo. A higher value of greater than 1 indi-
cates clinically meaningful improvement. SGRQ impact domain and total
score are reported as mean difference between tiotropium and placebo B SE. A
reduction in score by 4 points indicates a clinically significant improvement.
All data are from San Pedro et al. [22], ZuWallack et al. [23] and Mahler et al.
[24].

before the next dose and reflects the prolonged duration of
action. After 4 weeks once-daily inhalation of 18 Ìg the
trough FEV1 was 0.13 liters above study baseline, not
much lower than the 6-hour average (0.15 liters) imme-
diately following the inhalation.

The core clinical development program consisted of
four trials of 1 year duration. The basic design elements
can be found in the reports of Casaburi et al. [20] and Van
Noord et al. [21]. Bronchodilation with once-daily dosing
has been established with long-term administration
(fig. 4). Preliminary reports [22–24] from 1-year observa-
tions have confirmed the effectiveness of tiotropium as a
once-daily bronchodilator.

Overall proportions of patients with adverse events
were balanced across treatment groups as were serious
events, events leading to study withdrawal, and death.
The most common adverse event was dry mouth, occur-
ring in approximately 15% of patients receiving tiotro-
pium in the 1-year studies. Dry mouth was mild in the
vast majority of cases and was associated with trial with-
drawal in less than 0.5% of patients.

In addition to the ability of tiotropium to provide sig-
nificant and sustained bronchodilation without evidence
of tachyphylaxis, preliminary reports highlight significant
improvements in dyspnea in both patient and caregiver
assessments. Furthermore, significant benefits in health
related quality of life were observed over both, placebo
and ipratropium bromide (table 2).
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Conclusion
Anticholinergic agents have emerged as important

first-line therapy in patients with COPD. The sustained
bronchodilation even present at trough achieved with
once-daily inhalation represents a significant advance in

therapeutics. More importantly, the preliminary reports
of improved dyspnea and health-related quality of life can
translate into meaningful impact on patients with a signif-
icant degree of chronic airflow obstruction.
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Summary
ATP-sensitive potassium (KATP) channels link the metabolic sta-

tus of the cell to the plasma membrane potential and thus play a key
role in regulating cellular excitability. KATP channel openers (KCOs)
may impact positively on respiratory disease by suppressing bron-
choconstriction, mucus hypersecretion, cough and airway hyperreac-
tivity (AHR). A major recent development is the emergence of KCOs
which can obviate experimental AHR at doses which are devoid of
cardiovascular effects. This new generation of compounds with selec-
tivity for the airways may constitute a new class of drugs for the treat-
ment of asthma.

ATP-sensitive potassium (KATP) channels are found in
a wide variety of tissues, including skeletal and smooth
muscle cells, secretory cells (such as insulin-secreting pan-
creatic ß-cells), cardiac myocytes and neurons [1–3]. Con-
ceptually, the presence of KATP channels in bronchiolar
smooth muscle [2] and airway sensory and autonomic
neurons [4] raises the possibility of their involvement in
the pathophysiology of respiratory disease through the
modulation of direct and reflex-induced bronchoconstric-
tion [5], mucus secretion [6] and cough [7]. In practice, it
is the phenomenon of airway hyperreactivity (AHR),
whose underlying mechanisms remain ill-defined [8, 9],
which is emerging as the key target with clinical relevance
to respiratory disease [10]. For this reason, the emphasis
in this review will be placed on the role and therapeutic
significance of KATP channels in the phenomenon of
AHR.

Mechanism of Action
Potassium channel openers (KCOs) act by stimulating

ion flux through a distinct class of potassium channels
which are inhibited by intracellular ATP and activated by
intracellular nucleoside diphosphates. Such KATP chan-

nels link the metabolic status of the cells to the plasma
membrane potential and in this way play a key role in
regulating cellular activity [1–3]. In most excitatory cells,
KATP channels are closed under normal physiological con-
ditions and open when the tissue is metabolically compro-
mised (e.g. when the [ATP]:[ADP] ratio falls). This pro-
motes K+ efflux and the cell hyperpolarizes, thereby pre-
venting voltage-operated Ca2+ channels (VOCs) from
opening (fig. 1). KATP channels are composed of a pore-
forming tetrameric complex of inward rectifying K+ chan-
nel (Kir) subunits (either Kir6.1 or Kir6.2), with each sub-
unit being associated with a regulating protein of the sul-
phonylurea receptor type (SUR1, SUR2A or SUR2B) [11,
12] (table 1). SUR proteins are members of the ATP-bind-
ing-cassette transporter family and their nucleotide-bind-
ing domains are believed to render the KATP channels sen-
sitive to [ATP]/[ADP]. SURs are also the target proteins
for KCOs [14]. It is likely that the various combinations of
SUR and Kir6 subunits account for the clear differences
between KATP channels in various tissues, with respect to
their channel properties and sensitivity to ligands which
both activate and inhibit their opening (table 1).

Range of Therapies
KATP channels are activated by a diverse group of com-

pounds which include the anti-hypertensive agents, mi-
noxidil sulphate, diazoxide and pinacidil, as well as a vari-
ety of benzopyran derivatives such as levcromakalim (or
its racemate, cromakalim), SDZ PCO 400, bimakalim,
JTV 506, YM 934, KC-399, BRL 55834, rilmakalim and
SDZ 217-744 (fig. 2). Only the benzopyran derivatives
have been profiled as therapies for asthma [15]. KATP

channels are inhibited by sulphonylurea derivatives, such
as glibenclamide and tolbutamide, and the high affinity of
these agents for KATP channels in pancreatic ß-cells is the



Fig. 1. Diagrammatic representation of the role of KATP channels in
cell excitability. For further details see text.
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Table 1. Composition and pharmacological properties of KATP chan-
nels in different tissues

Tissue Channel
composition

Inhibition by
glibenclamide
IC50, ÌM

Activation by

diazoxide
EC50, ÌM

levcromakalim
EC50, ÌM

(SUR1/
Kir6.2)4

0.005–0.030 20–100 1100

Cardiac myocyte (SUR2A/
Kir6.2)4

0.003–0.005 1500 300

Vascular myocyte (SUR2B/
Kir6.1)4

0.025 200 0.5

Skeletal muscle (SUR2B/
Kir6.2)4

0.01–0.2 1500 1100

Neurons (SUR1/
Kir6.2)4

1
2.12 !200 not available

From Quast [1], Quayle et al. [2], Fujita and Kurachi [3], Babenko et al.
[11] and Sakura et al. [13].
1 A novel SUR variant, SUR1B [13].
2 Figure refers to inhibition by the sulphonylurea, tolbutamide.

basis for their efficacy in stimulating insulin release and
use in diabetes [1, 16].

Rationale for the Utility of Potassium Channel
Openers in Airway Hyperreactivity
The heightened sensitivity of the airways of asthmatics

to a range of bronchoconstrictor stimuli which do not
usually affect normal subjects is a defining feature of asth-
ma [17]. The phenomenon, termed bronchial (or airway)
hyperreactivity (AHR), results in facilitation of broncho-

Fig. 2. KCOs profiled for asthma.

spasm and contributes to the airway obstruction charac-
teristic of asthma [8, 9, 18–20]. The principal clinical
symptoms of asthma, wheezing and breathlessness are a
direct consequence of airway obstruction. Although the
underlying mechanisms of AHR in asthma are unknown,
both preclinical and clinical evidence points to an in-
creased excitability of smooth muscle cells and/or the ner-
vous elements of the airways as important contributory
factors [18, 19]. By increasing the efflux of potassium
from these cells, KCOs would induce hyperpolarization
and a decrease in responsiveness to excitatory stimuli.
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Fig. 3. Dose-response curves for the effects of SDZ 217-744 (a) and bimakalim (b) given by aerosol inhalation on the
bronchoconstrictor response to inhaled methacholine (P) and diastolic blood pressure (d) in the anaesthetized rhe-
sus monkey. Effects were measured 5 min after the end of drug administration and are the maxima observed at each
dose level. Mean values (B SEM) of the number of individual experiments shown in parentheses are presented. For
further details see text.

Effects of Potassium Channel Openers in Animal
Models of Airway Hyperreactivity
AHR can be induced in guinea pigs by intravenous

administration of immune complexes [21, 22] or exposure
to ozone [23]. Representative KCOs reverse AHR when
administered locally to the airways although there are sig-
nificant differences between these agents in their potencies
in the two models (table 2). KCOs are significantly more
potent in reversing AHR than in inducing bronchodilation
in animals with normoreactive airways [20, 22]. The
effects of bimakalim to suppress AHR can be blocked by
pretreatment of the animals with glibenclamide, which is
consistent with the involvement of KATP channels in the
response [24]. The first generation KCOs, levcromakalim,
bimakalim and YM 934, markedly reduce blood pressure
at the doses required to inhibit AHR. In contrast, BRL
55834, JTV 506 and particularly SDZ 217-744, showed a
clear separation between the two activities (table 2). Un-
like salbutamol, SDZ 217-744 does not cause AHR on pro-
longed administration to guinea pigs; indeed, concomitant
administration of SDZ 217-744 inhibits AHR induced in
the same model by chronic administration of salbutamol
[25]. Confirmation of the difference between first- and sec-
ond-generation KCOs with respect to their therapeutic
ratios for inhibiting AHR and inducing cardiovascular
effects has come from experiments in rhesus monkeys
(fig. 3). Thus, in animals displaying spontaneous AHR,
bimakalim and SDZ 217-744 were found to be potent
inhibitors of methacholine-induced bronchoconstriction.

Table 2. Comparison of potencies of benzopyran-type KCOs for
their inhibition of AHR in guinea pigs induced by either immune
complex (IC-AHR) or ozone (O3-AHR) compared with their poten-
cies in reducing mean arterial blood pressure (¢BP)

Compound IC-AHR
ED50, Ìg/kg

O3-AHR
ED50, Ìg/kg

¢BP
ED20, Ìg/kg

22 n.d. 10
Bimakalim 0.5 0.3 2
Rilmakalim 0.2 n.d. 10
JTV 506 0.5 n.d. 19
SDZ PCO 400 3.2 n.d. 30
YM 934 2.1 1100 3.4
BRL 55834 0.1 1100 10
SDZ 217-744 0.08 3 1100

From Buchheit and Hofmann [22], Yeadon et al. [23] and Buchheit [un-
publ. obs.].

However, whereas bimakalim induced hypotension at
similar doses, SDZ 217-744 was devoid of cardiovascular
effects at doses which markedly supressed bronchocon-
striction (fig. 3). Thus, a new generation of KCOs , exem-
plified by SDZ 217-744, is emerging with a wide thera-
peutic window following local administration.

Clinical Studies with Potassium Channel Openers
There have been just four clinical studies with KCOs

published and all concern first generation compounds. In
a study in normal volunteers, oral administration of cro-
makalim inhibited bronchoconstrictor responses to hista-
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mine [26]. However, in a second study with levcromakal-
im, the active enantiomer of cromakalim, the finding
could not be confirmed and headache was reported by 19
out of the 25 patients who received the drug [27]. Nev-
ertheless, in a study in nocturnal asthma, orally adminis-
tered cromakalim attenuated the fall in the early morning
FEV1; again, though, headache was a significant side
effect [28]. In a further study, bimakalim showed neither
bronchodilation nor cardiovascular side effects when giv-
en by inhalation to asthma patients at cumulative doses
up to 175 Ìg [29].

Conclusions
Major recent developments in our understanding of

the structural basis of the heterogeneity of KATP channels

promise to reveal opportunities for novel therapies for a
variety of diseases. Nowhere is this more evident than in
the area of respiratory disease where a unique approach to
the treatment of AHR, one of the defining characteristics
of asthma, is emerging [10] supported by a wealth of pre-
clinical evidence. The key development has been the dem-
onstration that certain KCOs of the benzopyran class can
obviate experimentally induced AHR at doses substan-
tially below those which produce cardiovascular side
effects. Since the clinical potential of earlier, first-genera-
tion KCOs was compromised by cardiovascular side
effects, the new generation of compounds with selectivity
for the airways may constitute a new class of drugs for the
treatment of asthma.
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Summary
Urodilatin (INN: Ularitide) belongs to the family of natriuretic

peptides. Results indicate that urodilatin is synthesized in kidney
tubular cells and secreted luminally because this peptide is found
solely in urine and not in blood plasma. In its natural function,
urodilatin plays the role of a paracrine regulator for sodium
and water homeostasis in the kidney. Since the discovery of urodila-
tin in 1988, a vast number of pharmacological and clinical investiga-
tions have been carried out. To date more than 1,000 patients have
been treated with urodilatin for indications such as acute renal fail-
ure, congestive heart failure and bronchial asthma in clinical phase I
and II studies.

The airway-relaxing effects of urodilatin were first
shown in vitro, [1, 2] using tracheal muscle strips [3] and
in in vivo experiments in rodents [4]. Urodilatin exerts
bronchodilator activity by stimulation of intracellular
cGMP as an alternative pathway to ß2-agonists, such as
albuterol, the current first-line bronchodilator, increasing
the intracellular concentration of cAMP and thereby
inducing bronchodilation. In patients with mild to mod-
erate bronchial asthma, urodilatin given intravenously
exerts a bronchodilator effect on the central and peripher-
al airways, as shown by increasing lung function parame-
ters such as FEV1, PEF, and MEF25–75. The best results
are obtained at doses of 30 and 60 ng/kg/min. Recently,
urodilatin, given as a monotherapy as well as in combina-
tion with albuterol, exerted bronchodilator effects in clini-
cally stable asthmatic patients with severe disease [5]. The
bronchorelaxant effect of urodilatin is expected to be of
therapeutic benefit to patients suffering from bronchial
asthma. However, due to the intravenous administration
of the drug, and its rapid but short-lived action, its clinical
applicability is limited to asthma exacerbation.

Molecular and Cellular Mechanisms of Action
Urodilatin is a nonglycosylated, naturally occurring

human paracrine peptide [1]. Urodilatin was isolated
from human urine in 1988 and belongs to the family of
natriuretic peptides, namely type A, probably repre-
senting a differentially processed molecular form [2]. In
contrast to the circulating atrial natriuretic peptide, ANP-
99-126 urodilatin is N-terminally extended by 4 amino
acids [6]. Urodilatin and ANP-99-126 are both derived
from a common precursor peptide ANP-1-126 (fig. 1).

The pharmacological effect of urodilatin is based on
the stimulation of intracellular guanylyl cyclase as the
intracellular domain of the natriuretic peptide receptor A
(NPR-A), the enzyme that catalyzes the conversion of
GTP to cGMP [7]. Activation of cGMP-dependent pro-
tein kinase inhibits sodium reabsorption via an amilo-
ride-sensitive channel and furthermore results in smooth
muscle relaxation via a decrease in intracellular Ca2+ con-
centration [7–9] (fig. 2).

Urodilatin and other natriuretic peptides are inacti-
vated by binding to the natriuretic peptide clearance
receptor (NPR-C) and by enzymatic degradation through
the neutral endopeptidase (NEP; EC 3.4.24.11) [10].
Urodilatin is characterized by a higher stability against
enzymatic degradation by neutral endoproteases than
ANP-99-126, [11], which contributes to its stronger renal
effects [12].

Toxicology and Pharmacological Effects in Animal
Models
Summarizing the toxicological results, no incompati-

bility reactions appear during or after local and systemic
administration of urodilatin. The doses used in preclini-
cal acute and long-term experiments which are 10- to 100-



Fig. 1. Schematic exposure of the natriuretic peptides urodilatin
(left), ANP-99-126 (right) and the prohormone ANP-1-126. The pro-
hormone contains the circulating ANP-99-126 and urodilatin.
Fig. 2. Cellular and molecular mechanism of natriuretic peptides and
ß2-agonists via the NP-receptor and the ß2-receptor.
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fold higher than those used in clinical trials are well toler-
ated and do not lead to any clinical toxic effect or drug-
related histopathological alterations in different species.
Daily intravenous administration of urodilatin to preg-
nant rats during organogenesis does not result in any
adverse effects on maternal performance or survival,
growth, and development in utero. There are no hints of
mutagenic activity or chromosomal aberrations in in vitro
experiments [unpubl. Investigator’s Brochure].

Intravenous administration of urodilatin to various
animal species results in dose-dependent renal effects,
such as natriuresis and diuresis [12, 13], and cardiovascu-
lar effects in dogs with and without heart failure [14, 15].
Urodilatin infusion causes a dose-dependent decrease in
mean arterial pressure, cardiac ouput, stroke volume and
right atrial pressure [12–15].

Active Ingredients, Dosage Formulation and Route
of Administration
Urodilatin acetate is a basic peptide comprising 32

amino acids which represent positions 95–126 of the
sequence of the naturally occurring precursor, human
ANP-1-126 (fig. 1). The two L-cysteines of urodilatin ace-
tate form an intrapeptide disulfide bridge. The peptide is
manufactured synthetically in two fragments by the Mer-
rifield solid-phase method and then condensed and highly
purified. Acetate serves as the neutralizing and stabilizing
counter-ion and is introduced at the final purification
stage. By definition, acetate is part of the urodilatin ace-
tate molecule and is contained in the active ingredient

preparation. The finished product urodilatin acetate is
provided as a sterile lyophilizate in vials for injection pur-
poses which contain urodilatin acetate corresponding to
1.0 mg of urodilatin. The formula which will be used in
clinical trials contains mannitol as the only other exci-
pient. Urodilatin is administered by intravenous infusion
after dissolution in physiological sodium chloride solu-
tion.

Therapeutic Effects (table 1)
Cardiovascular Effects – Heart Failure. Urodilatin in-

creases cardiac index and heart rate [16]. Furthermore, it
reduces mean pulmonary arterial pressure, pulmonary
capillary wedge pressure, and systemic vascular resistance
in healthy human volunteers [16].

In patients with congestive heart failure (NYHA III-
IV), intravenously administered urodilatin increases car-
diac index and decreases pulmonary artery pressure, pul-
monary capillary wedge pressure, pulmonary and sys-
temic vascular resistance [17–19]. In a randomized, dou-
ble-blind, placebo-controlled study, infusion of urodilatin
(15 ng/kg/min) for 10 h significantly decreases systolic
blood pressure and central venous pressure. Furthermore,
urine flow as well as urinary sodium excretion are signifi-
cantly increased. These effects are accompanied by an
increase in plasma and urinary cGMP levels. No neuro-
humoral activation or adverse side effects are observed
[18].

The beneficial effects of urodilatin in patients suffering
from cardiac failure have been confirmed by other natri-

1

2
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Table 1. Major clinically relevant physiological effects of urodilatin
with particular reference to acute asthma

Systemic effects of urodilatin
E Cardiovascular vasodilation
E Renal diuresis, natriuresis
E Endocrine renin, angiotensin, aldosterone, endothelin,

and catecholamine antagonism
E Pulmonary bronchodilation

Effects of urodilatin relevant for pulmonary function in asthmatics
E Bronchodilation
E Decrease of pulmonary capillary wedge pressure
E Decrease of pulmonary artery pressure
E Decrease of volume load/edema
E Anti-inflammatory effects?

uretic peptides. Infusion of ANP-99-126 or brain natri-
uretic peptide in patients with congestive heart failure
improves left ventricular function by vasodilation and a
noticeable natriuretic action [19].

Renal Effects – Renal Failure. Acute renal failure is a
frequent postoperative complication after a major surgi-
cal intervention and after organ transplantation, due to
cyclosporin-A induced vasoconstriction.

In initial pilot trials, the vasodilator and natriuretic
peptide urodilatin showed significant and beneficial ef-
fects in preventing or treating acute renal failure [20, 21],
resulting in a reduced frequency of hemodialysis or hemo-
filtration (HD/HF). However, these clinical studies were
either noncontrolled or the number of patients was small.
Therefore, a multicenter, randomized, double-blind, pla-
cebo-controlled study with urodilatin was performed in
patients with oliguric acute renal failure in a pivotal phase
II trial [22]. The primary objective was the avoidance of
HD/HF. This study failed to show a significant difference
in patient outcome in the urodilatin-treated groups versus
placebo. The incidence of HD/HF was similar in all
groups. These results are in contrast not only to the initial
results but also to a study by Allgren et al. [23]. However,
some points such as patient collective characterized by
multimorbidity and high mortality rate may have contrib-
uted to the outcome of that study.

Pulmonary Effects – Bronchial Asthma. Urodilatin was
shown to exert a bronchodilator activity in isolated per-
fused guinea pig trachea [3], in in vivo studies [4], and in
patients with asthma [24, 25] by stimulation of intracellu-
lar cGMP production.

In a randomized, double-blind, placebo-controlled
clinical phase II study with cross-over design, urodilatin

Fig. 3. Results of the clinical phase II study of urodilatin in asthmat-
ics showing the superiority of combined urodilatin and albuterol
treatment. Time course of FEV1 in combined albuterol inhalation
(200 Ìg, dA A200) and urodilatin infusion (30 ng/kg/min), albuterol
alone, urodilatin alone and control. Note that the combined applica-
tion shows the strongest effects, comparable to maximum bronchodi-
lation by 1,250 Ìg albuterol. base = baseline; pre = before treatment;
20), 40), 60) = during treatment; 80), 100), 120) = after treatment;
dA A1250 = following 1,250 Ìg albuterol. p ! 0.05 at 20) 40) and 60)
vs. pre in all groups; p ! 0.05 at 20), 40), 60) and 80) with urodilatin
and albuterol monotherapy as well as with combined urodilatin-albu-
terol therapy vs. control. Modified from Flüge et al. [5].

induced beneficial effects in patients suffering from bron-
chial asthma. More precisely, urodilatin increased FEV1,
VCmax, PEF, MEF75, MEF50 and MEF25 of FVC at infu-
sion doses of 10, 30 or 60 ng/kg/min; optimal results were
obtained at urodilatin doses of 30 and 60 ng/kg/min. A
further approach of this study was to investigate the bron-
chodilatory effects of intravenously administered urodila-
tin compared with inhaled albuterol or a combination of
both drugs. Urodilatin monotherapy resulted in a bron-
chodilation comparable to that induced by a standard
dose of albuterol. However, when urodilatin infusion was
combined with albuterol inhalation, a significantly stron-
ger bronchodilator effect was shown compared to that
obtained by monotherapy with either drug [25] (fig. 3).
Urodilatin-induced effects, such as diuresis, drop in cen-
tral venous pressure and pulmonary resistance, might be
particularly beneficial in patients suffering from cor pul-
monale. The treatment of asthma exacerbation with uro-
dilatin combined with a ß2-agonist should therefore be of
great clinical value.
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Conclusion
In conclusion, urodilatin may improve pulmonary

function in patients with bronchial asthma and other
obstructive pulmonary diseases. Particularly in patients
with a cardiovascular risk and in patients in whom the

cAMP-mediated mechanism of bronchodilation is dis-
turbed or exhausted due, for example, to receptor desensi-
tization and downregulation, the alternative cGMP-me-
diated bronchodilator mechanism induced by urodilatin
may be the treatment of choice.
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Summary
Inhaled corticosteroids are the most effective drugs available to

clinicians for the control inflammation in asthma, but their use in
COPD remains controversial. This overview will describe the mech-
anism of action of corticosteroids (CS) in cellular, physiological and
molecular terms. In particular, the effects of CS on symptoms, FEV1,
and AHR will be considered in relation to dose response. In an effort
to minimize systemic adverse events, yet maximize local anti-inflam-
matory effects, a number of strategies to improve the risk-benefit of
CS are available.

Immunopathology of Asthma
Bronchial asthma is characterized by an inflammatory

reaction in the bronchial mucosa where an increased
number of inflammatory cells and activation of resident
cells give rise to a complex scenario with involvement of
mediators, cytokines, chemokines, adhesion molecules
and a variety of enzymes. This acute and chronic inflam-
mation concomitantly gives rise to bronchial oedema
because of increased blood volume and flow in bronchial
vessels and plasma leakage. In addition changes in the air-
way structure develop over months and years and this air-
way remodelling is characterized by a thickening of the
subepithelial basement membrane, proliferation of fibro-
blasts and smooth muscle. These bronchial abnormalities
are clinically expressed as increased airway reactivity that
manifests itself by acute and chronic bronchoconstriction
after a variety of specific and non specific stimuli, and in
symptoms of cough, wheeze and breathlessness [1].

Action on Leukocytes
CS ameliorate the inflammatory reaction in the bron-

chial mucosa, which can be substantiated by a decrease in
cell numbers, mediators and receptors (fig. 1). There is a
general reduction in markers of cell activity such as epi-
thelial cells, lymphocytes and eosinophils [2].

Physiological Effects
The regulation by CS of the inflammatory and resident

cell activity together with reduction of bronchial oedema
and the inflammatory mediators result in a reduction in
AHR and clinical effects on asthma (table 1). This can be
quantified by challenge tests with histamine, methachol-
ine, AMP, cold air, physical exercise or by specific aller-
gens. This profound influence on the bronchial pathology
is probably the main explanations for the substantial
reduction in exacerbation rate and hospitalizations evi-

Table 1. Clinical effects of CS in asthma

Improved/normalization of lung function
Reduced/normalization of diurnal variation in lung function
Reduced/normal AHR
Reduced/no asthma symptoms (ex. cough, wheeze, dyspnoea) day

and night
Reduced/no need for rescue medication
Reduced/no asthma attacks or exacerbations
Reduced/no hospitalization
Reduced/no morbidity, no mortality
Improved/normalization of quality of life
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Fig. 1. Cellular actions of CS in asthma. ↓ =
decrease; ↑ = increase.

dent in asthmatics treated with regular CS. After CS treat-
ment lung function increases, symptoms during day and
night as well as the need for rescue bronchodilators are
reduced. These beneficial effects also result in an im-
proved quality of life and make the treatment cost effec-
tive [3].

Time Response
The time response to the effects of CS differs between

various outcome parameters, but clinical effects may be
seen after a few hours (fig. 2a). Generally, symptoms and
lung function improve within days or weeks, whereas a
reduction in AHR may not reach its maximum before
treatment has been given for several months [4].

Dose Response
The evaluation of the clinical responses to CS in asth-

ma is in addition complicated because of the dose-
response curves and slopes to the individual outcome
parameters (fig. 2b). The dose-response slope to lung
function is shallow, which makes it difficult to distinguish
between dosages [5] (fig. 2c). The dose-response span is
greater with regard to BHR which makes it possible to
distinguish more clearly between dosages and more so
with indirect challenges than with direct challenge proce-
dures [6].

Adverse Events
Side effects to CS are dose dependent and of special

concern are the metabolic side effects, especially, those
influencing childhood growth (table 2). The profound in-
fluences of CS on protein catabolism over time result in
osteoporosis, muscle weakness and skin thinning. Carbo-
hydrate metabolism is altered in a diabetogenic direction,
and changes in lipid metabolism give rise to altered fat
distribution and possibly atherosclerosis. Many more side
effects occur, such as mood changes, fluid retention [7].
Inhaled CS in a few instances give rise to local side effects
in the mouth and pharynx (candidiasis and ‘sore throat’).
Voice change from husky voice to aphonia can occur.
These side effects are dose dependent and totally revers-
ible.

It is desired to separate the beneficial effects as much
as possible from the undesired side effects and when eval-
uating various glucocorticosteroids this should be looked
upon by determining a therapeutic ratio. The therapeutic
ratio for glucocorticosteroids has been improved during
the years for example by a diminished mineralo cortico-
steroid effect of the molecules, the use of inhaled drugs
with topical activity and improving the topical versus the
systemic effects of the inhaled drug.
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Fig. 2. Dose-response relationship of CS in bronchial asthma for dif-
ferent outcome parameter (a), time-response relationship for CS in
bronchial asthma (b), and time-response relationship for different CS
dose levels in bronchial asthma (c). Each dose reaches a maximum
that is not influenced further over time. MCh = Bronchial reactivity
to methacholine; AMP = bronchial reactivity to adenosine mono-
phosphate.

Table 2. Unwanted effects of CS

Local side effects from inhaled CS
Sore throat
Oral/pharyngeal candidiasis
Dysphonia/aphonia

Systemic side effects
Growth retardation
Osteoporosis, skin thinning, muscle weakness
Diabetes
Weight gain and abnormal fat distribution
Adrenocortical insufficiency
Post-capsular cataract
Hyperlipidaemia
Mood changes, psychiatric disturbances
Gastric ulcer, oesophagitis
Hypertension

Table 3. Glucocorticosteroids and gene transcription

Increased transcription
ß2-Adrenoceptor
Inhibitory ÎB·
Lipocortin
IL-1 receptor antagonist
IL-1 receptor II
Secretory leukocyte inhibitor protein

Decreased transcription
Cytokines IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-11, IL-13,

TNF-·, GM-CSF, stem cell factor
Chemokines IL-8, RANTES; MIP-1·, MCP-1, MCP-3,

MCP-4, eotaxin
iNOS
Inducible cyclooxygenase (COX-1, COX-2)
Cytoplasmic PLA2
Adhesion molecules: ICAM-1, E selectin
ET-1
NK1 receptor, NK2 receptor

Mechanism of Action of Glucocorticosteroids
The steroidal hormones, including CS, exert their ac-

tion intracellularly after passive penetration of the cell
membrane. In the cytoplasm, CS work by generation or
suppression of mRNA production of a large number of
substances of importance for the normal metabolism and
homeostasis (table 3). CS exert their action by at least two
different mechanisms called transactivation and transre-
pression [8] (fig. 3).

The intracellular CS receptor consist of 770 amino
acids [9]. One area of the receptor binds CS while another

a

b

c
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Fig. 3. Structure of the glucocorticoid recep-
tor (GR). a Linear representation of the 777-
amino-acid glucocorticoid receptor showing
the principal domains. DBD = DNA-bind-
ing domain; LBD = ligand-binding domain;
t1 and t2 = the two activation domains;
NT = amino terminal; C = carboxy terminal.
b Enlargement of part of the DNA-binding
domain showing the amino acid sequence
(single-letter codes) of the two zinc fingers
and the dimerization loop (in bold). Num-
bering of both the human and rat receptors is
given. The A to T mutation at position 458
that gives rise to the dimerization defective
receptor is shown.

Fig. 4. Schematic representation of intracel-
lular events of glucocorticosteroid receptor
binding and resulting transactivation-trans-
repression of gene transcription. GCS =
Glucocorticosteroid; HSP-90 = heat shock
protein; AP-1 = activator protein-1; NF-ÎB =
Nuclear factor-ÎB.

binds to certain DNA domains (fig. 4). In addition, acti-
vator domains are present. An area responsible for the
dimerization of the receptor is situated within the DNA-
binding domain. In the cytoplasm, each CS receptor is
guarded by a heat shock protein which acts as a chaperone
protecting the receptor from dimerization or binding to
DNA or transcription-regulating proteins. The dissocia-
tion of the chaperone proteins from the receptor after CS
binding makes it possible for two receptors to associate

into a dimer complex. This complex has the ability to pen-
etrate into the nucleus and to bind to specific regions on
DNA. These regions are called glucocorticoid response
elements and are located in the promoter region of certain
genes. This binding may facilitate and initiate the corre-
sponding gene mRNA product. Binding to non-glucocor-
ticoid response elements inhibits mRNA translation.
These mechanisms are called transactivation and include
the metabolic effects of CS.
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Table 4. Transactivation-transrepression

Transactivation Transrepression

Enhanced transcription Inhibitor of transcription
GRE ‘nGRE’
Dimeric GCS receptor Monomeric GCS receptor
Metabolic effects Anti-inflammatory effects
Undesirable in asthma Desirable in asthma

GRE = Glucocorticoid response elements; nGRE = non-glucocor-
ticoid response elements; GCS = glucocorticosteroid.

Transcription of DNA to mRNA involves other com-
plex mechanisms. First of all the promoter regions within
the DNA molecules must be accessible for binding of acti-
vators. Normally, DNA is packed very densely by means
of deacetylated histones. Acetylation of these glue-like
proteins make the DNA unfold and expose promoter
regions. CS themselves can influence both histone acety-
lation and deacetylation [10, 11].

Transactivation and Transrepression
The transcription of DNA to mRNA can be activated

by a number of regulatory intracellular proteins such as
NF-ÎB, activator protein 1. CS can influence transactiva-

tion by binding to these activator proteins and thereby
inhibiting mRNA production (table 4). This CS mecha-
nism is exerted through monomeric CS receptor com-
plexes and is called transrepression.

It may be possible to reduce the unwanted systemic
side effects such as metabolic effects by favouring the for-
mation of monomeric CS receptor complexes. This will
avoid the dimerization and transactivation effects on me-
tabolism.

An increased local effect compared to a systemic effect
can be achieved from inhaled CS, if they deposit on the
diseased mucosa and do not access the tissue outside the
bronchi. This may be achieved if deposition and retention
in the lungs occur without systemic absorption. If the drug
eventually reaches the systemic circulation, rapid metabo-
lism must occur. In addition, the proportion of swallowed
drug should be rapidly eliminated in the gut mucosa or, if
absorbed, rapidly metabolized.

Future Directions
The pharmaceutical industry is active in the develop-

ment of novel steroids and other anti-inflammatory com-
pounds that have an improved risk-benefit ratio com-
pared with currently available CS. Efforts to design pro-
drug steroids, soft steroids and dissociated steroids all
have exciting potential to achieve this aim.
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Summary
Ciclesonide is a novel non-halogenated inhaled corticosteroid

that is not directly active, but is cleaved by endogenous esterases in
the lung to activated drug substance. Thus, ciclesonide is an on-site-
activated drug. Because of this, it has high topical potency but essen-
tially no oropharyngeal side effects and suppression of endogenous
cortisol. In this chapter we review the encouraging preclinical and
clinical data on ciclesonide.

Inhaled corticosteroids are the most effective agents
currently used to treat chronic asthma in patients of all
ages with differing degrees of asthma severity. However,
systemic side effects limit the dose at which inhaled corti-
costeroids can be administered for long-term therapy. The
benefits of long-term treatment with glucocorticoids must
be weighed against the potential adverse effects of the
treatment, such as impairment of growth [1–7], abnor-
malities in the metabolism of glucose [1], adrenal suppres-
sion [8–14], and the formation of cataracts [15]. Although
some of the available steroids have relatively low oral bio-
availability, inhaled corticosteroids are absorbed from the
lung or nasal mucosa into the systemic circulation, so that
they have systemic effects. Therefore, the major aim in
the development of novel steroids is to design substances
which have high topical potency but no or significantly
reduced systemic side effects. By adopting the on-site-
activation drug approach, this aim could be achieved
when developing ciclesonide. This very promising novel
steroid thus provides a new dimension of therapeutic ben-
efits for the treatment of chronic asthma.

Ciclesonide is a new-generation non-halogenated glu-
cocorticoid with high local anti-inflammatory properties.
In addition, it has essentially no oral bioavailability. Most
importantly, however, ciclesonide is an ester prodrug.

This means that ciclesonide is not directly active. Cicle-
sonide has almost no binding affinity for the glucocorti-
coid receptor, whereas the binding affinity of the acti-
vated ciclesonide is higher by a factor of 100 (table 1).
Activation of ciclesonide occurs upon cleavage by endoge-
nous esterases, as outlined in figure 1.

The activation of ciclesonide takes place in the target
organ, the lung. Pharmacokinetically, the on-site-acti-
vated drug concept leads to delayed and blunted peak
serum concentrations of the active metabolite of cicleso-
nide. Activated ciclesonide is very rapidly metabolized to
inactive breakdown products.

By virtue of its on-site-activated drug feature cicleso-
nide is thus expected to bring about the following clinical
advantages:
E minimized systemic adverse effects,
E minimized oropharyngeal side effects.

The clinical advantages of the on-site-activated drug
concept are further supported by the fact that ciclesonide
is a pure epimeric substance. As a consequence there is no
superfluous steroid load from the other less active epimer-
ic form; this should also result in a beneficial safety profile
and in a high topical potency already at low doses of cicle-
sonide.

Table 1. Binding affinities to rat lung glucocorticoid receptors [Hoch-
haus, unpubl. obs.]

Relative binding affinities

Ciclesonide prodrug 12
Activated ciclesonide 1,200
Dexamethasone 100
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Fig. 1. The on-site-activation concept of ci-
clesonide.

Fig. 2. Mean plasma cortisol concentrations obtained after inhala-
tion of 3,200 Ìg ciclesonide, 3,200 Ìg beclomethasone dipropionate
(BDP) and placebo (n = 6 each).

Clinical Studies
Cortisol Levels. The first clinical results obtained in

healthy volunteers and in asthmatic patients confirm that
the prodrug concept of ciclesonide indeed translates into a
significantly improved safety profile in comparison to
conventional steroids. Whereas cortisol concentrations in
the serum of healthy volunteers treated with a very high
dose of 3,200 Ìg ciclesonide behave essentially like place-
bo, the same dose of beclomethasone dipropionate shows
a marked suppression of serum cortisol (fig. 2).

Dose Range Finding. In terms of efficacy, in vitro stud-
ies indicate that ciclesonide is at least as active as conven-
tional steroids. In order to get early insight into how the
high topical potency observed in the preclinical setting
also translates into the clinical effectiveness of cicleson-
ide, two challenge studies were initiated.

Inhaled steroids decrease airway responsiveness in asth-
ma by mechanisms that may involve suppressing airway
inflammation and a reduction in the number of inflamma-
tory cells in the airway. Several studies have shown that
chronic treatment with inhaled steroids reduces the airway
responsiveness to inhaled histamine and methacholine,
however, the effect is sometimes small and thus makes it
difficult to investigate the dose-effect relationship of a ste-
roid. In a recent study [16], it was shown that budesonide
reduced the response to adenosine-5-monophosphate
(AMP) to a significantly higher extent compared to metha-
choline and sodium metabisulfite. Therefore, this model
was chosen to gain first insight not only into the efficacy but
also into the dose-effect relationship of ciclesonide.

The effects of 3 different ciclesonide doses (50, 200
and 800 Ìg, inhaled twice daily for 14 days) on airway
responsiveness to AMP were assessed in 29 asthmatic
patients who were hyperresponsive to AMP (PC20FEV1

^60 mg/ml), had an FEV1 660% predicted and were cur-
rently taking only intermittent short-acting ß-agonists to
treat occasional symptoms [17] (fig. 3).

Ciclesonide reduced airway responsiveness to AMP in a
dose-dependent manner (p ! 0.05). In comparison with
placebo, this decrease in airway responsiveness after treat-
ment with 100, 400, and 1,600 Ìg ciclesonide/day
amounted to 1.6, 2.0, and 3.4 doubling doses, respec-
tively.

Additionally, in the same study sputum induction was
performed before and after treatment with ciclesonide or
placebo. Although airway eosinophilia was low in all
groups of patients, a statistically significant (p ! 0.05)
reduction in the percentage of eosinophils was found in
induced sputum after 400 and 1,600 Ìg ciclesonide/day.

Allergen Challenge. In another double-blind, random-
ized study, 11 patients with allergic asthma underwent
allergen challenge after having been treated with placebo
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Fig. 3. Airway responsiveness to AMP
(PC20) before and after 2 weeks of treatment
with placebo and ciclesonide. Data are geo-
metric mean (SEM). A value of p ! 0.05 for
comparison of the post/pre PC20 (AMP) ra-
tios for ciclesonide 400 and 1,600 Ìg daily
versus respective placebo ratios.

and 800 Ìg b.i.d. ciclesonide for 7 days in a crossover
fashion [18]. As expected ciclesonide inhibited the late-
phase asthmatic reaction to allergen (p ! 0.05). Also the
early-phase reaction was significantly suppressed (p !

0.05) despite the short treatment period of only 1 week
indicating a rapid onset of action.

Conclusion
The on-site-activated ciclesonide is the first inhaled

corticosteroid having a high topical potency without caus-
ing any cortisol suppression. Cortisol suppression com-
monly serves as a surrogate parameter for systemic ad-
verse effects of steroids.
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Summary
Improved topical selectivity for airways and lung may be

achieved if inhaled corticosteroids (ICS) were inactivated during
their systemic distribution (and not just in the liver as with current
ICS). Several projects have been evaluated based upon steroids inac-
tivated by esterases. Compounds hydrolyzed by ubiquitous, nonse-
lective esterases have failed (fluocortin butylester, itrocinonide),
probably due to too rapid inactivation in the target tissue. A new
approach has been attempted based upon paraoxonase-catalyzed
breakdown selectivity in plasma. This may better answer the ques-
tion whether soft steroids can reach the same efficacy as current ICS
in the absence of systemic activity.

Pharmacokinetic Basis of Airway and Lung
Selectivity of Current Inhaled Steroids
The currently used inhaled corticosteroids (ICS) are

biostable at the airways and lung target, being inactivated
in liver by CYP450-3A-mediated oxidative biotransfor-
mation [1]. This brings about an efficient first-pass inacti-
vation of the swallowed part of the inhalation dose, but
not of the key fraction deposited in the airways and lung
(fig. 1). The latter is bioavailable and transported to the
heart via the bronchial and pulmonary circulations. While
one quarter of the cardiac output has the first pass to the
liver for inactivation, the majority of absorbed steroid is
widely distributed in the body [2]. This systemic spill-over
of current ICS results in circulating plasma levels of 0.1–1
nmol/l, persisting for several hours after inhalation [3–6].
Although these levels are low, they are still in the same
range as the KD of these very potent steroids [1, 7]. While
this systemic spill-over introduces a risk of adverse ste-
roid reactions [1], it does not seem to add own anti-asth-
matic efficacy [8, 9].

Fig. 1. Disposition of inhaled glucocorticosteroids.

Pharmacological and Chemical Aims for Soft-Drug
Development
A soft drug is active by itself, has therapeutic efficacy

at the site of application, and is rapidly and predictably
inactivated during its systemic uptake and distribution
[10]. A soft ICS should have sufficient metabolic stability
for inducing the desired anti-inflammatory effect at the
airways and lung target, but during its systemic uptake
and distribution it has to be inactivated by further meta-
bolic routes, in addition to hepatic CYP450.



Soft Steroids 95

A common approach to soft-drug design has been to
start from inactive metabolites and to activate them by
coupling easily hydrolyzable substituents, which can then
be removed in vivo.

Glucocorticoids (GCSs) are metabolized via redox
pathways. An important route of steroid metabolism is oxi-
dation of the 17ß-hydroxyacetone side chain leading to
inactive 17ß-keto- and 17ß-carboxylic acids, and these
metabolites have been the basis of soft-steroid design [10].
Carboxylesterases (EC 3.1.1.1) catalyze the hydrolysis of
the active esters of GCSs to their corresponding inactive
acids. The carboxylesterases have a broad and overlapping
substrate specificity, and a single hydrolytic reaction is
often catalyzed by several enzymes. The highest hydrolase
activity occurs in the liver, but carboxylesterase activity
has also been found in a number of other compartments
including blood, the lung and circulating leukocytes [11].
However, their ubiquitous tissue distribution and overlap-
ping substrate specificity make it difficult to obtain an ide-
al therapeutic profile for a conventional carboxylic acid
ester GCS. Reduced efficacy due to rapid hydrolysis at the
airway and lung target or poor selectivity because of slow
inactivation during their systemic distribution have been
the main obstacles. The ideal soft ICS should therefore pos-
sess the same metabolic stability and high receptor affinity
at the airway and lung target as current ICS, but be rapidly
inactivated by specific esterases in blood and peripheral
tissue during systemic disposition.

Inactivation by Ubiquitous Esterases
Fluocortin Butylester. Fluocortin butylester (FCB) was

the first soft steroid ester based on the inactive-metabolite
concept (table 1). Its glucocorticoid receptor affinity and
topical anti-inflammatory potency are several fold less
than those of dexamethasone. When incubated with hu-
man blood in vitro, FCB is decomposed to an inactive
carboxylic acid [12]. However, the in vivo relevance of
this hydrolysis is questionable, since after intravenous
injection the plasma t½ of FCB (2.6 h) [12] is still as high
as for current ICS [1]. A powder formulation was tested in
a bronchial provocation test [13], with the outcome that
FCB (2 mg q.d.s. for 1 week) was clearly inferior to
beclomethasone dipropionate (200 Ìg q.d.s. for 1 week).

Itrocinonide. The aims of this Astra project, initiated in
the early 1980s, were to design a soft steroid with a recep-
tor affinity equal to the best ICS of that time, and with a
faster hydrolytic rate than FCB [14]. The idea was to test
whether a strong initial receptor trigger could generate a
protracted functional response. Possibly, the steroid li-
ganded within the receptor complex might be metaboli-

cally more protected than the nonliganded steroid frac-
tion.

By introducing a carbonate ester group within the 17ß-
carboxylic ester moiety (table 1), it was possible to design
a soft steroid candidate with a receptor affinity similar to
budesonide, and with a rapid hydrolytic inactivation (t½

less than 30 min in human plasma and lung tissue in
vitro). In animal airway and lung models, the rapid bio-
transformation of itrocinonide was still compatible with
topical anti-inflammatory efficacy, even though the abso-
lute potency of the inhaled compound was rather low.
However, itrocinonide exhibited a much better airway
and lung selectivity than conventional ICS. Itrocinonide
was administered to humans as a dry powder (Turbuhal-
er) formulation, and its rapid inactivation and very good
tolerance were confirmed in man. After intravenous injec-
tion, the plasma t½ was approximately 30 min. By inhala-
tion, very little intact itrocinonide could be traced in plas-
ma, and even doses up to 80 mg (nominal dose) were
achieved without signs of systemic activity (cortisol de-
pression) [14].

When itrocinonide was inhaled in daily doses of 4–
8 mg, it had some efficacy in clinical asthma, in challenge-
induced provocation of asthmatics, and in seasonal rhini-
tis [14]. However, its efficacy was much less than that of
budesonide, and too low for forwarding the project. The
low efficacy of itrocinonide is probably due to its rapid
hydrolysis within the target tissue. Although it could ini-
tially trigger glucocorticoid receptors as strongly as cur-
rent ICS, its rapid breakdown would leave insufficient
compound to trigger recycled or de novo synthetized glu-
cocorticoid receptors. Clearly, sustained local concentra-
tions of steroid are necessary for mediating functional
anti-inflammatory activity. 

Loteprednol Etabonate. Loteprednol etabonate (LE) is
a soft drug developed by Bodor and Buchwald [10] for
local ophthalmic use, but is now tested also for respiratory
indications [15]. LE has a soft-steroid profile and is brok-
en down by plasma and tissue esterases into its inactive
17ß-carboxylic acid. In the rat, LE has a t½ of less than
10 min in vitro (plasma), and an in vivo terminal plas-
ma t½ of 50 min [16]. However, LE is rather stable in dog
plasma, with a terminal plasma t½ of 2.8 h which is similar
to that of liver-inactivated ICS [17]. Its human intrave-
nous kinetics have not been published.



By ubiquitous esterases

96 Axelsson/Brattsand

Table 1. 

Soft steroid projects

Drug Structure

X Y

D-ring Inactivation route Inhalation project

Flucocortin butyl ester
(Schering AG)

H F Cancelled

Itrocinonide (Astra) F F Cancelled

Loteprednol etabonate
(N. Bodor, Asta)

H H Preclinical phase

By specific esterases

Example from WO 9724365
(GW)

F F See text and
Note Added in
Proof

Inactivation of Steroids by Esterases with Low
Activity in Lung Tissue
Lactone derivatives of glucocorticosteroids are a novel

class of soft GCSs that have recently been revealed by
GlaxoWellcome in a series of patent applications (WO 97/
24365, WO 97/24367, WO 97/24368 and WO 99/01467)
and one short publication [18]. One preferred compound
from application WO 97/24365 is shown in table 1. The
clear aim of the project is to develop steroids with stability
in their target organ (airways and lung) but high lability in
blood.

The hydrolysis of the lactone ring is catalyzed by a spe-
cific esterase and gives a hydroxy carboxylic acid deriva-
tive with a very low affinity for the glucocorticoid recep-
tor. Incubation with human plasma resulted in very rapid
hydrolysis of the active compound (for example, in vitro
t½ in Biggadike et al. [18] is less than 1 min), whereas the
lactone was stable in a human lung fraction (in vitro t½

more than 480 min). The enzyme that catalyzes lactone
ring hydrolysis is a paraoxonase (EC 3.1.8.1), which is
present in the liver and blood, but could not be detected in

brain, placenta, lung, skeletal muscle, kidney and pan-
creas using Northern blot analysis [19].

According to the patent applications, GCS-lactones
have good topical anti-inflammatory efficacy, as docu-
mented by inhibition of croton-oil-induced ear edema
and lung eosinophilia after provocation of sensitized rats.
The systemic effects of lactone-GCS, measured as ACTH
suppression in adrenalectomized rats, were much lower
than with conventional ICS, supporting a high topical
selectivity in the pharmacological models. Two com-
pounds have subsequently been selected for clinical test-
ing. GW 215864 (structure not revealed) has a high ‘re-
ceptor potency’, and a very rapid in vitro hydrolysis in
human plasma (t½ 1 min). This compound is now in phase
II trials [data from Investext, AN 2000:724966]. The oth-
er compound, GW 250495 (structure not revealed), has a
somewhat lower ‘receptor potency’ and a slower rate of
hydrolysis, and is reported to be in phase I [data from
Investext, AN 2000:724966]. According to a recent chem-
ical presentation [Ramesh V, et al: 218th Am. Chem. Soc.
Natl. Meet., New Orleans, 1999], GlaxoWellcome contin-
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ues to screen for steroids with the desired combination of
high receptor affinity and short plasma t½.

Conclusion and Prospects
The currently used ICS-like budesonide and flutica-

sone propionate are both very efficacious and safe for the
treatment of mild and moderate asthma. However, many
asthma patients are still hesitant to use ICS, due to an
unfounded steroidophobia, and cannot therefore be opti-
mally treated. One way to reduce steroidophobia has been
to develop ICS based upon the soft-drug concept, so that
much less active steroid is distributed outside the target
area. However, the soft steroids hitherto clinically tested
have not been able to compete with conventional ICS in
terms of efficacy. The earliest developed soft steroid,
FCB, possessed too low receptor affinity (in the range of
prednisolone). To improve the receptor affinity to the
same high level as that of current ICS, the soft drug itroci-
nonide was developed and designed for an even faster
extrahepatic metabolic rate than FCB. Also itrocinonide

had too low clinical efficacy, probably due to its rapid
inactivation at the target tissue, and potentially also due
to its total lack of systemic activity (if there is a need for
such activity).

The soft drug project at GlaxoWellcome has generated
lactone-GCS conjugates with stability to conventional hy-
drolases, but lability to plasma paraoxonase. This affords
a better opportunity to attain both topical efficacy and
selectivity, since these steroids will be stable in the target
tissue but susceptible to rapid inactivation during their
disposition in the blood. The therapeutic outcome of
these GCS may clarify the key issue for soft steroids: that
is, whether it is possible to achieve anti-asthmatic efficacy
comparable with that of conventional ICS in the absence
of any systemic GCS distribution and activity.

Note Added in Proof
According to Adis R&D Insight 2000, Accession numbers 10129

and 10130, the development of GW 250495 and GW 215864 has been
discontinued for the asthma indication. However, for GW 215864
Phase I clinical trials are in progress for the treatment of rhinitis.
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Summary
Inhaled glucocorticoids are the mainstay of asthma therapy, but

their use is often limited by the associated systemic side effects. Dis-
sociated steroids have been developed which differentiate between
the two main actions of steroids (i.e. transactivation and transrepres-
sion). These compounds claim to offer the potential for a more
selective anti-inflammatory profile without possessing adverse ef-
fects. The profile of one such compound is discussed below.

Glucocorticoids (GCs) remain the most effective ther-
apy for inflammatory disorders. In terms of asthma, topi-
cal steroids are the mainstay for controlling the inflamma-
tory component of the disease. However, topical steroid
use is often limited by patient compliance issues and poor
device training, particularly in the young and old. Phar-
maceutical research on steroids is now focused on the dis-
covery and development of oral drugs. However, such a
strategy is limited by the constellation of adverse effects
associated with chronic, oral steroid use. These include
suppression of hypothalamic-pituitary axis, osteoporosis,
reduced bone growth in the young, opportunistic infec-
tions, behavioural alterations, and disorders of lipid me-
tabolism. Most of these effects may be attributed to the
endocrine activity of steroids and are largely identical to
the syndromes of endogenous corticosteroid excess (Cush-
ing’s syndrome). Thus the Holy Grail of steroid pharma-
cology is the development of agents which have a marked-
ly better therapeutic ratio than current steroids, especially
on systemic administration. This may be achieved by the

identification of molecules that elicit marked anti-inflam-
matory effects but have a minor impact on endocrine
responses. Dissociated corticosteroids are ligands for the
GC receptor (GR) that may offer the potential for a more
selective anti-inflammatory profile.

Transactivation by Steroids
The cellular actions of steroids are mediated by ligand

diffusion across the cell membrane and its association
with the GR, a member of the nuclear hormone receptor
superfamily. This superfamily is characterized by a mo-
dular structure including a DNA-binding domain (DBD)
comprising two zinc fingers, a ligand-binding domain
(LBD) and two transactivation motifs (AF-1 and AF-2).
Between the DBD and the LBD is a sequence required for
dimerization of two monomers. Ligand binding of the GR
results in dissociation of heat shock proteins and exposure
of nuclear localization sequence, allowing nuclear trans-
portation of the receptor homodimers. Transactivation by
the GR requires binding of receptor dimers to specific
palindromic sequences in the cis-regulatory region of tar-
get genes called the GC response element (GRE) [1].
GRE-bound GR homodimers induce gene expression by
interacting with basic transcription machinery, co-activa-
tors and other transcription factors. It is via this mecha-
nism that GCs regulate the expression of ß2-adrenocep-
tors and I-ÎB·, the inhibitor of the transcription factor
NF-ÎB [2, 3]. Additionally, gene repression can be me-
diated by GR binding to negative GREs (nGREs) as iden-
tified in the pro-opiomelanocortin promoter. However,
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Fig. 1. Models of steroid-induced transacti-
vation and transrepression.

many of the pro-inflammatory genes whose inhibition is
central to the anti-inflammatory actions of GCs do not
possess GREs or nGREs in their promoters, thus suggest-
ing that alternative modes of regulation of these genes
probably exist [1].

Transrepression by Steroids
Many of the pro-inflammatory genes whose products

mediate the inflammatory process in asthma are regu-
lated by the transcription factors activating protein-1
(AP-1) and NF-ÎB. In the early 1990s, a number of groups
recognized that the GR can regulate gene transcription by
forming protein-protein interactions with these transcrip-
tion factors without the necessity for DNA binding. AP-1,
which is a dimer of c-Jun and c-Fos, contributes to the
regulation of cytokines and adhesion molecules. Direct
protein-protein interaction between AP-1 and the li-
ganded GR was shown to result in repression of transcrip-
tional activity by blocking the interaction of both tran-
scription factors with their respective response elements
[4]. Mutation studies of the GR have revealed that this
repressive action is most likely mediated by GR mono-
mers rather than dimers. Heck et al. [5] illustrated,
through the introduction of mutations in the DBD of the
GR, that transactivation and transrepression can be dis-
sociated. Mutations resulting in failure of the GR to
dimerize and bind DNA were associated with a failure to
transactivate GRE-dependent promoters in cell transfec-

tion studies. However, repression of the AP-1-dependent
promoter by the mutant GR was as effective as by the
wild-type receptor.

Various mechanisms have been invoked to explain the
transrepressing actions of steroids. Although evidence ex-
ists for direct protein interaction through the b ZIP region
of AP-1 and the DBD of the GR resulting in failure of
DNA binding, this is unlikely to be the sole mechanism
[6]. Nuclear footprinting studies have indicated that AP-1
DNA interactions can still occur despite transrepression
by GR. In this situation, it is likely that an ineffective
complex has been produced after binding of AP-1 to DNA
at its cognate recognition sequence and the GR binding by
protein-protein interaction to the promoter with failure to
transactivate [7] (fig. 1). Further explanations of transre-
pression may lay in the competition for binding to shared
co-activators such as CREB-binding protein (CBP) [8],
whose availability is limited. Displacement of AP-1 from
CBP by GR would result in failure to induce gene expres-
sion. Recently, the ability of GCs to limit the expression
of JNK, a key regulator of AP-1 expression, has emerged.
In cases of GC resistance, it has been reported that this
regulation of JNK is impaired [9].

NF-ÎB is also important in the regulation of inflamma-
tory genes. In addition to the increased expression of the
inhibitory I-ÎB· induced by GR, GCs also have the
capacity to directly interact with and repress NF-ÎB. The
relative importance of these respective means of repress-
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ing NF-ÎB may be cell type dependent. The ability of ste-
roids to transrepress the action of transcription factors
probably extends beyond AP-1 and NF-ÎB to other tran-
scription factors including GATA and the STATs. Fur-
thermore, the ability to transrepress is not limited to the
GR, but is also a characteristic of other members of the
nuclear receptor family.

The physiological significance of the DNA binding and
dimerization-independent transrepressive actions of the
GR are revealed in studies in homozygous mice carrying a
dimerization- and DNA-binding-defective mutant of GR
(GRdim). DNA binding and transcriptional regulation of
genes containing GREs and nGREs were confirmed to be
unresponsive to GCs, whereas repression of AP-1-me-
diated gene expression was shown to be intact. The GRdim

homozygotes appeared normal and survived to adulthood
in sharp contrast to mice that were deficient in their GR.
This suggests that GRE mediated gene regulation is not
essential for survival or development, whereas the ability
of GR to transrepress transcription factors is essential [9–
11]. However, these studies do not address whether in
these mutants GCs are capable of regulating the activity
of other transcription factors such as NF-ÎB and thereby
repress the expression of proinflammatory genes, e.g.
cytokines. Furthermore, although GRdim/dim mice are re-
sistant to GC-induced thymus involution, it is not clear
whether these mice would demonstrate an anti-inflamma-
tory effect in the lung following GC treatment.

These studies suggest that different domains of the GR
are responsible for different actions, but can this be
exploited pharmacologically and lead to agents with more
selective, better anti-inflammatory activity compared
with current drugs? The evidence is that different steroids
can preferentially elicit different responses from the GR.
Of considerable importance to the development of more
selective steroids is the consideration as to whether differ-
ent mechanisms can be triggered by different ligands fol-
lowing activation of the GR [13] (fig. 2).

Recently, a new compound, RU 24858, was identified,
which was claimed to differentiate between the two main
actions of GCs (i.e. transactivation and transrepression),
while possessing potent in vivo anti-inflammatory activi-
ty [14] (fig. 3). In vitro studies have shown that this com-
pound exhibits significant AP-1 transrepression while
only weakly activating the GRE-based reporter genes.
Furthermore, the in vitro anti-inflammatory activity of
RU 24858 was confirmed by inhibition of IL-1ß secretion
from activated monocytes while the compound was un-
able to induce tyrosine amino transferase activity, con-
firming the lack of transactivating activity. However, this

E GR represses inflammatory genes that lack GRE, but con-
tain AP-1 sites in the promoter.

E A transactivation-defective mutant (2 amino acids deleted
in the DBD) still represses AP-1.

E The GRE-binding domain and chimeric receptor still
binds AP-1.

E Point mutations in the DBD reveal that transactivation
and transrepression are dissociable and suggests that
GRE-regulated promoters require GR dimerization
whereas repression is a function of GR monomers.

Fig. 3. Structure of RU 24858.

study did not address whether RU 24858 could exhibit
the same dissociation by demonstrating anti-inflammato-
ry properties without steroid adverse side effects in vivo.
Recently, Belvisi et al. [15] have demonstrated that RU
24858 exhibits anti-inflammatory activity comparable to
the standard steroids in an animal model of lung oedema.
Interestingly, RU 24858 showed no differentiation, com-
pared to standard steroids, in the ability to induce sys-
temic changes (eg. loss in body weight, thymus involution)
and in the quantitative osteopenia of the femur observed
after 7 days of treatment. These results suggest that in
vitro separation of transrepression from transactivation
activity does not translate to an increased therapeutic
ratio for GCs in vivo.

To date, the transrepression/transactivation mecha-
nism remains an interesting approach. However, whole-
animal physiological studies have failed to confirm the
predicted dissociation between anti-inflammatory activi-
ty and adverse effects. Whether this indicates that ho-
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moeostatic mechanisms present in the animal models
override selectivity, which argues for biochemical redun-
dancy in the mechanism, or merely reflects limitations of
the prototypical tool, RU 24858, is unknown. Alternative-
ly, these data suggest that some of the classical hormonal
actions of GCs are a consequence of transrepression rath-

er than transactivation. It is clear that research in this area
should give us fundamental insights into the molecular
physiology of steroid action. Given the possible thera-
peutic rewards of a dissociated steroid, the contradictory
data generated so far should only serve as a spur to future
research.
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Summary
Airway wall remodelling is a significant contributor to the airway

hyperresponsiveness in asthma and hence to asthma symptoms.
Existing anti-asthma agents (glucocorticoids) appear to have insuffi-
cient efficacy in the regulation of smooth muscle proliferation and
other aspects of airway wall remodelling in severe asthma. Thus,
agents that regulate airway wall remodelling will add significantly to
the choice of preventative therapies available for more severe asth-
ma. The anti-angiogenic, anti-proliferative oestradiol metabolite, 2-
methoxyoestradiol, is a candidate prophylactic anti-asthma agent
that may more specifically target the airway wall remodelling pro-
cess.

Airway Wall Remodelling and Asthma
Asthma is characterized by chronic airways inflamma-

tion, a variable degree of reversible airway obstruction
and airway wall remodelling, each of which contributes to
airway hyperresponsiveness. The cellular components of
airway wall remodelling include airway smooth muscle
hyperplasia and hypertrophy, basement membrane thick-
ening resulting from an increase in interstitial collagen
deposited by (myo)fibroblasts, mucous cell hyperplasia,
angiogenesis and infiltration of inflammatory cells [see
Pare and Bai, 1, for review]. Airway wall remodelling has
also been described in sudden infant death syndrome [2]
and in COPD [3]. Smooth muscle hyperplasia is the most
important of all of these cellular changes that contribute
to airway wall thickening, and this wall thickening is now
considered to explain a large part of the airway hyperre-
sponsiveness in asthma [4].

A number of biologically diverse stimuli for prolifera-
tion of human cultured airway smooth muscle have been
identified [5]. It is not clear which of the many cytokines,
growth factors and other mitogens identified in the airway

wall [6, 7] are the most important in causing airway wall
remodelling in asthma. Furthermore, it is uncertain
whether or not the remodelling process is capable of rever-
sal, either spontaneously or after effective drug treatment.
However, the results of a recent landmark study examin-
ing the effects of adjusting the dose of glucocorticoids to
achieve a reduction in airway hyperresponsiveness (AHR
regimen), rather than to control symptoms (reference regi-
men), suggest that remodelling is at least partly reversible.
The AHR regimen resulted in the use of higher doses of
glucocorticoids that reduced subepithelial fibrosis and the
number of asthma exacerbations to a greater extent than
the lower doses of glucocorticoids used in the reference
treatment regimen [8]. We have proposed that develop-
ment of inhibitors of airway smooth muscle growth may
provide novel anti-asthma drugs that prevent/reverse air-
way wall thickening, reduce airway hyperresponsiveness
and therefore ameliorate asthma symptoms [5, 9].

Existing Anti-Asthma Drugs and Airway Wall
Remodelling
Glucocorticoids are currently the most effective drugs

used to treat airway inflammation and have become the
mainstay therapy for patients with asthma [10]. However,
clinical studies have shown that glucocorticoids do not
fully reverse airway hyperresponsiveness and that their
maximal effect on this process takes several months to
develop [11]. Glucocorticoids attenuate proliferation of
cultured airway smooth muscle stimulated by a variety of
mitogens [12, 13]. The mechanism(s) involved in these
anti-mitogenic effects involve regulation of the synthesis
of the key cyclin, cyclin D1, which is required for passage
of cells through the restriction point of the cell cycle [13].
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Fig. 1. Metabolic pathway of 17ß-oestradiol. 17ß-Oestradiol circu-
lates in concentrations less than 10 nM. It may undergo several
reversible reactions. Transformation by oestrogen sulphotransferase
or glucuronyl transferase generates more polar products that are rea-
dily excreted by the kidneys. 17ß-Hydroxy-steroid-dehydrogenase
(17ß-HSD) converts 17ß-oestradiol to the oestrone that retains affini-
ty for ER. A cytochrome P450 hydroxylase converts 17ß-oestradiol
into the 2OH metabolite, 2-hydroxyoestradiol (2-OHE2) that is fur-
ther converted by COMT to 2-MEO. 2-MEO has less than 1/100 the
affinity of 17ß-oestradiol for ER. 2-MEO may itself undergo conjuga-
tion or oxidation to 2-methoxyoestrone, which has even lower affini-
ty for ER. The activity of a number of these enzymes may be altered
by phytoestrogens, the pharmacology of which resembles that of 2-
MEO in some cases [19].

Even though glucocorticoids inhibit airway smooth mus-
cle proliferation, these compounds may compromise ef-
fective negative feedback influences on remodelling, such
as increased prostaglandin E2 production [14]. In addi-
tion, the magnitude of the anti-proliferative effects of the
glucocorticoids depends on the specific mitogen stimulat-
ing proliferation (e.g. growth factor stimulant via receptor
tyrosine kinase versus stimulant of G-protein-coupled
receptor) [12]. Therefore, there is a need for new agents
with greater capacity to provide additional control of the
remodelling that occurs in asthma and other chronic air-
way inflammatory conditions. In this brief review we
describe the properties of 2-methoxyoestradiol (2-MEO),
a metabolite of oestradiol that has potential as a novel
anti-asthma agent with multiple actions on the airway
wall remodelling process.

Oestradiol and Asthma
Females have a higher risk of hospital admission for

asthma, possibly as a consequence of endogenous or exog-
enous levels of sex hormones [15]. In addition, more than
30% of asthmatic females suffer from worsening asthma

symptoms around the time of menstruation [15]. Oestra-
diol treatment of asthmatic females results in improve-
ment in symptoms [16], and the oral contraceptive pill
attenuates cyclical change in airway reactivity [17]. Nev-
ertheless, there are a number of studies that suggest that
exogenous sex hormones exacerbate asthma [15]. In the
aforementioned studies it is not apparent whether any of
the actions of oestradiol were due to activation of high-
affinity oestrogen receptors (ER) or due to the action of
oestradiol metabolites acting through other mechanisms
(fig. 1). Moreover, there is little information as to the
effects of ER antagonists on airway function and disease.

2-Methoxyoestradiol
Oestradiol is metabolised by several different path-

ways generating metabolites that have variable degrees of
oestrogenic activity/affinity for the ER (fig. 1). The conju-
gates (glucuronide and sulphate) may be excreted or con-
verted back to oestradiol depending on the enzymatic pro-
file of the organ/tissue. The hydroxylation of oestradiol to
2-hydroxyoestradiol (2-OHE2), whilst most likely to oc-
cur in the liver, may take place in many different cell
types [18]. Subsequently, the widely distributed catechol-
O-methyl transferase (COMT) may catalyse the conver-
sion of 2-OHE2 to 2-MEO. The plasma concentrations of
2-MEO are not well characterized, but this compound is
widely regarded as being a minor metabolite that may rise
to bioactive levels in specific compartments such as the
follicular fluid [18, 19].

2-MEO had been widely, though not exclusively, re-
garded as an inactive metabolite of oestradiol. Several
studies reported some activities including inhibition of
proliferation of transformed cell lines [see Zhu and Con-
ney, 19, for references]. However, the unexpected obser-
vation of anti-angiogenic and anti-proliferative activities
by Fotsis et al [20] raised interest in other actions of this
catecholoestrogen metabolite. It has now been established
that 2-MEO inhibits the development of various types of
tumour by a combination of cytotoxic and anti-angiogen-
ic actions [20, 21], reduces collagen-induced arthritis in
the rat [22] and at the molecular level is believed to exert
at least some of its anti-proliferative actions through
interactions with tubulin [23]. 2-MEO has anti-prolifera-
tive effects against a variety of tumour cell types: these
effects do not appear to depend on the expression of high-
affinity ER by the target tumour cells [21, 23]. In addi-
tion, 2-MEO regulates the proliferation of a number of
other cell types including lymphocytes [22], granulosa
cells [18], smooth muscle [24, 25], endothelium and fibro-
blasts [20].
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Fig. 2. Properties of 2-MEO that would make it a therapeutic agent in
the treatment of asthma. 2-MEO inhibits the proliferation of airway
smooth muscle and fibroblasts [24, 25], decreases lymphocyte prolif-
eration in response to endotoxin and concanavalin A [22], has anti-
angiogenic actions in tumours and in the cornea [21], and reduces
mast cell degranulation and macrophage prostaglandin production
[24]. Collectively, these actions are likely to reduce airway hyperre-
sponsiveness.
Fig. 3. Orthogonal views of 2-MEO showing the extra volume below
the plane of the D ring occupied by electronegative substituents on
compounds showing ‘agonist’ activity in the airway smooth muscle
DNA synthesis assay.

Potential Anti-Asthma Properties of
2-Methoxyoestradiol
We have demonstrated that 2-MEO has several prop-

erties desirable in the treatment of obstructive airway dis-
eases such as asthma and COPD (fig. 2) [24, 25]. The
spectrum of activities of 2-MEO make it a suitable candi-
date for further evaluation as an anti-asthma drug that
influences several important elements of the airway wall
remodelling process, including the development of new
blood vessels. Angiogenesis may be critical in subserving
the metabolic needs of the increased tissue mass occurring
as a result of the airway wall remodelling. Our current
studies are focussed on the effects of 2-MEO in models of
airway wall remodelling and airway hyperresponsiveness
in rats and mice. The effects of 2-MEO on proliferation of
cultured airway smooth muscle proliferation are relative-
ly well characterized.

Inhibition of Smooth Muscle Proliferation
2-MEO inhibits mitogen-stimulated DNA synthesis of

human cultured airway smooth muscle (table 1). Interest-
ingly, at a concentration of 10 ÌM, 2-OHE2 was as effec-
tive as 2-MEO as an inhibitor of airway smooth muscle
DNA synthesis, but oestradiol itself was inactive (table 1).
In contrast, 2-methoxyoestriol stimulated DNA synthesis
elicited by thrombin, whereas 2-methoxyoestrone had

Table 1. Effects of oestradiol and its metabolites on human airway
smooth muscle DNA synthesis and potency for displacement (IC50)
of 0.2 nM [3H]-oestradiol binding from a preparation of rat uterine
cytosol (source of high-affinity ER)

Metabolite Thrombin-induced
DNA synthesis
(% control)
at 10 ÌM metabolite
mean B SEM

Affinity for
ER

–log [IC50]
B SEM

99B18 9.89B0.24
2-Hydroxy-17ß-oestradiol 45B17 9.49B0.02
2-Methoxy-17ß-oestradiol 40B4 7.50B0.15
2-Methoxyoestrone 83B14 4.97B0.34
2-Methoxy-3,17ß-oestriol 180B36 5.56B0.08

no effect at 10 ÌM, but was stimulatory at 1 and 3 ÌM.
Using a standard assay of affinity for the ER, namely dis-
placement of [3H]-oestradiol from a preparation of rat
uterine cytosol, it was evident that there was no clear rela-
tionship between ER affinity and effects on DNA synthe-
sis in airway smooth muscle [25]. Molecular modelling
of 2-methoxyoestriol, 2-methoxyoestrone and 2-MEO
showed that the former two agents, which have stimulato-

2
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ry effects on airway smooth muscle DNA synthesis, are
characterized by extra bulk from electronegative substitu-
ents projecting below the plane of the D ring of the steroid
nucleus (fig. 3).

2-MEO does not appear to act through glucocorticoid
receptors because the anti-proliferative effects of 2-MEO
on airway smooth muscle are not blocked by pretreatment
with the glucocorticoid and progesterone receptor antago-
nist, RU486. Furthermore, the time-course of action of
the glucocorticoid, dexamethasone and that of 2-MEO on
airway smooth muscle DNA synthesis are clearly distinct.
In addition, 2-MEO has no structural similarity to gluco-
corticoids other than the steroid nucleus and 2-MEO nei-
ther blocks nor mimics the actions of glucocorticoids [24].

A number of observations suggest that there is no role for
the normal affinity states of the ER (· or ß) in the effects
of 2-MEO; the lack of a relationship between affinity for
ER and suppression of smooth muscle DNA synthesis; the
lack of activity of oestradiol; and the failure of the ER
antagonist, ICI 182780, to block the actions of 2-MEO
[unpubl. obs.].

Collectively, our findings provide impetus for the fur-
ther development of 2-MEO as an anti-asthma agent.
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Summary
The leukotrienes (LTs) are eicosanoids derived from membrane

constituent arachidonic acid. The cysteinyl LTs LTC4, LTD4 and
LTE4 are potent airway smooth muscle constrictors with a much lon-
ger duration of action than other smooth muscle constrictors and
make up the biological activity previously known as slow reactive
substance of anaphylaxis. LTB4 has minimal bronchoconstrictor
effects, but is a potent neutrophil chemoattractant. The cysteinyl LTs
transduce their activity through the CysLT1 receptor, while LTB4
does so through the BLT receptor. Several potent and selective anti-
LTs have been developed, which have demonstrated the critical role
of cysteinyl LTs in asthma pathobiology. The anti-LTs have now
been extensively evaluated in clinical trials in patients with persisting
asthma, several of which are available to treat the disease.

In 1938, Kellaway and Trethewie [1] identified a bio-
logical activity, which caused slow onset, but very pro-
longed constriction of smooth muscle; they called this
activity ‘slow reacting substance’ (SRS). Twenty years lat-
er, Brocklehurst [2] demonstrated SRS release from lung
segments from an asthmatic subject, when exposed to
allergen, and slightly modified the name to ‘slow reacting
substance of anaphylaxis’ (SRS-A). He showed, using
newly available anti-histamines, that this activity could
not be attributed to histamine. His findings generated
great excitement among researchers interested in asthma
pathogenesis, mainly because SRS-A was a potent airway
smooth muscle constrictor with a much longer duration of
action than other smooth muscle constrictors, such as his-
tamine, and therefore was conjectured to be important in

causing bronchoconstriction and symptoms in asthmatics
after allergen inhalation. Subsequently, Samuelsson et al.
[3] identified that SRS-A consists of arachidonic acid
metabolites which they called ‘leukotrienes’ (LTs), and
the biological activity of SRS-A is now known to be
caused by the cysteinyl LTs, LTC4, LTD4 and LTE4. They
also identified a biologically distinct noncysteinyl LT
(LTB4) that has minimal bronchoconstrictor effects, but is
a potent neutrophil chemoattractant [3].

Leukotriene Biosynthesis
The LTs are derived from the ubiquitous membrane

constituent arachidonic acid and are members of a larger
group of 20 carbon fatty-acid-derived biomolecules
known as eicosanoids. Arachidonic acid (5,8,11,14-cis-
eicosatetraenoic acid), is found esterified, in the sn-2 posi-
tion, to cell membrane phospholipids in a wide variety of
mammalian cells [4, 5]. The synthesis of LTs is initiated
by the action of phospholipase A2, which selectively
cleaves arachidonic acid from cell membranes. Arachi-
donic acid is converted sequentially to 5-hydroperoxy-
eicosatetraenoic acid and then to LTA4 (5,6-oxido-7,9-
trans-11,14-cis-eicosatetraenoic acid) by a catalytic com-
plex consisting of 5-lipoxygenase [6] and the 5-lipoxygen-
ase-activating protein [7]. In the intracellular microenvi-
ronment, and in the presence of LTC4 synthase [8], gluta-
thione is adducted at the C6 position of leukotriene LTA4

to yield the molecule known as LTC4 [5(S)-hydroxy-6(R)-
glutathionyl-7,9-trans-11,14-cis-eicosatetraenoic acid] [9].
The LTC4 so formed is exported from the cytosol to the
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Fig. 1. The 5-lipoxygenase (5-LO) pathway of arachidonic acid (AA)
metabolism, indicating the other enzymes, 5-lipoxygenase-activating
protein (FLAP) and LTC4 synthetase, necessary for the production of
the cysteinyl LTs. Also FLAP antagonists such as BAYx1005 and
MK-886, 5-lipoxygenase inhibitors such as zileuton and Cys LT1
antagonists, such as zafirulast or montelukast inhibit the production
or action of the cysteinyl LTs. 5-HPETE = 5-Hydroperoxyeicosate-
traenoic acid. From O’Byrne PM et al. [16], with permission.

extracellular microenvironment [10] where the glutamic
acid moiety is cleaved by Á-glutamyltranspeptidase to
form LTD4 [5(S)-hydroxy-6(R)-cysteinyl-glycyl-7,9-trans-
11,14-cis-eicosatetraenoic acid] [11]. Cleavage of the gly-
cine moiety from LTD4 by a variety of dipeptidases
results in the formation of LTE4 [5(S)-hydroxy-6(R)-cys-
teinyl-7,9-trans-11,14-cis-eicosatetraenoic acid] [12]. All
three cysteinyl LTs have the same range of biological
effects; however, LTE4 is much less potent as a broncho-
constrictor than its precursor molecules. Among the cells
in the lung that possess the enzymatic activities to pro-
duce the cysteinyl LTs are mast cells [13], eosinophils [14]
and alveolar macrophages [15]; eosinophils and mast cells
have been strongly implicated as critical effector cells in
the pathobiology of asthma.

Inhibition of Leukotriene Production or Action
It is theoretically possible to inhibit the production of

the LTs by inhibition of any of the enzymes in their bio-
synthetic pathway (fig. 1). However, as of this time, the
only enzyme that has been selectively inhibited in human
studies is 5-lipoxygenase [17]. It has also been possible to
interrupt LT formation by preventing the binding of ara-
chidonic acid to the 5-lipoxygenase-activating protein
[18].

The LTs transduce their effects by binding at specific
receptors, which for the cysteinyl LTs is the CysLT1 recep-
tor, previously known as the LTD4 receptor or LTRd. This

is a seven transmembrane-spanning, G-protein coupled
receptor [19]; the gene which encodes this protein is
located on the X-chromosome. Stimulation of the CysLT1

receptor results in smooth muscle constriction, with signal
transduction occurring by stimulation of phosphoinosi-
tide turnover [20]. The LTB4 receptor (BLT) is also a sev-
en-transmembrane-spanning receptor; the gene encoding
this receptor is located on chromosome 14q [21]. A num-
ber of chemically distinct, specific, selective antagonists
of both receptor subtypes have been identified, and
CysLT1 receptor antagonists have been extensively stud-
ied in human asthma.

Identifying a role for any mediator in asthma (or other
inflammatory diseases) is dependent on the collection of
various types of evidence. Often, when the structure of a
mediator (such as the leukotrienes) is identified, and it is
synthesized, the mediator is given (usually by inhalation)
to humans (both nonasthmatic and asthmatic), to identify
whether it can mimic some component of the asthmatic
response. Then, when assays for its measurement are
available, efforts are made to measure it in biological
fluids, to determine whether it is released (or excreted)
during asthmatic responses. This evidence is, however,
indirect and can be misleading, as, for example, when
very small concentrations of mediators are released local-
ly, which cannot be measured systemically, or when a
mediator is released which has its measurable biological
effect hours later.

The most compelling evidence of the importance of a
mediator in asthma is available when selective antago-
nists which block the action of the mediator on its recep-
tor, or synthesis inhibitors which prevent its production,
are available, and used to evaluate the role of the media-
tor in causing components of the asthmatic responses
evaluated in clinical models of asthma. The final, and
most difficult, hurdle is to determine whether the antago-
nists of the mediators’ action or inhibitors of its synthesis
are useful in treating asthmatic patients. These data pro-
vide the most convincing evidence available that a given
mediator has an important role in the pathogenesis of
asthma.

By the early 1990s, several potent and selective com-
pounds had been developed, which were then used to
demonstrate the critical role of leukotriene generation
and release in the airways in causing exercise- [22], aller-
gen- [23], cold-air- [24] and aspirin-induced [25] broncho-
constriction in asthmatics. The anti-LTs have now been
extensively evaluated in clinical trials in patients with
persisting asthma. The details of these studies will be
reviewed in the subsequent chapters.
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The studies reported since the early 1980s have not
only increased the understanding of the biology of LTs,
but also have provided an excellent example of the valu-
able interaction between the pharmaceutical industry and
research efforts to understand the pathobiology of asth-

ma. Without the tools developed by industry, the impor-
tance of the LTs in asthma would not have been clarified
and, at the same time, a useful therapy for asthma has
been made available to asthma patients.
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Summary
Cysteinyl leukotrienes are products of the 5-LO pathway. They

are potent mediators of allergic bronchospasm and inflammation.
Considerable effort in the pharmaceutical industry has focussed on
the development of agents that modulate their synthesis or actions.
Recently, three selective antagonists of the cysLT1 receptor have
been launched for the treatment of asthma. This review summarizes
the discovery and development of this new class of asthma therapy.

Metabolism of arachidonic acid via 5-LO gives rise to
two unstable intermediates, 5-hydroperoxyeicosatetrae-
noic acid (5-HPETE) and an epoxide intermediate leuko-
triene A4 (LTA4). Metabolic conversion of LTA4 can
occur via two pathways. The first forms a dihydroxy acid
LTB4 which is a potent chemoattractant and activator of
polymorphonuclear leukocytes. An alternative pathway
of (LTA4) metabolism gives rise to the so-called cysteinyl
leukotrienes which account for the biological activity pre-
viously ascribed to ‘slow-reacting substance of anaphy-
laxis’.

The term ‘slow reacting substance’ (SRS) was coined in
the 1930s to describe a substance released from guinea pig
lungs following injection of the animals with cobra ve-
nom. The smooth-muscle-contracting property of this
material was slower in onset and of longer duration than
that produced by histamine. Extension of these studies
revealed that a substance with similar pharmacological
properties was released from guinea pig lung during ana-
phylactic shock. This substance was termed ‘slow-reacting
substance of anaphylaxis’ (SRS-A) to distinguish it from
the SRSs released by non-allergic stimuli [1].

Considerable research continued in this area for over
40 years and by the late 1970s a wealth of information had

accrued on the properties of SRS-A. These included the
presence of sulphur, a precursor role for arachidonic acid
and the presence within SRS-A of a conjugated triene. At
the same time, Samuelsson [2] had discovered the 5-LO
pathway and he noted a number of similarities between
SRS-A and the recently discovered LTB4. Subsequent
large-scale purification and physicochemical character-
ization revealed that SRS-A comprises a family of pepti-
dyl leukotrienes which contain a hydroxyl substituent at
position 5 and either glutathione (LTC4), cysteinyl glycine
(LTD4), or cysteine (LTE4).

Now that the structure of SRS-A was known, rational
approaches to the design of selective antagonists were
believed to be greatly enhanced. In reality, almost 20
years elapsed before the translation of this knowledge into
drugs which were approved for clinical use. It is notewor-
thy that the launch of the first leukotriene antagonists pre-
ceded the identification and molecular cloning of the first
cysteinyl leukotriene receptor.

Cysteinyl Leukotriene Antagonism
Most major pharmaceutical companies initiated pro-

grammes to search for either inhibitors of leukotriene bio-
synthesis or selective receptor antagonists. The absence of
any information about the leukotriene receptor genes and
the chemical challenges in producing synthetic leuko-
trienes meant that discovery programmes aimed at cystei-
nyl leukotriene receptors were initiated using natural
SRS-A preparations and conventional bioassay.

In the mid 1980s, synthetic preparations of cysteinyl
leukotrienes became widely available to academic investi-
gators and this allowed much better characterization of
their actions and receptors. In human airways, it is now
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Fig. 1. Clinical evaluation of cysteinyl leuko-
triene antagonists.

clear that LTC4, LTD4 and LTE4 are potent spasmogens
and all seem to work through the same receptor (CysLT1)
[3]. The effects of the three leukotrienes at this receptor
were blocked by an SRS-A antagonist, FPL55712, which
had been discovered by Fisons (now AstraZeneca) more
than 5 years before the elucidation of the 5-LO pathway.
Synthetic leukotrienes and the later introduction of radio-
labelled versions allowed pharmaceutical scientists to
move from bioassay to higher-volume assays such as
radioligand binding. However, most programmes pre-
ceded the widespread use of truly high throughput screen-
ing approaches. Thus most companies employed ratio-
nal design strategies based either on the structure of
FPL55712 [4] or on the structures of the synthetic leuko-
trienes themselves. The target for most companies was a
potent selective and orally active antagonist of cysteinyl
leukotrienes. Oral activity was a particularly important
criterion. Inhaled therapies (ß-agonists and steroids) were
(and are) the mainstays of asthma therapy and side effect
concerns preclude their oral use. In contrast, selective
antagonists of single classes of mediators were presumed
to offer potential for a better efficacy:side effect ratio and
therefore were ideally suited to oral therapy with its
advantages in patient acceptability and compliance.

Clinical Evaluation
A common stepwise approach to clinical evaluation

evolved during the testing of a number of leukotriene
antagonists from several different pharmaceutical compa-
nies (fig. 1).

After initial safety and tolerability studies, compounds
were tested for their ability to antagonize the bronchocon-
strictor activity of inhaled leukotrienes. Compounds
achieving appropriate levels of blockade would then be
evaluated in one or more challenge models. Only those
drugs achieving target levels of efficacy in the challenge
models progressed to full-blown asthma trials.

In the late 1980s, several cysteinyl leukotriene antago-
nists with improved potency over FPL55712 entered clin-
ical trials. These included a Lilly compound LY171883
and several compounds from Merck Frosst, including
L648051 and MK0571 [5–7]. Although none of these
agents was sufficiently potent to justify progression to
asthma studies, they did serve to validate the challenge
models. In addition, studies with compounds increased
confidence that leukotriene modulation would provide
clinical benefit and also help to define the target criteria
for future drugs more clearly.

Zafirlukast, Montelukast and Pranlukast
In the 1990s, the leukotriene approach moved from

concept to proof. This was based on the successful devel-
opment and subsequent launch of three cysteinyl leuko-
triene antagonists: ICI 204219 (zafirlukast; Accolate, As-
traZeneca), MK0476 (montelukast; Singulair, Merck) and
ONO1078 (pranlukast, ONO).

As shown in figure 2, these three drugs possess substan-
tial structural diversity but there is now extensive clinical
literature which demonstrates that their clinical effects
are consistent and complementary. All three antagonists
were highly effective against LTD4 challenge models in
volunteers or patients [8–10]; for example, administra-
tion of zafirlukast produced a shift of 50–100 times in the
concentration response curve to inhaled LTD4. This
translated to inhibition of bronchoconstriction in a vari-
ety of challenge models, including allergen, cold air and
exercise. As predicted from studies with the earlier weak-
er antagonists, inhibition of both early and late-phase
bronchoconstriction and hyperreactivity was observed.
An interesting feature was that these studies also uncov-
ered inhibitory effects on cell recruitment; thus 1 week
treatment with zafirlukast significantly reduced allergen-
induced accumulation of eosinophils, lymphocytes and
basophils in BAL fluid [11]. This anti-inflammatory effect
is consistent with the previous report that inhalation of
LTE4 in asthmatics stimulated eosinophil influx into the
bronchial mucosa [12].
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Asthma Efficacy Studies
Having demonstrated a favourable profile in pre-clini-

cal and clinical challenge models, studies with leukotriene
antagonists now moved into their evaluation in asthma. A
common feature of trials with these antagonists is an
improvement in baseline lung function in asthmatics
which is observed rapidly after the first dose is adminis-
tered. The magnitude of the effects vary with the treat-
ment regime and with the extent of lung function impair-
ment in the patients being studied. However, improve-
ments of 10–15% in FEV1 are commonly reported in
studies with zafirlukast and montelukast [13, 14]. This
improvement in lung function is additive with inhaled ß2-
agonists and occurs in the presence or absence of inhaled
corticosteroids [15, 16].

In contrast to ß2-agonists, cysteinyl leukotriene receptor
antagonists do not improve lung function in non-asthmat-
ics and therefore the effects cannot be attributed to direct
relaxation of bronchial smooth muscle. The data imply
that increased airway tone in asthmatics is maintained at
least in part by synthesis of cysteinyl leukotrienes. It is not
clear whether this is mediated via the direct bronchocon-
strictor effects of the leukotrienes or indirectly via pro-
inflammatory effects of cysteinyl leukotrienes such as the
cellular effects described above. Whatever the precise
mechanisms involved, the observation that improved lung
function is produced by cysteinyl leukotriene antagonists,
even in the presence of inhaled corticosteriods and ß2-ago-
nists, indicates that these drugs will find a place in asthma
therapy in addition to current treatments.

Longer-term studies of leukotriene antagonists in asth-
ma have confirmed the acute improvement in lung func-
tion. Thus improvement in FEV1 is maintained in trials of
6- to 13-week duration and there is no evidence for devel-
opment of tolerance. These effects are associated with
improvements in a variety of symptom scores (e.g. total
asthma symptoms, night time awakenings and morning
asthma symptoms) as well as decreased use of inhaled ß2-
agonists. Symptom improvements have been demon-
strated in 3-month studies of zafirlukast or montelukast
[17, 18]. These improvements are generally in the range of
25–50%, although the magnitude of the changes depends
on the symptoms which are measured as well as the sever-
ity of the asthma. Direct comparison with pranlukast is
more difficult since the majority of the studies have been
carried out in Japan with somewhat different protocols.
However, a 4-week study in the USA with pranlukast has
reported improvement in symptoms of a magnitude simi-
lar to those described above for zafirlukast and montelu-
kast [19].

Fig. 2. Structures of cysteinyl leukotriene antagonists.

A reduction in asthma exacerbations (measured as
requirement for oral steroids to treat asthma attacks) was
reported in a 3-month study of montelukast in asthma
[18]. This has been confirmed in a meta-analysis of five
clinical trials of at least 3 months’ duration with zafirlu-
kast. Although the definition of exacerbation varied in the
individual trials, the overall reduction in asthma exacer-
bations shown in this analysis was approximately 50%
[20].

A number of studies have been carried out with combi-
nations of cysteinyl leukotriene antagonists and inhaled
corticosteroids. The effect of zafirlukast in patients who
remain symptomatic on low-dose inhaled corticosteroids
was compared to the effect of doubling the dose of inhaled
steroid. At the end of this 13-week study, asthma symp-
toms and morning peak expiratory flow were improved to
an equivalent extent in the zafirlukast patients and those
who received the double steroid dose [21]. A different
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protocol has been used in studies of montelukast in com-
bination with inhaled steriods. In that protocol a higher
dose of inhaled steriods was used at the start of the study.
Treatment with either montelukast or placebo resulted in
a reduction in the inhaled steroid dose. The reduction in
the montelukast patients was significantly greater than
that seen with placebo, although the magnitude of the dif-
ference was small [22].

Conclusion
Cysteinyl leukotriene antagonists represent the first

new therapeutic class to be introduced for the treatment
of asthma in the last 25 years. Previously, a variety of oth-
er single mediator approaches had been unsuccessful (e.g.
PAF antagonism). This led to a dogma that broader
approaches were necessary in asthma. The success of cys-

teinyl leukotriene antagonists has exploded that myth and
has demonstrated that such selective approaches provide
a different balance of efficacy and side effects to drug
classes with broader modes of action such as corticoste-
roids. An important lesson from the leukotriene area is
that proof can be obtained only in the clinic since a num-
ber of the unsuccessful single-mediator approaches had
shown a comparable pre-clinical profile in asthma or
allergy models. The introduction of zafirlukast, montelu-
kast and pranlukast has provided clinical proof of the leu-
kotriene hypothesis in asthma which had evolved over
almost 70 years since the discovery of SRSs. It now
remains to be determined, based on extensive clinical
experience, where the cysteinyl leukotriene antagonists
will fit into asthma treatment guidelines.
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Summary
Inhibition of 5-LO will inhibit the formation of LTB4 as well as

that of the cysteinyl leukotrienes (LTC4, LTD4 and LTE4). Many
5-LO inhibitors have been developed but only one drug, zileuton
(Zyflo®) has been registered for treatment of asthma, and this only in
the US. The market share of zileuton is very limited compared with
the leukotriene receptor antagonists, due to the requirement for
administration 3–4 times daily and the occurrence of a 5% incidence
of liver function test abnormalities. From the clinical observations
with in particular zileuton, but also from studies with other 5-LO
inhibitors, it appears, however, that the anti-asthmatic effects of 5-
LO inhibition and those of the selective CysLT1 receptor antagonist
are indistinguishable in asthmatics. Mechanistically, this suggests
that LTB4 is not involved in asthma. Inhibition of 5-LO may nev-
ertheless be an effective strategy for oral treatment of asthma and
lung diseases with a prominent neutrophilic component, such as
COPD, especially as current data suggest that current 5-LO inhibi-
tors do not completely inhibit leukotriene formation. In addition,
there are receptors for cysteinyl leukotrienes that are not blocked by
the current class of receptor antagonists.

Introduction
5-LO is the initial enzyme in the biosynthesis of leuko-

trienes and a logical target for development of anti-leuko-
triene drugs. In fact, an early experimental drug, U-
60257, was found to be an effective inhibitor of allergen-
induced leukotriene biosynthesis in lung tissue from asth-
matics in vitro [1]. In addition, the compound blocked the
Schultz-Dale contraction of bronchi from atopic asthmat-
ics [1], providing further arguments in favor of the idea
that leukotrienes were mediators in asthma. However,
when the same compound was inhaled by asthmatics, it
failed to attenuate allergen-induced bronchoconstriction
[2]. This finding was, at the time, taken as evidence that

leukotrienes were unimportant in vivo and contributed to
the termination of anti-leukotriene development among
several pharmaceutical companies. In retrospect, it is
clear that the dose of U-60257 used in that particular
study [2] was insufficient.

Many 5-LO inhibitors have subsequently been devel-
oped, and several have displayed efficacy in asthma mod-
els, such as allergen-induced bronchoconstriction. One
drug, zileuton (Zyflo®) has been documented to have clin-
ical efficacy, and it is registered in the US for the treat-
ment of asthma. The market share of zileuton is however
very limited compared with the leukotriene receptor an-
tagonists. This is not because of inferior efficacy in the
treatment of asthma. Rather, the requirement for admin-
istration 3–4 times daily and the occurrence of a 5% inci-
dence of liver function test abnormalities have been com-
petitive disadvantages. In the rest of the world, no 5-LO
inhibitor is currently on the market.

Pharmacology
As indicated in figure 1, 5-LO inhibitors will decrease

the biosynthesis of LTB4 as well as that of the cysteinyl-
containing leukotrienes (LTC4, LTD4 and LTE4). This
overall action on the leukotriene pathway by 5-LO inhibi-
tors thus differs from that of the leukotriene receptor
antagonists, which selectively block the effects of either
LTB4, or of the cysteinyl leukotrienes.

During the search for 5-LO inhibitors, a newly synthe-
sized indole compound, MK-886, was found that inhibit-
ed leukotriene biosynthesis in intact cells but not when
tested against the isolated 5-LO enzyme [3]. Investiga-
tions into the mechanism behind these seemingly para-
doxical results discovered a cofactor in leukotriene bio-



Fig. 1. The 5-LO pathway with indications of biological effects
exerted by leukotrienes, their receptors and the points of attack for
the anti-leukotriene drugs used to treat asthma.
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synthesis, FLAP (5-LO-activating protein) [4]. It was
found that this 18-kD protein was a prerequisite for effi-
cient endogenous leukotriene biosynthesis and that MK-
886 inhibited leukotriene generation because it prevent-
ed the interaction between FLAP and 5-LO [3, 5]. As a
consequence, leukotriene biosynthesis inhibitors should
mechanistically be divided into those that act directly on
5-LO (for example, zileuton and ABT-761) and those
that are FLAP antagonists (MK-886, MK-591 and BAY
x1005).

Similar to the leukotriene receptor antagonists, all 5-
LO inhibitors are administered orally. Zileuton is a hy-
droxyurea compound that is well absorbed with peak plas-
ma concentrations occurring within hours after an oral
dose [6]. Its mean plasma half-life is about 2 h with a
slightly prolonged elimination time during the night [7].
This has led to the recommendation to administer zileu-
ton 4 times a day, but further studies have suggested that
3 times a day may be sufficient for clinical efficacy [8].
Elimination of zileuton is via first-pass excretion in the
liver [6]. The FLAP antagonist MK-886 was also found to
be an efficient inhibitor of leukotriene biosynthesis in
humans in vivo [9], but as zileuton, it suffered from a rela-
tively short plasma half-life. The compounds MK-591
[10] and ABT-761 [11] were therefore developed and both
could be administered once or twice daily. The FLAP
antagonist BAY x1005 has an intermediate position with
a plasma half-life of 5–8 h [12].

It would seem straightforward to establish the effective
dose of a 5-LO inhibitor by measuring the degree by
which it inhibits endogenous leukotriene formation. Dur-

ing the development of 5-LO inhibitors, measurements of
ex vivo formation of LTB4 in ionophore-stimulated blood
have generally been used to assess the degree of 5-LO inhi-
bition [13] . This measure correlates well with plasma
drug level, but there are good reasons to believe that it
overestimates the degree of tissue inhibition of leuko-
triene formation [14]. For LTB4, there is, however, no
indicator metabolite that can be measured in urine or
blood [14]. For the cysteinyl leukotrienes, measurements
of urinary excretion of the end product LTE4 is the most
reliable estimate of the degree of inhibition of endogenous
whole body biosynthesis [14].

It is therefore worth considering that the level of inhi-
bition of urinary LTE4 has consistently been less than
50% in the studies where significant effects on clinical
outcome variables have been established [15–17]. This
may indicate either that this level of inhibition is suffi-
cient to obtain maximal clinical efficacy, or that the clini-
cal efficacy can be increased further if the inhibition of
leukotriene formation is increased. The latter possibility
gains some support from the results of the only allergen
challenge study performed with the highest dose of BAY
x1005 so far tested [18]. There was more than 80% inhibi-
tion of allergen-induced urinary excretion of LTE4 and
more than 75% inhibition of the bronchoconstriction,
which incidentally is the greatest degree of inhibition
reported for this particular outcome variable for any anti-
leukotriene drug. The phase II treatment trials with the
same drug were subsequently performed at a lower dose
level and the results led to the discontinuation of further
development of this drug.

Effects in Patients with Asthma
Bronchoprovocation Studies. Most data on 5-LO inhibi-

tors have been published with zileuton and it was indeed
used in many of the initial studies that proved the hypoth-
esis that leukotrienes were mediators of trigger-factor-
evoked bronchoconstriction, as well as subsequently in
treatment studies. Thus, zileuton was first shown to block
isocapnic hyperventilation [19] and allergen-induced
rhinitis [20]. Pre-treatment with zileuton for 1–4 weeks
has also been documented to effectively block aspirin-
induced bronchoconstriction in aspirin-intolerant asth-
matics [15, 17] as well as exercise induced bronchocon-
striction [21]. The follow-up compound ABT-761 was
also found to inhibit exercise-induced bronchoconstric-
tion [22, 23] and in addition, it blocked the airway
response to adenosine [22].

In an early trial in allergen-induced bronchoconstric-
tion, zileuton had no significant effect on the airway
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response [24], but this was hardly surprising as it was
administered as a single dose and there was only marginal
inhibition of leukotriene formation. Subsequently, the 5-
LO inhibitors MK-886 [9], MK-591 [10] and BAY x1005
[18, 25] have all been found to inhibit both the early and
the late phase of allergen-induced airway obstruction.
Interestingly, in a study employing local segmental aller-
gen challenge of atopic asthmatics [26], it was docu-
mented that zileuton inhibited local leukotriene genera-
tion and also suppressed the eosinophil infiltration that
was observed in subjects treated with placebo. This was
one of the first indications that anti-leukotrienes also had
the potential to affect airway inflammation.

Therefore, it can be concluded that 5-LO inhibition
attenuates airway obstruction induced by indirectly act-
ing bronchoconstrictors (table 1). This supports the obser-
vation that release of leukotrienes constitutes a final
common path for different trigger factors in asthma. As a
corollary, 5-LO inhibitors may be used to prevent bron-
chospasm in response to many common environmental
trigger factors such as allergen and exercise. The profile of
anti-bronchoconstrictor activity appears identical to that
of selective CysLT1 antagonists.

Chronic Treatment. The effects of 5-LO inhibition is
asthmatics is summarized in table 1. Again, the data
almost exclusively derive from studies with zileuton. Re-
grettably, many trials with other 5-LO inhibitors have
only been reported in abstract form. Thus, in placebo
comparison trials, zileuton has been found to significantly
improve conventional asthma outcome measures, such as
FEV1, peak flow values, day and night symptoms, and ß-
agonist use [16]. The effect of zileuton on pulmonary
function involves an acute bronchodilating effect in pa-
tients with baseline bronchoconstriction, and a chronic
effect with continued treatment. The acute effect is ob-
served within a few hours after oral intake, and inciden-
tally highlights the rapid turnover of leukotrienes in
human airways. The chronic effect on airway function has
reached its maximum after a week in some studies, where-
as other studies reported progressive improvement over
the observed treatment period. Presumably, the extent of
improvement and the time course for the outcome much
relate to the level of baseline airway obstruction and dis-
ease severity in the study population.

In trials on mild to moderate asthma, the number of
asthma exacerbations requiring prednisone rescue were
highly significantly reduced and not surprisingly this has
coincided with improved quality of life [19]. Further-
more, in a 1-year surveillance trial with zileuton, the num-
ber of hospitalizations, emergency room visits and the

Table 1. Effects of 5-LO inhibition in asthma

Prevention of bronchoconstriction induced by allergen, adenosine,
exercise and aspirin

Acute bronchodilation
Chronic improvement in pulmonary function
Reduced use of bronchodilators
Less asthma symptoms (day and night)
Fewer asthma exacerbations
Improved quality of life
Additive to inhaled glucocorticosteroids

requirement for prednisone rescue were significantly re-
duced among the 1,400 patients that were given zileuton
[27]. It is noteworthy that zileuton was given as add-on
treatment in the latter trial where 56% of the patients
were on inhaled glucocorticosteroids, 30% on theophyl-
line and 11% on cromoglycate.

One study has compared 3 months of treatment with
zileuton or theophylline in US steroid naı̈ve patients with
moderate persistent asthma [28]. The results showed
quite remarkable acute (18–24%) and chronic (30%) im-
provements in FEV1, reduced ß-agonist use and improved
nocturnal asthma for both compounds, with no signifi-
cant difference between theophylline and zileuton.

There are also studies supporting additive effects with
inhaled steroids. For example, in a cross-over study of 40
aspirin-intolerant asthmatics, there was a global improve-
ment over and above that provided by moderate to high
doses of steroids in these patients [17]. Despite 90% of
the patients being maintained since years on more than
1,000 Ìg of inhaled glucocorticosteroids daily, and about
one third in addition also on oral prednisone, there was a
7% improvement in FEV1 during zileuton treatment but
no change during the placebo period. This suggests that
patients who seemed to be controlled on conventional
therapy could achieve a further improvement by addition
of a 5-LO inhibitor. The findings are in line with recent
observations with CysLT1 receptor antagonists [29–32] ,
and with a large body of evidence demonstrating that glu-
cocorticosteroids do not inhibit leukotriene formation in
asthmatics [e.g. 33–36]. Furthermore, in a study in 320
patients with moderate to severe asthma, it was found
that addition of zileuton to 400 Ìg of beclomethasone had
the same therapeutic effect as doubling the dose of
beclomethasone to 800 Ìg daily [37]. In both groups, the
FEV1 increased by about 10%, concomitant with similar
improvements in other asthma outcome variables. Finally
in this context, the FLAP antagonist MK-591 has been
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reported to produce highly significant improvements in
asthma outcome scores and pulmonary function in asth-
matics already maintained on inhaled glucocorticoste-
roids [38].

In the study of the aspirin-intolerant asthmatics, there
was a significant improvement in nasal function including
return of smell [17]. Zileuton has also been documented
to block the nasal response to oral aspirin provocation in
aspirin-intolerant asthmatics [15]. A more recent open
study in 36 patients with nasal rhinosinusitis supports an
effect of zileuton on nasal symptoms [39]. 

In the study with zileuton in aspirin-intolerant asthma
[17], there was also a small but significant reduction in
BHR following addition of zileuton to the steroid treat-
ment. As these patients had been treated with steroids for
many years, the further improvement in BHR following a
brief 6-week treatment with zileuton is worth considering.
The possibility that zileuton affects BHR, and by infer-
ence, airway inflammation, is also supported by a study
where the response to isocapnic hyperventilation [40] was
reduced following a 2-week treatment with zileuton. The
challenge was performed at a time point when zileuton
treatment had been withheld for several days, and its
influence on leukotriene biosynthesis thus should have
been terminated.

That leukotrienes contribute to chronic airway inflam-
mation gains further support from the findings that zileu-
ton treatment caused a reduction in circulating eosino-
phils in asthmatics [41]. Such observations with zileuton
were in fact among the first indications that anti-leuko-
triene drugs had long-term ‘anti-inflammatory’ effects. As
discussed elsewhere, a chronic effect on eosinophils has
now consistently been demonstrated with leukotriene re-
ceptor antagonists. Furthermore, in a study of nocturnal
asthma, Wenzel et al. [42] showed that there was a
decrease in BAL fluid cellularity and leukotriene concen-
trations in subjects given zileuton.

Conclusions
From the observations in particular with zileuton, but

also with other 5-LO inhibitors, it appears that the anti-
asthmatic effects of 5-LO inhibition and selective CysLT1
receptor antagonist in asthmatics are indistinguishable.
Mechanistically, this suggests that LTB4 is not involved in
asthma; this may be in line with the observation that a
selective antagonist of LTB4 had no effect on the airway
physiology in allergen-induced bronchoconstriction in
man [43]. This conclusion may, however, be premature as
the number of studies are few and there has been no head-
to-head comparison between a potent 5-LO inhibitor and

a CysLT1 antagonist. In fact, at closer scrutiny, it seems
that zileuton may have greater effects on BHR than
CysLT1 antagonists which generally had no or minimal
effects on this outcome variable.

Despite the approval of zileuton in the US, and the
overall quite impressive efficacy profile of zileuton and
other 5-LO inhibitors in asthma or asthma models, the
pharmaceutical industry has been less inclined to develop
5-LO inhibitors. This is because of the currently more
favorable side effect profile of CysLT1 antagonists. The
incidence of adverse events has been greater for zileuton
(liver function test abnormalities) or MK-591 (skin
rashes) than for CysLT1 antagonists. There are, however,
no data to support that these particular side effects are
due to inhibition of 5-LO. In fact, it has been concluded
that the side effects are compound-related rather than
related to the specific mode of action of the drugs.

As discussed, a major uncertainty concerns the true
efficacy of zileuton and other 5-LO inhibitors as inhibitor
of endogenous leukotriene formation in the treatment
studies performed so far. More research is needed to
establish what are the best metabolites to monitor for cor-
rect assessment of endogenous leukotriene biosynthesis,
and where to measure (blood? urine? exhaled air? induced
sputum? BAL fluid?). It will then be important to use such
measures to correlate the effective dose level of 5-LO
inhibitors with both leukotriene biosynthesis and clinical
outcome variables.

It may therefore, for several reasons, be rewarding to
revisit 5-LO inhibition as an effective strategy for treat-
ment of asthma and other pulmonary disorders. As LTB4

is the major leukotriene generated in neutrophils, 5-LO
inhibition may be a more logical intervention than se-
lective antagonism of the cysteinyl leukotrienes for treat-
ment of COPD and other lung diseases with a prominent
neutrophilic component. It is also likely that 5-LO inhibi-
tion may be of interest in the treatment of rhinitis [20] as
well as extrapulmonary diseases, not only because of the
possibility of an involvement of LTB4, but also because
there are additional receptors for cysteinyl leukotrienes
[44] that are not blocked by the current class of receptor
antagonists.
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Summary
LTB4 is one of the most important mediators for neutrophil

granulocyte survival, trafficking and activation. A major role has
been proposed in the pathophysiology of respiratory diseases char-
acterized by a neutrophilic-type of inflammation, such as chronic
bronchitis, severe asthma and cystic fibrosis. Elevated LTB4 levels
have been found in sputum and BAL fluid of patients with COPD,
cystic fibrosis and severe asthma. This constitutes the medical
rationale for testing LTB4 antagonists in certain forms of asthma
and in COPD. A first clinical trial has demonstrated that an LTB4
antagonist could reduce the number of BAL fluid neutrophils in
patients with mild asthma. Several LTB4 antagonists are known, the
most important ones being CP 195543, SC 53228, CGS 25019C,
ONO 4057, LY 293111 Na, and BIIL 284 BS. All these compounds
are specific LTB4 antagonists, but they differ with respect to effica-
cy and pharmacokinetic properties. Their clinical evaluation is
ongoing.

Mechanism of Action
In contrast to the cysteinyl leukotrienes, which pri-

marily cause bronchoconstriction, but may also have
some proinflammatory effects, LTB4 acts mainly as a che-
moattractant and activator of leukocytes [1, 2].

LTB4 is formed by a variety of cells, primarily macro-
phages and neutrophils but also keratinocytes, lympho-
cytes or mast cells. Its most important effect is the attrac-
tion and activation of neutrophilic granulocytes and mac-
rophages. Both cell types are major sources of LTB4.

Therefore even an unspecific activation of macrophages
may cause a self-amplification process. This positive feed-
back is further supported by an LTB4-induced production

of cytokines, such as IL-1, IL-4, IL-6, and IL-8, by lym-
phocytes. Consequently, LTB4 may both trigger and
maintain inflammatory processes.

LTB4 synthesis from arachidonic acid is mediated by
the activity of 5-lipoxygenase together with a 5-LO-acti-
vating protein (FLAP). LTB4 is produced from LTA4 via
LTA4 hydrolase. 12R-HETE (formed via 12-lipoxygen-
ase) can also activate the LTB4 receptor but less effec-
tively.

LTB4 is formed near the nuclear envelope. One of its
intracellular effects is on lipid catabolism through the
activation of transcription factors (i.e. PPAR-·). When
released into the extracellular space, LTB4 binds to a spe-
cific membrane-located receptor (BLTR), which has been
cloned [3]. So far there is no evidence for LTB4 receptor
subtypes, but LTB4 receptor high- and low-affinity bind-
ing sites have been described [4]. The LTB4 receptor
belongs to the G-protein-coupled receptor family that
spans seven membranes and uses, amongst other media-
tors, phospholipase C and Ca2+ for signal transduction.
LTB4 receptors are located on a variety of cells, primarily
neutrophils but also macrophages, lymphocytes, eosino-
phils and lung epithelial cells. In polymorphonuclear leu-
kocytes (PMNLs) LTB4 causes chemoattraction, chemo-
kinesis, oxidative burst and the upregulation or shedding
of adhesion molecules as a prerequisite of adhesion [2, 5].
It also inhibits neutrophil apoptosis, thereby prolonging
the inflammatory response [6]. LTB4 antagonists, either
competitively or noncompetitively, are able to counteract
all these LTB4-induced effects.
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Fig. 1. Structure of LTB4 antagonists.

Medical Rationale
LTB4 antagonists are being considered for the treat-

ment of diseases in which LTB4 levels are elevated and in
which these levels correlate with disease severity. In this
sense, LTB4 and neutrophilic granulocytes may play an
important, probably detrimental, role in respiratory dis-
eases, such as certain forms of asthma, COPD and cystic
fibrosis.

Asthma. In asthmatics elevated LTB4 levels can be
detected in sputum [7] and BAL fluid [8], which corre-
sponds to early- and late-phase reductions in FEV1 [9].
Attention should be paid to cases of severe and nocturnal
asthma. Both groups respond relatively poorly to gluco-
corticosteroids and, besides eosinophils, their lungs ex-
hibit relatively large amounts of neutrophils [10]. In noc-
turnal asthma LTB4 levels were increased in the BAL
fluid as compared to normals at 4 a.m. but not at 4 p.m.
These changes and therapeutic modulations of LTB4 ap-
pear to correlate with lung eosinophilic infiltration and
with decreases in FEV1 values [8], suggesting that LTB4 is
an important mediator in nocturnal asthma.

COPD. In sputum, serum and BAL fluid of patients
with chronic bronchitis, the percentage of neutrophils was
higher than in healthy subjects or in asthmatics. In a 15-
year follow-up study, 46 smokers and ex-smokers with air-
way obstruction and expectorations had higher neutrophil
counts in their sputum than nonsmokers. Hereby the
decline of FEV1 was significantly correlated with neutro-
phils in the sputum [11]. In sputum from patients with
bronchiectasis, LTB4 comprised about one third of the

chemotactic activity, as demonstrated by inhibition of
LTB4 using an LTB4 antagonist [12]. Another interesting
study investigated the effect of dietary intake of eicosa-
pentaenoic acid (EPA) on the risk of developing COPD.
EPA, the major constituent of fish oil, competes with ara-
chidonic acid, resulting in the formation of LTB5 instead
of LTB4. LTB5 is much less effective than LTB4. The EPA
intake was inversely related to the risk of developing
COPD [13].

Cystic Fibrosis. In addition to its putative role in
COPD, LTB4 may be important in cystic fibrosis (CF).
Patients with CF have a persistent neutrophilic infiltra-
tion of the airways and LTB4 is elevated in the bronchial
epithelial lining fluid of those patients [14]. Thus large
amounts of LTB4 were also measured in patients with CF
[15]. Treating CF patients with EPA led to an improve-
ment [16]. In conclusion, there is some evidence that
LTB4 plays a role in the development of symptoms of CF
patients.

Other Diseases. Besides the potential usefulness of
LTB4 antagonists in respiratory diseases there may be
opportunities in other diseases, such as rheumatoid ar-
thritis, inflammatory skin diseases, NSAID gastropathy
and inflammatory bowel diseases.

LTB4 Antagonists
In recent years, several selective LTB4 antagonists

have been developed [5]. The structures of the most
important ones are summarized in figure 1. Little infor-
mation is published about the toxicology of these com-
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pounds; however, LTB4 antagonists are generally well tol-
erated. This is supported by the finding that 5-LO knock-
out mice showed no pathological phenotype [17].

LY 293111 Na (Eli Lilly)
This compound demonstrated potent in vitro LTB4

antagonism [5, 18]. Studies using human PMNLs re-
vealed inhibition of [3H]LTB4 binding with an IC50 of
17 nM. LTB4-induced effects of human PMNLs, such as
superoxide production, were also inhibited by LY 293111
Na. LTB4-induced CD11b (Mac-1) upregulation was in-
hibited in isolated PMNLs with an IC50 of 3.9 nM; how-
ever, in whole blood IC50 was found to be 362 nM, sug-
gesting protein binding or metabolism. In vivo LY
293111 Na inhibited LTB4-induced airway obstruction in
guinea pigs after oral administration (ED50 = 0.4 mg/kg)
and LTB4 induced pulmonary neutrophilia in conscious
monkeys at a dose of 10 mg/kg p.o. Endogenous LTB4

released by Ca ionophore inhalation in guinea pigs was
inhibited by LY 293111 Na as well.

In two phase I studies [19, 20] LY 293111 Na was well
tolerated and showed good efficacy against a surrogate
parameter of ex vivo LTB4 induced upregulation of
Mac-1 (CD11b/CD18) on neutrophils.

An interesting phase IIa double-blind placebo-con-
trolled crossover trial was done on 12 patients with atopic
asthma [21]. LY 293111 Na was given orally at a dose of
112 mg three times a day for 7 days. Early and late asth-
matic response was induced by allergen challenge. There
was no change in lung function, airway hyperresponsive-
ness and BAL fluid eosinophils. However, neutrophils
and LTB4 levels as well as myeloperoxidase in BAL fluid
were significantly reduced in the verum arm. Consequent-
ly, in patients with mild asthma, LTB4 does not seem to
play a major role, but it may be important in diseases
where neutrophils are prominent. Results have been dis-
appointing in ulcerative colitis and in psoriasis using LY
293111 Na.

CGS 25019C (Novartis)
CGS 25019C, a benzamidine-type compound, is a

strong LTB4 antagonist as evidenced from in vitro and in
vivo studies. It inhibits [3H]LTB4 binding on human neu-
trophils with an IC50 of 4 nM. Also LTB4-induced calcium
rise, chemotaxis and aggregation were inhibited with an
IC50 of 2, 2.4 and 0.1 nM, respectively.

In vivo, CGS 25019C inhibited LTB4-induced neutro-
penia in rats (ED50 4 mg/kg); arachidonic acid induced ear
inflammation in mice (ED50 1 mg/kg) and was active in a
collagen-II-induced model of arthritis in mice. In this

model 1, 3 and 10 mg/kg were given orally and CGS
25019C caused a dose-dependent inhibition of symp-
toms.

The ability of CGS 25019C to inhibit ex vivo LTB4-
induced Mac-1 upregulation was tested in phase I studies
[21, 22]. The compound inhibited the Mac-1 upregulation
with an ED50 of 50 mg (ED100 = 300 mg). Maximum inhi-
bition was reached after 3 h and t½ was 3–5 h. In a
repeated-dose study, no accumulation or induction of tol-
erance was seen. Doses greater than 500 mg induced
symptoms of gastrointestinal intolerance like diarrhea.
The compound is being tested for the treatment of chronic
bronchitis [5].

ONO-4057 (ONO)
ONO-4057 is a relatively weak LTB4 antagonist. Al-

though human neutrophil LTB4 receptor binding was
inhibited with a Ki of 3.7 nM, LTB4-stimulated cell func-
tion was only moderately influenced with inhibition val-
ues in the micromolar range.

ONO-4057 was effective in in vivo models of LTB4-
induced neutropenia and neutrophilic dermal infiltration
in guinea pigs. ONO-4057 has been shown to be active in
several animal models of colitis, dermatitis, pulmonary
hypertension, lung anaphylaxis and transplant rejection.
In a phase I study, 300 mg p.o. demonstrated efficacy
using ex vivo LTB4-induced calcium mobilization in hu-
man neutrophils as a pharmacodynamic measure. The
compound is being tested for the treatment of psoriasis
and ulcerative colitis [5], but whether development is
being continued is unknown.

SB 209247 (SKB)
This drug binds selectively to the LTB4 receptor with a

Ki of 0.78 nM [23]. LTB4-induced Ca2+ mobilization and
degranulation were also inhibited, with IC50 values of 6.6
and 53 nM, respectively. In an arachidonic-acid-induced
modal of inflammation in the mouse ear, SB 209247 dem-
onstrated an anti-inflammatory effect with an ED50 of
14.8 mg/kg p.o. SB 209247 has been reported to be under
investigation for dermatologic indications. However, the
psoriasis study was terminated.

CP 195543 (Pfizer)
CP 195543 is the follow-up compound of CP 105696,

whose development was discontinued because of an ex-
tremely long terminal elimination half-life and high pro-
tein binding. From its pharmacodynamic properties, CP
195543 is largely comparable to CP 105696 [24]. In vitro,
CP 195543 inhibited [3H]LTB4 binding to human neutro-
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Table 1. Summary of biological results of
BIIL 284 BS, its active metabolites BIIL
260 CL, CGS 25019C and LY 293111

3H-LTB4
binding

human U937
Ki nmol/l

LTB4-induced transdermal
chemotaxis, ED50, mg/kg p.o.

mouse (ear) guinea pig

LTB4-induced neutropenia1

ED50, mg/kg p.o.

monkey guinea pig rat

150
(BIIL 260: 1.3)

0.01 0.02 0.05 (24) 0.3 (17) 0.05
(8)

CGS 25019C 0.9 5.3 12.0 2.5 (1) 1.4 (2) 2.5
LY 293111 24 120 2.2 3.1 (3) 0.17 (2) 110

1 Figures in parentheses are half-lives in hours.

phils with an IC50 of 6.8 nM (Ki = 4.9 nM). It further
inhibited LTB4-mediated chemotaxis of human and
mouse neutrophils with IC50 values of 2.4 and 7.5 nM,
respectively. CP 195543 was a non competitive LTB4

antagonist of the high-affinity LTB4 receptor (binding and
chemotaxis) and a competitive antagonist of the low-
affinity receptor as demonstrated in binding experiments.
LTB4-mediated CD11b (Mac-1) upregulation on human
neutrophils was inhibited competitively with a pA2 value
of 7.66. In whole blood inhibition of Mac-1 upregulation
resulted in a pA2 value of 7.12. CP195543 was not able to
antagonize Mac-1 upregulation induced by other media-
tors, such as IL-8 and PAF. In vivo CP 195543 inhibited
LTB4-induced neutrophilic infiltration in mice and guin-
ea pigs with ED50s of 2.8 and 0.1 mg/kg p.o., respectively.
Because of its shorter half-life of ca. 1.5 h, CP 195543 was
administered via osmotic minipumps in a model of colla-
gen-II-induced arthritis in mice. The compound demon-
strated good efficacy with half-maximal effects at plasma
drug levels of around 0.5 Ìg/ml. Currently, the compound
is being clinically investigated.

SC 53228 (Searle)
SC 53228 is the successor compound of SC 41930

which, due to various reasons, was discontinued. It is a
potent inhibitor of [3H]LTB4 binding (Ki = 1.3 nM) [25].
LTB4-mediated chemotaxis was competitively and selec-
tively inhibited (IC50  = 32 nM). LTB4-induced degranula-
tion of human neutrophils was inhibited (IC50 = 19 nM)
as well in a noncompetitive fashion, however. In vivo SC
53228 inhibited LTB4-induced skin inflammation in
guinea pigs with an ED50 of 0.07 mg/kg p.o. and inflam-
mation induced by 12R-HETE was counteracted as well
(ED50 = 5.8 mg/kg). SC 53228 was active in acetic-acid-
induced colitis in mice and spontaneous colitis in cotton-
top tamarins. The compound was selected for clinical
trials. Indications were ulcerative colitis and psoriasis.

BIIL 284 BS (Boehringer Ingelheim)
BIIL 284 BS is a prodrug, BIIL 260 being the structure

obtained when the ethoxycarbonyl masking group is re-
moved. BIIL 260 displaced [3H]LTB4 from the receptor of
human neutrophils with a Ki value of 1.7 nM. LTB4-
mediated degranulation of human neutrophils apparently
was noncompetitively inhibited (IC50 = 1.9 nM). LTB4-
induced Mac-1 upregulation in human whole blood re-
vealed an IC50 of 30 nM. BIIL 260 is a specific LTB4

antagonist as Mac-1 upregulation stimulated by other
mediators was not influenced. In vivo, LTB4-induced ear
inflammation in mice was antagonized quite efficiently
with an ED50 of 0.01 mg/kg p.o. and an ED50 of 0.02 mg/
kg p.o. was obtained in a model of transdermal chemotax-
is in guinea pigs. LTB4-induced neutropenia could be
counteracted in monkeys, guinea pigs and rats (table 1).
In addition, ex vivo LTB4-induced Mac-1 upregulation in
monkeys was dose-dependently antagonized after oral
gavage, resulting in an ED50 of 0.05 mg/kg p.o. In toxicol-
ogy, no results of concern were found and the compound
is currently being clinically investigated for the indication
asthma/COPD.

Conclusion
LTB4  is a strong chemoattractant and chemoactivator

of neutrophilic granulocytes. LTB4 levels together with
neutrophils are elevated in COPD, some forms of asthma
and other diseases. Several potent LTB4 antagonists are
known. Clinical investigations are still ongoing.
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Fig. 1. Role of histamine in allergic diseases.
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Summary
The therapeutic index of an H1-antihistamine depends on several

biochemical aspects: pharmacokinetics, metabolism, tissue distribu-
tion, lack of interference with active transport systems and existence
of anti-allergic activities. Although the ideal H1-antagonist does not
yet exist, new approaches will probably allow the synthesis of more
potent and more specific drugs in the near future. In this paper, we
are going to briefly review the present knowledge about the available
H1-antihistamines.

The H1-Receptors
The human H1-receptor is a protein of 487 amino acid

residues (molecular weight: 55,781) showing 7-mem-
brane-spanning hydrophobic domains like other G-pro-
tein-coupled receptors [1]. It is very similar to the bovine,
rat and guinea pig H1-receptors, and also has some simi-
larity with the muscarinic receptor.

In allergic diseases, the main target cells for histamine
via H1-receptor-dependent activation could be the endo-
thelial cells of the capillaries, the epithelial cells of nose,
bronchial and conjunctival mucosae, the smooth muscle
cells of the bronchi and small arteries, and the nerve end-
ings (fig. 1).

Preclinical Pharmacology of H1-Antagonists
The pharmacological screening of H1-antihistamines is

performed on particular cell lines (Chinese hamster ovary
cells) expressing human H1-receptor as well as other G-
protein-coupled receptors. Using such a testing, it is possi-
ble to define the affinity and selectivity profiles of a large
number of tested compounds and to establish their re-
spective receptograms. Such studies showed that the af-

finity constants of second-generation H1-receptor antago-
nists are very similar, the weakest affinity being found for
loratadine [2]. As far as selectivity is concerned, terfena-
dine, loratadine and epinastine are not really H1-selective
in vitro and or in vivo in pharmacological models. They
only have an apparent selectivity linked to their limited
penetration into the CNS where the other receptors are
mainly distributed [3–5].

H1-Inverse Antagonism
It is well established that the binding of histamine to

the H1-receptor is rapidly followed by the activation of
phospholipase C (PLC) that leads to the production of
inositol-1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol
(DAG). Interestingly, recent experiments carried out by
the group of Timmerman [6] showed that some H1-anti-
histamines not only occupy the receptor and prevent his-
tamine from activating IP3 formation, but also induce a
decrease in IP3, even in the absence of the agonist hista-
mine. The relevance of this inverse agonistic effect in
terms of efficacy remains to be determined (fig. 2).
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Fig. 2. H1-receptor and signaling pathway. Fig. 3. Percentage of subjects with greater than 95% inhibition of
flare surface areas at one time point for each treatment (n = 14 for all
treatments).

Clinical Pharmacology
H1-Receptor Antagonism. The anti-H1-activity mea-

sured in the skin, nose and bronchi not only depends on
the binding characteristics of the drugs to the peripheral
H1-receptors, but it is importantly linked to the bioavail-
ability of the drugs at the level of the targets. In other
words, it is linked to the pharmacokinetics (table 1).

Skin. Only a few double-blind crossover experiments
performed in healthy volunteers compared several H1-
antagonists using the histamine-induced wheal and flare
reactions [7–9]. They showed that most compounds are
rapidly effective (0.5–2 h after oral intake), more or less
potent and with a duration of action of at least 24 h. In
other studies, no tachyphylaxis was observed (fig. 3).

Nose. The investigation of an H1-antagonist effect in
the nose is easy to perform using histamine applied locally
and measuring subjective and objective induced symp-
toms. Very few comparative studies were performed in
this area. Using double-blind and crossover conditions,
Frossard et al. [10] showed that cetirizine 10 mg is more
rapidly effective and longer lasting than loratadine 10 mg.
By contrast, the two drugs were equally effective at their
peak of action, a result that differs from skin data and
shows that nose and skin are different as far as histamine
and related drugs are concerned.

Bronchi. Only one clinical pharmacology study com-
pared several H1-antagonists at bronchial level in asth-
matic subjects submitted to a bronchial provocation test
with increasing concentrations of histamine given by
aerosol [7]. In this study, the PC20 histamine (the provoca-
tion concentration of histamine required to cause a 20%

Table 1. Pharmacokinetic and pharmacodynamic characteristics of
second-generation H1-antihistamines

Time to peak
plasma level, h

Plasma
half-life, h

Onset of
action1, h

Duration
of action1, h

0.85B1.4 1.4B2.1 0.5 17 !24
Astemizole 4 1.1 days several

hours
several
days

Azelastine 5.3B1.6 22B1.4 2 124
Cetirizine 1.0B0.5 10.9B2.2 !1 124
Ebastine 4–6

(Carebastine)2
13.8→15.3 2 124

Epinastine 1.9 11.5 0.5 24
Fexofenadine 0.83→1.33 10→12 1→2 24
Loratadine 1.0B0.3 11.0B9.4 1→2 12–24
Mizolastine 1.5 17B4.6 1 24
Terfenadine 0.78B1.1 16→23 1 24

1 Evaluated with histamine-induced skin reaction after single oral
administration.
2 Unchanged ebastine is undetectable.

fall in the FEV1) was measured before and after drug
administration. It was shown that cetirizine 10 mg is the
most potent drug, followed by terfenadine 60 mg, while
the other H1-antihistamines displayed nonsignificant
shifts of PC20. In other studies, loratadine 10 mg was not
significantly effective while azelastine 8.8 mg was more or
less similar to terfenadine 60 mg.

Anti-Allergic Activity. Unexpected pharmacological ac-
tivities were recently described for histamine via H1-
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dependent mechanisms. Let us mention for instance the
production of IL-6, IL-8 and GM-CSF by epithelial cells
[11]. Similarly, unexpected pharmacological activities
were recently described for some H1-antagonists, drawing
the attention to the possible new therapeutic interest of
these drugs. Nevertheless, it must be emphasized that
most of the available data result from in vitro experiments
performed with very high and irrelevant concentrations.

This is the reason why we will mention here only the
data collected from experiments carried out in vivo in
atopic subjects taking various oral H1-antihistamines.

Release of Mediators in vivo. Experiments carried out
in atopic subjects submitted to nasal antigenic provoca-
tion showed that there was a significant decrease in hista-
mine level in the nasal lavage fluid after treatment with
terfenadine and loratadine. After cetirizine, there was no
change in histamine but a decrease in LTC4 levels [12].

Modulation of Adhesion Proteins and Cell Traffick-
ing in vivo. In other investigations, cetirizine and lorata-
dine were shown to significantly decrease the expression
of ICAM-1 by conjunctival epithelial cells in subjects
submitted to antigenic conjunctival provocation. Ter-
fenadine given for 7 days to patients with seasonal rhin-
itis also reduced the expression of ICAM-1 by nasal epi-
thelial cells. Cetirizine showed the same effect in asth-
matic children treated for 2 weeks. Moreover, the same
drug also decreased the expression of VCAM-1 by endo-
thelial cells of patients with atopic dermatitis submitted
to a cutaneous provocation test with DPT [13, 14]. Such
a modulating effect on different adhesion molecules
might explain the actions of some H1-antihistamines on
leukocyte function. Reduction of eosinophil accumula-
tion in allergic tissues in vivo under experimental and
clinical condition is repeatedly described with cetirizine
[15].

Clinical Indications
Conventional Indications. H1-antihistamines are used

for the treatment of seasonal and perennial allergic rhini-
tis and chronic idiopathic urticaria. According to a com-
mon opinion, they are more or less equally effective in
these clinical situations. This opinion is based upon a very
large series of clinical double-blind studies, which were
said to demonstrate equivalence between reference H1-
antihistamines.

Nevertheless, clinical trials that show no statistically
significant difference between treatments do not prove
that these treatments are equivalent. The demonstration
of equivalence requires well-defined statistical ap-
proaches. In order to get more objective and relevant

comparisons, some authors developed new experimental
approaches, which deserve to be mentioned.

Quality-of-Life Approach. The aim of a quality-of-life
(QOL) questionnaire is to measure the problems that
patients experience in their day-to-day lives. The disease-
related questionnaire may be patient specific when each
patient is asked to identify activities that are important to
him and in which he is limited or impaired by his allergic
condition. Patients are invited to score their limitations
before and during various treatments [16]. Using a gener-
ic questionnaire, Bousquet et al. [17] showed that the
QOL of patients suffering from perennial allergic rhinitis
is markedly affected and that it may be importantly
improved by the administration of a potent H1-antago-
nist.

Controlled Allergen Exposure Techniques. Some in-
vestigators developed a new objective approach of allergic
rhinitis in a rigorously controlled, yet clinically relevant
setting: the ‘environmental exposure unit’ and the ‘Vien-
na challenge chamber’ [18, 19]. Using such settings, it
becomes possible to expose all the patients at the same
time to the same precise relevant level of pollen, to control
the intake of drugs and to establish a ranking between the
different tested drugs as far as onset of action, peak, effi-
cacy, duration of action and side effects are considered.
Interestingly, such a ranking of effects in the nose corre-
lates very well with the rankings established during objec-
tive clinical pharmacology studies performed on the skin
[8].

As a conclusion, the clinical approach of any new H1-
antihistamines should combine the above-mentioned tra-
ditional and nontraditional approaches.

Nonconventional Indications. Asthma. It seems clear
that some H1-antihistamines could be of interest for the
treatment of asthma, probably in addition to other drugs
such as corticosteroids, leukotriene antagonists or inhibi-
tors and ß2-agonists. Loratadine plus zafirlukast, pro-
duced an almost complete inhibition of allergen-induced
early- and late-phase airway obstruction in asthmatics.
Azelastine administration was accompanied by a signifi-
cant corticosteroid-sparing effect. Cetirizine induced a
bronchospasmolytic effect in asthmatic subjects that was
additive to the bronchodilating effect of albuterol, and the
same drug given at the usual dose to patients with season-
al allergic rhinitis significantly improved the symptoms of
concomitant asthma [20]. Additional studies are needed
in order to precisely define the role and usefulness of these
drugs in this particular disease.
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Safety
With the use of second-generation H1-antihistamines,

the central side effect, sedation, has become rather negli-
gible, but other safety issues are now taken into consider-
ation: cardiac toxicity, interferences with the hepatic en-
zymatic complex cytochromes P-450 (Cyt P450) and
interferences with transporter proteins.

In the late eighties, rare but severe ventricular arrhyth-
mias were described in patients taking terfenadine and
astemizole. Experimental data collected since that time
revealed that such toxic events usually depend on variable
combinations of the following factors: overdose, hepatic
failure, concomitant use of Cyt P450 inhibitors and or
cardiotoxic drugs, and finally preexistence of rhythm dis-
turbances and more especially congenital long Q–T syn-
drome.

Actually, several second-generation H1-antihistamines
are substrates and modulators of Cyt P450. Accordingly,
their plasma and tissue levels may be increased and
become toxic in case of polymedication, as well as the
plasma and tissue levels of concomitantly administered
drugs [21–23].

Furthermore, recent investigations showed that some
H1-antagonists may interfere with transporter proteins
expressed in organs involved in drug disposition, such as
intestinal P-glycoprotein: this is the case for terfenadine,

fexofenadine and possibly other Cyt P450 modulators
[24]. Such an interference also contributes to unpredicta-
ble increased plasma and tissue concentrations of drugs
accompanied by unexpected toxicities.

Finally, the volume of distribution (VD) of an H1-anti-
histamine may also be an important factor for its thera-
peutic index: with a low VD, the risk of tissue accumula-
tion is limited as well as the risk of particular tissue toxici-
ty [25].

Conclusions
Despite the recent discovery of numerous cytokines

involved in allergic inflammation, histamine remains a
pleiotropic mediator involved in different allergic condi-
tions. Its inhibition by selective and well-tolerated drugs
remains of value in the available therapeutic arsenal.
Nevertheless, recent pharmacological and toxicological
investigations showed that several second-generation H1-
antihistamines lack specificity since they have modulat-
ing effects on biological targets such as ion channels, Cyt
P450 isoforms and transporter proteins. New H1-antihis-
tamines characterized by effectiveness, improved speci-
ficity and suitable pharmacokinetics and distribution are
wanted: they will constitute the third-generation H1-anti-
histamines.
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Summary
Treatment of allergic rhinitis often involves the use of H1 anti-

histamines which block histamine, a primary mediator in allergic
responses. Antihistamines alone do not provide significant benefit
against the congestion associated with allergic rhinitis and are com-
monly given in combination with ·-adrenergic decongestants.
Whereas these decongestants are effective in reducing the conges-
tion associated with allergic nasal disease, they may produce unde-
sirable side effects, such as hypertension, agitation and insomnia.
Presently, we discuss preclinical findings showing that combination
histamine H1 and H3 receptor blockade produces decongestant
activity without the hypertensive liability characteristic of ·-adreno-
ceptor agonists.

Allergic rhinitis is an inflammation of the nasal muco-
sa characterized by nasal congestion and rhinorrhea. This
allergic nasal disease has been estimated to occur in up to
22% of the US population [1]. Untreated rhinitis often
leads to sinusitis, otitis media, nasal polyps and aggrava-
tion of bronchial asthma [2]. In the nose, mast cell hista-
mine mediates the immediate hypersensitivity reactions
that occur secondary to antigen exposure in sensitized
individuals [3]. Histamine is a primary mediator respon-
sible for the increases in nasal mucus secretion, rhinor-
rhea, sneezing and pruritis found in allergic rhinitis [4].
Although antihistamines are the primary treatment for
allergic rhinitis, present findings indicate that the antial-
lergy efficacy of antihistamines against mast-cell-me-
diated nasal congestion may be expanded by cotreatment
with a histamine H3 receptor antagonist [5].

Antihistamines and ·-Adrenergic Nasal
Decongestants
Many of the allergic effects of histamine are attenuated

by first- and second-generation H1 blockers [6]. However,
antihistamines are often used in combination with ·-
adrenergic agonist decongestants because the congestion
associated with allergic rhinitis is refractory to H1 antihis-
tamines [7]. The use of ·-agonists is limited, however, due
to their potential to produce hypertensive and CNS-stim-
ulant effects.

Modulation of Autonomic Responses by Histamine
H3 Receptors
The discovery by Arrang et al. [8] of a unique hista-

mine H3 receptor has rekindled interest in exploring the
role of histamine and the potential for a new class of ther-
apeutic agents that act at this receptor. Histamine H3

receptors are widely distributed on peripheral autonomic
nerves, and are found presynaptically on postganglionic
nerve terminals. Activation of these receptors inhibits
neurally induced cholinergic contraction in guinea pig tra-
chea [9], human bronchus [10] and guinea pig ileum [11,
12]. They are also found presynaptically on postgan-
glionic sympathetic nerves, and activation attenuates a
variety of effector responses [13, 14]. Specifically, H3

receptors modulate vascular responses by inhibition of
norepinephrine release from sympathetic nerve terminals
[15–17].
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Fig. 1. Proposed mechanism for the nasal
decongestant effect of combined histamine
receptor H1/H3 blockade. a Nasal vascular
tone is under autonomic sympathetic control
mediated by tonic release of norepinephrine
(NE) from postganglionic sympathetic neu-
rons. b During an allergic reaction, com-
bined H1/H3 treatment blocks both the di-
rect vascular effects (plasma extravasation)
of mast cell histamine and the vasodilation
that occurs secondary to inhibition of sym-
pathetic tone mediated by histamine-in-
duced activation of presynaptic H3 recep-
tors.

Fig. 2. Effect of histamine H3 receptor acti-
vation on sympathetic modulation of nasal
blood flow (PV = perfusion value, an index
of blood flow measured by laser Doppler)
and nasal resistance (NAR). Shown on the
chart recordings are the effects of (R)-·-
methylhistamine on sympathetic-mediated
decreases in nasal resistance and nasal blood
flow. BP = Blood pressure.

Rationale for Combined Histamine H1/H3

Treatment for Allergic Rhinitis
In the nose, sympathetic modulation of nasal blood

flow is a regulator of nasal patency. Because antihista-
mines do not block all the nasal effects of histamine, we
studied the nasal effects of combined histamine H1/H3

blockade in an experimental model of nasal congestion.
Under quiescent conditions, nasal vascular tone is main-
tained by continuous sympathetic regulation of nasal
blood vessel patency (fig. 1a). After mast cell degranula-
tion produced by an allergic reaction or by compound
48/80 as in our studies, released histamine acts on postsy-
naptic H1 receptors to cause H1-mediated plasma extrava-
sation, vasodilation and mucus secretion. In addition, his-
tamine produces vasodilation by activating presynaptic

H3 receptors located on postganglionic sympathetic neu-
rons producing a decrease in norepinephrine release
(fig. 1b). Combined dual H1/H3 treatment blocks both H1-
and H3-mediated consequences of mast cell histamine lib-
eration.

Histamine H3 Modulation of Nasal Blood Flow and
Nasal Resistance
Recent studies have shown a physiological role for

peripheral sympathetic presynaptic H3 receptors on regu-
lation of nasal vascular tone. Bolser et al. [18] found that
activation of histamine H3 receptors inhibits the decrease
in nasal blood flow and nasal resistance elicited by elec-
trical stimulation of the cervical sympathetic trunk in
cats. Figure 2 displays a typical effect of (R)-·-methylhis-

a b



Histamine H3 Antagonists 135

Fig. 3. Effect of combined histamine H1/H3 treatment with chlorphe-
niramine (CTM, 0.8 mg/kg, i.v.) and thioperamide (THIO 1.0–
10 mg/kg, i.v.) on aerosolized compound 48/80 (1%)-induced in-
crease in nasal resistance. Each point represents the mean B SEM of
4–7 animals (* p ! 0.05 compared to compound 48/80 alone).
Fig. 4. Effect of combined histamine H1/H3 treatment on nasal resis-
tance and blood pressure. a Effect of chlorpheniramine (CTM;
0.8 mg/kg, i.v.) plus thioperamide (THIO; 10 mg/kg, i.v.); CTM
(0.8 mg/kg, i.v.) plus clobenpropit (CLOB; 3 mg/kg, i.v.); loratadine
(3 mg/kg, i.v.) plus THIO (10 mg/kg, i.v.) and phenylpropanolamine
(PPA; 1 mg/kg, i.v.) on the increase in nasal resistance produced by
aerosolized compound 48/80 (1%). b Effect of various H1/H3 combi-
nations on blood pressure. Each point represents the mean B SEM of
4–7 animals (* p ! 0.05 compared to vehicle).

tamine (0.3 mg/kg, i.v.), an H3 agonist, on nasal blood
flow and resistance. In these studies, (R)-·-methylhista-
mine inhibited the sympathetic-mediated decrease in
blood flow and nasal resistance by 49 B 11 and 34 B
11%, respectively. The activity of (R)-·-methylhistamine
was blocked by the H3 antagonist thioperamide (3.0 mg/
kg, i.v.).

Evaluation of the Nasal Decongestant Activity of
Combined H1/H3 Blockade
We evaluated the effect of combined H1 and H3 recep-

tor blockade on the increases in nasal resistance produced
by nasal provocation with aerosolized compound 48/80 in
the cat [5, 19]. Figure 3 illustrates the decongestant effect
of dual histamine H1/H3 receptor blockade on compound
48/80 (1%)-induced nasal responses. Chlorpheniramine
(0.8 mg/kg, i.v.) plus thioperamide (0.1–10 mg/kg, i.v.)
given before nasal exposure to compound 48/80 produced

a dose-dependent inhibition of nasal resistance. Similar
results were obtained with clobenpropit, an H3 antagonist
that is structurally different from thioperamide. The com-
bination of clobenpropit (3.0 mg/kg, i.v.) and chlorphe-
niramine (0.8 mg/kg, i.v.) also produced nasal deconges-
tion (fig. 4). Moreover, the nonsedating antihistamine,
loratadine (3.0 mg/kg, i.v.) plus thioperamide (10 mg/kg,
i.v.) inhibited the nasal congestion due to compound 48/
80 (fig. 4). When evaluated separately, the H3 antagonists
thioperamide (10 mg/kg, i.v.) and clobenpropit (3.0) or
the H1 antagonists chlorpheniramine (3.0 mg/kg, i.v.) or
loratadine (3.0 mg/kg, i.v.) did not produce decongestion
(fig. 3b; clobenpropit and loratadine data not shown).
Run as a positive standard, the ·-agonist phenylpropa-
nolamine (1.0 mg/kg, i.v.) also blocked the congestive
actions of compound 48/80 while significantly increasing
blood pressure (fig. 4). In contrast to the hypertension
produced by phenylpropanolamine, dual histamine H1/

3

4
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Table 1. Effect of oral histamine H1/H3 blockade on nasal cavity
geometry and blood pressure

Treatment, mg/kg, p.o. n Decrase in
nasal cavity
volume, %

Systolic BP
mm Hg

8 68B8 89B8
CTM (10)/THIO (30) + cpd 48/80 6 19B12* 81B8
PPA (10) + cpd 48/80 6 18B9* 138B8*
CTM (10) + cpd 48/80 7 64B14 81B6
THIO (30) + cpd 48/80 5 40B10 89B7

* p ! 0.05, statistically different from control animals given com-
pound 48/80 (cpd 48/80) alone.

H3 blockade with chlorpheniramine plus thioperamide,
chlorpheniramine plus clobenpropit, or loratadine plus
thioperamide did not affect blood pressure (fig. 4).

Combined oral H1/H3 treatment was also found to
attenuate the decrease in nasal cavity volume produced
by topical exposure to compound 48/80 (1%, 50 Ìl).
Using acoustic rhinometry, we evaluated the nasal decon-
gestant activity of chlorpheniramine (10 mg/kg, p.o.) ad-
ministered in combination with thioperamide (30 mg/kg,

p.o.) on nasal cavity geometry (table 1). The nasal volume
data are expressed as the percent decrease in nasal cavity
volume from a naive group of animals (no compound 48/80
exposure) 3 h after oral treatments. Phenylpropanolamine
(10 mg/kg, p.o.) also produced nasal decongestion. Treat-
ment with chlorpheniramine (10 mg/kg, p.o.) or thioper-
amide (30 mg/kg, p.o.) alone or together had no effects on
systolic blood pressure, while phenylpropanolamine (10
mg/kg, p.o.) produced an increase in blood pressure.

Conclusions
Our results suggest that combined H1/H3 blockade

may provide a novel approach for the treatment of allergic
nasal congestion without the hypertensive liability of cur-
rent ·-adrenergic agonist decongestant therapies. In aller-
gic nasal disease, mast-cell-derived histamine in addition
to producing H1-receptor-mediated effects, such as plas-
ma extravasation, sneezing and mucus secretion, may also
inhibit sympathetic outflow producing nasal vasodilation
by a prejunctional H3 receptor mechanism. In conclusion,
the addition of an H3 antagonist to an H1 antagonist con-
fers decongestant activity upon the H1 blocker by atte-
nuating autonomic effects of histamine not blocked by
antihistamines.
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Summary
Kinins are small peptides which are produced in the blood or tis-

sues during inflammation. They act by stimulating distinct receptors,
B1 and B2. The B1 receptor is induced during inflammation whereas
the B2 receptor is constitutively expressed. Kinins produce a number
of effects which are relevant for airway pathophysiology (broncho-
constriction, plasma protein extravasation, mucus secretion, stimu-
lation of inflammatory cells). It is currently proposed that kinin
receptor antagonists could represent a novel class of drugs useful for
the treatment of chronic airway diseases, including asthma.

Kinins and Kinin Receptors
Kinins are a family of small peptides which are pro-

duced by proteolytic cleavage from inactive precursors
(kininogens): bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-
Phe-Arg; BK) and kallidin (Lys-BK) are the two main
mammalian kinins formed from circulating and tissue
kininogens, respectively [1]. Alternative pathways for kin-
ins production by lysosomal enzymes (tryptases and elas-
tases) released from mast cells and neutrophils at the site
of inflammation have also been documented [2]. Under
the action of carboxypeptidases, which remove their C-
terminal Arg residue, BK and Lys-BK yield the respective
des-Arg metabolites [1] which are biologically active as
well (see below).

Kinins produce their biological effects by activating
two distinct receptors, B1 and B2 [3], which both belong to
the family of G-protein-coupled receptors [4, 5]. BK and
Lys-BK are high-affinity ligands for B2 receptors, whereas
their des-Arg derivatives are inactive at B2 receptors and
possess high affinity for B1 receptors.

The two kinin receptors, besides having low sequence
homology (36%), differ in their expression: the B2 recep-
tor is constitutively expressed by a number of cell types
throughout the body, whereas the B1 receptor has a very
low, if any, level of expression in normal tissues and is
upregulated or de novo expressed during inflammation or
tissue injury [3, 6]. An upregulation of B2 receptors in
human bronchial smooth muscle cells following exposure
to inflammatory mediators has been reported as well [7].

Actions of Kinins Relevant for Airway
Pathophysiology
Since their discovery, kinins have been characterized

as autacoids endowed with powerful inflammatory ac-
tions, chiefly produced during pathological processes. The
concept that kinins may have a role in the airway patho-
physiology was raised from the observation that inhaled
BK induces bronchoconstriction in asthmatics but not in
healthy subjects [8], and that kinin peptides can be
detected in the BAL fluid of asthmatics [9].

In experimental animals kinins induce a number of
responses which are in keeping with a proposed role as
mediators in airway pathophysiology (fig. 1). In this re-
spect, the bulk of available data is related to B2 receptors.
In fact, for reasons which are presently not understood, it
has not yet been possible to conclusively demonstrate the
expression of B1 receptors in guinea pigs, the species most
commonly used for studies on airway pathophysiology.

The effects of kinins at airway level are both direct and
indirect: the latter involve the release of other mediators
of inflammation/autacoids, including prostanoids [10],
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Fig. 1. Scheme depicting the main actions of
kinins on different target cells which at air-
way level are relevant for supporting a role of
kinins in airway pathophysiology.These are
as follows: epithelial and glandular cells,
through which kinins stimulate airway secre-
tion; immune cells which are activated and/
or primed by kinins to contribute the cellular
component of airway inflammation and
release cytokines which further amplify
the inflammatory process; nerve endings
through which kinins stimulate afferent dis-
charge inducing cough and reflex broncho-
constriction and modulate local release of
neurotransmitters; smooth muscle cells
through which kinins can directly affect
bronchomotor tone, and endothelial cells
through which kinins can induce vasodila-
tion (at arterial level) and increase in perme-
ability to plasma protein and induce edema
(at the level of postcapillary venules).

nitric oxide [11] and release of mediators following de-
granulation of mast cells [12].

Kinins, via B2 receptors, induce powerful bronchocon-
striction in the guinea pig following systemic or topical
administration. This may involve both a direct effect on
airway smooth muscle and also an indirect effect through
afferent nerve stimulation and reflex (parasympathetic)
bronchoconstriction [10, 13]. The mechanisms of BK-
induced bronchoconstriction also depend upon its route
of administration: intravenously administered BK caused
bronchoconstriction in anesthetized guinea pigs mainly
via the release of cyclooxygenase products and also by
activating acetylcholine release [10]. The release of senso-
ry neuropeptides does not appear to play a role, since their
depletion by capsaicin pretreatment was without effect
[10]. In contrast, when BK was administered directly into
the airway lumen, the evoked bronchoconstriction was
mediated via cholinergic mechanisms and through the
release of sensory neuropeptides, without a contribution
of cyclooxygenase products [10]. The latter result is simi-
lar to what has been observed in asthmatic patients since
the bronchoconstrictor response to inhaled BK was not
affected by aspirin [8].

Besides inducing bronchoconstriction, kinins also ex-
ert a number of inflammatory and proinflammatory ef-
fects at airway level: these include the induction of tissue
edema, linked to an increase in plasma protein exudation
at the level of postcapillary venules [14, 15], stimulation
of mucus secretion [16], recruitment and priming of

inflammatory cells and fibroblasts [17, 18]. Besides the
above-mentioned indirect effects, kinins also induce the
release of cytokines from inflammatory cells, which may
further amplify their proinflammatory effects and also
contribute to overexpression of the B2 kinin receptors
[19].

Airway microvascular leakage, induction of cell infil-
tration, and subsequent airway-wall edema, all contribute
to the development of AHR [20], a hallmark in the patho-
physiology of asthma.

As mentioned above only few data are available with
regard to B1 receptors in the airways: Huang et al. [21]
reported an up-regulation of B1 receptor in rat airways
after exposure to allergen and presented evidence for their
involvement of AHR to acetylcholine. Perron et al. [22]
presented evidence suggesting a role of both B1 and B2 in
pulmonary eosinophil accumulation in a model of Se-
phadex-induced lung inflammation in guinea pigs.

Preclinical Studies with B2 Kinin Receptor
Antagonists
The development of potent and selective antagonists

for the B2 kinin receptor, of both peptide and nonpeptide
nature [23], has enabled the use of these pharmacological
tools to probe a possible involvement of kinins in animal
models of airway diseases. The major part of relevant data
on this topic have been obtained with the peptide an-
tagonist Icatibant [24] and the nonpeptide antagonist
FR173657 [25].
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Both compounds antagonize BK-induced bronchocon-
striction and airway microvascular leakage in guinea pigs
[24–26], FR173657 being also active after oral adminis-
tration.

Kinins are generated during allergic reactions and this
event can be detected by measuring an increase of kinin
and kallikrein-like activity e.g. in the BAL fluid of sensi-
tized guinea pigs after exposure to the allergen. Icatibant
inhibits the increase in lung resistance provoked by anti-
gen exposure in sensitized guinea pigs by about 50% [27],
and concomitantly reduces plasma protein extravasation
at airway level to about the same extent [28]. Watanabe et
al. [26] showed that FR173657 inhibits the microvascular
leakage induced by antigen (aerosolized ovalbumin) in
guinea pig airways by about 80%. Both antagonists were
equieffective in the same study in inhibiting the BK-
induced plasma protein extravasation [26].

An involvement of endogenous kinins in airway in-
flammation has also been demonstrated in an experimen-
tal model of pleurisy induced by allergen challenge in sen-
sitized guinea pigs, an inflammatory response character-
ized by mast cell degranulation, plasma leakage and neu-
trophil accumulation (4 h after the challenge), and a later
eosinophil accumulation (24 h after the challenge) [29]. In
this study, both Icatibant and FR173657 blocked the
allergen- and BK-induced mast cell degranulation and the
other mentioned parameters of inflammation [29] with-
out affecting plasma leakage and eosinophil infiltration
triggered by compound 48/80 and PAF, respectively.

Icatibant has also been shown to inhibit the broncho-
constriction evoked by citric acid inhalation in guinea
pigs, a model which mimicks airway dysfunction caused
by gastroesophageal acid reflux: in asthmatic patients,
this event causes bronchoconstriction by activating a
vagal reflex. Icatibant inhibits the increase in lung resis-
tance due to citric acid aerosol [30] by about 50%, likely
by preventing tachykinin release from sensory nerves.

By using kinin B1 receptor antagonists evidence has
been presented suggesting a participation of this receptor
in allergen-induced AHR in rats [21] and Sephadex-
induced pulmonary leukocyte accumulation in guinea
pigs [22].

Summarizing this section, the data collected in various
animal models of airway disease indicate that kinins are
generated in the lungs during allergy/inflammation and
that these autacoids, by activating both B1 and B2 recep-
tors, contribute to the pathogenesis of airway inflamma-
tion. The data also advocate a possible use of kinin recep-
tor antagonists for treatment of human airway diseases
including asthma.

Clinical Studies
Inhalation of BK induces cough and retrosternal dis-

comfort in both healthy volunteers and asthmatics, and
bronchoconstriction in asthmatics only [8]. In asthmatics
the BK-induced bronchoconstriction is partly reduced by
ipratropium, suggesting that it is partly indirect and
linked to activation of a vagal reflex. Moreover, the pres-
ence of kinins has been detected in the BAL fluid from
asthmatic patients [9].

To date, only one study has reported the efficacy of a
B2 receptor antagonist in asthmatic patients: in this clini-
cal trial [31] Icatibant was administered by aerosol (900 or
3,000 Ìg), compared to placebo: after 2 weeks single-blind
placebo, patients were treated three times daily with
nebulized Icatibant. The study indicated that 4 weeks of
treatment with Icatibant led to a dose-dependent im-
provement in terms of respiratory parameters (FEV1 and
PEFR), although no clinically relevant improvement in
subjective parameters was found. It has to be noted that
no indication was provided about the efficacy and dura-
tion of action of Icatibant, at the dosages selected for the
study in effectively blocking B2 receptors at airway level,
i.e. the observed improvement in airway function may
have been produced by suboptimal doses of the drug, in
terms of efficacy/duration of action of Icatibant.

Conclusions
In conclusion, the available data indicate that kinins

are generated at airway level during allergy and inflamma-
tion and may contribute to induce various effects which
are relevant to the pathophysiology of human airway dis-
eases (bronchoconstriction, cough, inflammation, mucus
secretion). Kinin receptor antagonists are effective in ani-
mals model of pulmonary allergy/inflammation. A pre-
liminary clinical study with Icatibant demonstrated in
principle that this class of drugs could be effective in ame-
liorating airway functions in asthmatics. It appears a chal-
lenge for future research, especially at clinical level, to
demonstrate whether kinin receptor antagonists have suf-
ficient efficacy and tolerability to be proposed as a novel
class of drugs to be used in human therapy.
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Summary
Endothelin-1 (ET-1), a 21-amino acid peptide discovered in

1988, and its receptors (ETA and ETB), are abundant in human lung.
ET-1 fits several of the standard criteria for a pathophysiologically
relevant substance in lung disease, including mimicry of features of
asthma, COPD, pulmonary hypertension and allergic rhinitis. Fur-
thermore, increased levels and/or expression of ET-1 are detected in
patients with many pulmonary disorders, including asthma and
COPD. However, clarification of the mediator role of ET-1 in pul-
monary disorders awaits the clinical evaluation of ET receptor antag-
onists or ET synthesis inhibitors.

In 1988 a pioneer publication described the isolation
and characterization of a novel peptide, endothelin-1
(ET-1), which possessed potent vasoconstrictor activity.
ET-1 is a member of a family of 21-amino acid peptides,
which are related to a group of snake venom toxins, the
sarafotoxins; the other ETs are ET-2 and ET-3 [1]. Since
the discovery of ET-1 there has been an incredible
amount of research on this peptide family, reflected by the
thousands of publications, including several hundred in
the pulmonary system.

Synthesis, Release, Distribution and Metabolism of
Endothelin-1 in the Lung
ET-1 is produced via a two-stage proteolytic process,

initially involving the formation of a 39-amino-acid inter-
mediate, called ‘big endothelin’, from a 212 (human)-resi-
due preproendothelin polypeptide, followed by cleavage of
the Try73 and Val74 linkage of big ET-1 by an endothelin-
converting enzyme (ECE) to produce the bioactive ET-1
(fig. 1). The machinery for the synthesis, release and metab-
olism of ET-1 is present in mammalian lung [2, 3], with
enhanced ECE expression in patients with chronic rhinitis [4].

ET-1 is found in various lung cells including the endo-
thelium, epithelium, submucosal glands and some inflam-
matory cells, such as macrophages [3, 5]. The ETs, includ-
ing ET-1, are metabolized in the lung predominantly via
the activity of epithelium-derived, phosphoramidon-sen-
sitive neutral endopeptidase [6]. ET-1 is also cleared in
the lung, via a mechanism involving the ETB receptor sub-
type [3].

ET Receptors in the Lung
The biological actions of ET-1 are produced via recep-

tors which belong to the superfamily of G-protein-
coupled, seven-transmembrane-spanning receptors. Two
subtypes of ET receptor, termed ETA and ETB, have been
cloned, sequenced and characterized [1]. Both receptor
populations are located in mammalian airways [3]. High-
affinity binding of [125I]-ET-1 (nonselective ligand) occurs
in human lung, predominantly to airway and vascular
smooth muscle, with some associated with nerves and
ganglia [3]. The percentages of ETA and ETB receptors in
airway smooth muscle (about 85% ETB and 15% ETA)
and peripheral lung (about 70% ETB and 30% ETA) are
not altered in asthmatic tissues [7, 8]. However, an alter-
ation in the ratio of ETA and ETB receptor mRNA – with
an increase in ETB receptor message – in patients with
asthma and COPD has been described [9]. In normal
human pulmonary artery the percentages are 10% ETB

and 90% ETA [3]. Stimulation of ETA and ETB receptors
produces many effects in mammalian lung, including air-
way smooth muscle and pulmonary vascular smooth mus-
cle contraction (ETA and ETB), airway and vascular
smooth muscle proliferation (ETA), mediator release
(ETA), inflammatory cell recruitment (ETA) and enhance-
ment of nerve-induced responses (ETA and ETB) [3].
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Fig. 1. Synthetic pathway for ET-1.

Table 1. ET and the pathophysiology of asthma

Features of asthma ET

Increased bronchial tone +++
2 Airway smooth muscle hyperplasia/airways remodeling +
3 Mucus hypersecretion +, –
4 Airway hyperresponsiveness +, –
5 Bronchial edema +, –
6 Inflammatory cell influx +, –
7 Inflammatory cell activation +, –
8 Epithelial damage –
9 Associated with increased i-ET levels/ET expression ++, –

+ = Stimulatory effect; – = no effect or inhibitory influence;
equivocal information.

Adapted from Hay et al. [10].

Table 2. ET and the pathophysiology of COPD

Features of COPD ET

Mucus hypersecretion +, –
2 Mucus gland hypertrophy ?
3 Cough ?
4 Airway smooth muscle hyperplasia/airways remodeling +
5 Pulmonary vasoconstriction +++
6 Pulmonary vascular remodeling ++
7 Inflammatory cell influx +, –
8 Inflammatory cell activation +, –
9 Increased bronchial tone +++

10 Associated with increased i-ET levels/ET expression +, –

+ = Stimulatory effect; – = no effect or inhibitory influence;
equivocal information; ? = no information.

Mimicry of Features of Lung Diseases by
Endothelin-1
ET-1 mimics several of the features of asthma, COPD,

pulmonary hypertension and allergic rhinitis. However,
some of the reported results are conflicting and/or high
concentrations are required (tables 1, 2).

Asthma. ET-1 is one of the most potent contractile ago-
nists in human isolated airway smooth muscle [3, 7, 11],
producing contraction predominantly via stimulation of

ETB receptors [7], with a possible contribution from ETA

receptors [12]. Isolated bronchial smooth muscle from
asthmatics had a lower sensitivity to ET-1 than tissues
from nonasthmatics; it has been postulated that this may
reflect chronic exposure to enhanced ET-1 release [7].
Aerosol administration of ET-1 produced bronchocon-
striction in asthmatics, with minimal influence in non-
asthmatic subjects, suggesting that asthmatic airways
have an increased sensitivity to ET-1 in vivo [13].
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Fig. 2. Structures of ET receptor antagonists.

ET-1 potently potentiates the effects of a mitogen, epi-
dermal growth factor, on proliferation in cultured human
tracheal smooth muscle cells [14]. ET also induces prolifer-
ation of rat pulmonary artery fibroblasts, human alveolar
fibroblasts and porcine tracheal epithelial cells [3].

There is conflicting evidence that ET-1 recruits and
activates inflammatory cells proposed to play key roles in
pulmonary disease [3]. In a mouse model of lung inflam-
mation ETA receptor antagonists inhibited antigen-in-
duced influx of airway eosinophils and neutrophils [15].

ET ligands potentiated cholinergic nerve-induced re-
sponses in human bronchus, by prejunctional activation
of ETA and ETB receptors [16]. There is equivocal evi-
dence in animal models that ET-1 mimics other features
of asthma including edema/microvascular permeability,
mucus hypersecretion and AHR [3].

COPD and Pulmonary Hypertension. Pulmonary hy-
pertension is a common potentially serious complication
of COPD. ET-1 mimics the two classical features of pul-
monary hypertension, namely pulmonary vasoconstric-
tion and vascular remodeling, in human pulmonary ves-
sels in vitro: the constriction of blood vessels occurs via
ETA and ETB receptors [3, 10, 17], and mitogenesis of
human pulmonary artery smooth muscle cells via activa-
tion of ETA receptors [18]. Other effects of ET-1 of poten-
tial relevance to COPD include neutrophil and alveolar
macrophage influx and activation, and enhancement of
mucous secretion [3, 19].

Allergic Rhinitis. Immunoreactive ET (ir-ET) is
present in the human nasal mucosa, including the vascu-
lar endothelium and submucosal glands [19]. ET-1 in-
creased secretions from serous and mucous cells, and
prostanoid release from human cultured nasal mucosa [4,
19]. Intranasal exposure to ET-1 increased nasal secretion
weights, lysozyme secretion and symptoms of rhinorrhea,
itch and sneezing in allergic and nonallergic volunteers

[20]. The responses to ET-1 were greater in allergic sub-
jects, suggesting enhanced sensitivity of the upper airways
to ET-1 in allergic inflammation.

Levels of Endothelin-1 in Lung Disorders
Asthma. Increased expression and/or release of the ETs

in subjects with asthma compared with asymptomatic
asthmatic or nonasthmatic individuals has been demon-
strated in several studies [3, 21]. The major source of
ET-1 is probably the airway epithelium [21]. However,
other studies revealed similar concentrations of ET-1 in
peripheral blood, or in induced sputum samples of asth-
matics and control individuals [22]. There is conflicting
information about a correlation between the amounts of
ET and disease severity. Therapies for asthma attenuate
elevated airway ET levels, concomitant with improve-
ments in lung function [3].

COPD and Pulmonary Hypertension. There is equivo-
cal information regarding elevations in ET levels in
COPD patients, although an increase in sputum samples
has been reported [23], particularly in association with
COPD exacerbation [24]. Enhanced plasma ET levels in
patients with pulmonary hypertension have been de-
scribed in many reports [3].

Allergic Rhinitis. An increase in expression of ir-ET,
and also ir-ECE-1, in patients with chronic rhinitis was
reported [4].

Therapeutic Benefit in Lung Diseases of Drugs
Which Block the Release or Effects of Endothelins
A number of endothelin antagonists are presently in

development for several indications, including cardiovas-
cular, cerebrovascular and renal diseases. Clinical studies
in man have confirmed a role for endothelin in maintain-
ing vascular tone and demonstrated progressive vasodila-
tion in forearm blood flow [25]. Furthermore, bosentan, a
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mixed ETA/ETB receptor antagonist, lowered pulmonary
artery pressure and vascular resistance and increased car-
diac index in patients with cardiac failure [26]. ET recep-
tor antagonists have efficacy in animal models of asthma,
airway inflammation and pulmonary hypertension [3,
14]. However, there is no published information on the
clinical effects of ET receptor antagonists, or ECE inhibi-
tors, in lung disease. Several potent and selective ET
receptor antagonists have been identified and hopefully
some will be evaluated clinically in pulmonary disease. A
key question relates to what is the optimal pharmacologi-
cal profile with respect to the receptor subtype, and
whether this depends upon the specific disease: ETA

receptor-selective, ETB receptor-selective or a mixed ETA/
ETB receptor antagonist?

Conclusions
There is accumulating scientific rationale that ET-1 is a

pathophysiologically relevant mediator in lung diseases,
with several of the criteria required for a relevant mediator
in asthma, pulmonary hypertension and allergic rhinitis
being fulfilled for ET-1. Thus, ET-1 and its receptors are
present in abundance in human lung, ET-1 mimics several
of the features of asthma, COPD, pulmonary hypertension
and allergic rhinitis, and enhanced levels or expression of
ET are detected in these diseases. A significant caveat is
that some of the information is preliminary, and, with
respect to some parameters, equivocal. Clarification of the
true pathophysiological influence of ET-1 in the lung
awaits the results of clinical trials with potent and selective
ET receptor antagonists in various pulmonary diseases.
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Summary
The tachykinins are a family of small neurotransmitter peptides –

main members are substance P (SP), neurokinin A (NKA) and neuro-
kinin B (NKB) – found in the central and peripheral nervous systems.
The major location of the tachykinins in the periphery are the unmy-
elinated sensory C fibres, although non-neuronal sites exist. The bio-
logical effects of the tachykinins are mediated via three receptors,
NK-1, NK-2 and NK-3, which belong to the superfamily of G-pro-
tein-coupled, seven-transmembrane-spanning receptors. The tachy-
kinins, SP and NKA, and the three tachykinin receptors are found in
human lung; levels of the tachykinins are elevated in asthma and
COPD. The tachykinins produce multiple effects in the lung which
may be relevant to pathophysiological influences, and they play a
pivotal role in neurogenic inflammation. Potent and selective antag-
onists of the three tachykinin receptors have been identified and
comprehensive investigation of the clinical effects of some of these
compounds will clarify the roles of the tachykinins and the individual
tachykinin receptors in pulmonary disease.

Tachykinin research began in 1931 with the pioneer
work by Von Euler and Gaddum [1], who extracted from
equine brain and intestine a novel substance, named sub-
stance P (from ‘Preparation’; SP), which produced hypo-
tension and contraction of smooth muscle tissues. The
peptide nature of SP was demonstrated 5 years later, but
it was not until 1971 that it was purified and character-
ized chemically [2]. This key finding led to an explosion in
research on SP and related peptides; some milestones are
highlighted in table 1. SP was shown subsequently to be a
member of a family of peptides which share the common
C-terminal sequence, Phe-X-Gly-Leu-Met-NH2; the other
main mammalian tachykinins are NKA and NKB [11,
12] (fig. 1). Despite extensive research and significant evi-

Table 1. Some milestones in tachykinin research

Year Milestone

SP discovered [1]
1971 Purification and chemical characterization of SP [2]
1983 NKA and NKB isolated [3]
1987 Bovine NK-2R cloned [4]
1990 Human NK-2R cloned [5]
1991 Human NK-1R cloned [7]

First potent and selective non-peptide antagonist
(NK-1R antagonist) identified (CP-96,345) [7]

1992 First potent and selective non-peptide NK-2R antagonist
identified, SR 48,968 [8]
Human NK-3R cloned [9]

1995 First potent and selective non-peptide NK-3R antagonist
identified, SR 142,801 [10]

dence for potential pathophysiological roles of tachyki-
nins in many diseases, including lung disorders, concomi-
tant with the identification of numerous potent and
selective tachykinin research antagonists, the first tachy-
kinin-based therapeutic has yet to be introduced.

Synthesis, Distribution and Metabolism of
Tachykinins in the Lung
SP and NKA, on the one hand, and NKB, on the other,

are produced from distinct precursor genes: preprotachy-
kinin-I (PPT-I or PPT-A) and preprotachykinin-II (PPT-
II or PPT-B), respectively [11, 12] (fig. 1). Alternative
RNA splicing produces four precursors, ·-PPT-I, ß-PPT-
I, Á-PPT-I and ‰-PPT-I, from PPT-I, and two from PPT-
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Fig. 1. Synthetic pathway for the tachykinins (A) and tachykinin interactions with the tachykinin receptors (B).

II. The major distribution of the tachykinins in the
peripheral nervous system is in capsaicin-sensitive, pri-
mary afferent neurons (unmyelinated sensory C fibres)
that are found extensively in several sites, including the
lung [11, 12]. The tachykinins play a critical role in the
classical neurogenic inflammation. Non-neuronal sites for
the tachykinins include the endothelium, dendritic cells
and some inflammatory cells (e.g., eosinophils, lympho-
cytes, neutrophils and macrophages) which are thought to
play a role in asthma and/or COPD [11, 12]. In mammali-
an lung, including human, SP-containing nerves are lo-
cated below and within epithelium, associated with sub-
mucosal glands, bronchial blood vessels, airway smooth
muscle and ganglion cells [11, 12]. SP and NKA, but not
NKB, are detected in significant quantities in mammali-
an lung; in human lung, the number of tachykinin-con-
taining neurones is significantly sparser than in other spe-
cies, e.g., the guinea pig. The tachykinins are metabolized
predominantly via the membrane-bound neutral endo-
peptidase (EC 3.4.24.11) [11, 12].

Tachykinin Receptors in the Lung
The biological effects of the tachykinins are mediated

via three receptors, NK-1R, NK-2R and NK-3R, which
belong to the superfamily of G-protein-coupled, seven
transmembrane spanning receptors (fig. 1) [13]. There are
differences in the affinities of the natural ligands for the
three tachykinin receptors: SP has the highest affinity for
NK-1R (SP 1 NKA 1 NKB), NKA has highest affinity for
the NK-2R (NKA 1 NKB 1 SP) and NKB has the highest
affinity for the NK-3R (NKB 1 NKA 1 SP) [13]. How-
ever, a critical point is that SP, NKA and NKB interact
potently with and are full agonists at all three receptors
(fig. 1). The NK-1, NK-2 and NK-3 receptors are present
in mammalian lung. The bovine NK-2R was the first
tachykinin receptor cloned (in 1987) and subsequently all
three human receptors have been cloned and expressed
(table 1), and utilized for the identification of antagonists
[13]. Since the report of the first non-peptide tachykinin
receptor, CP-96,345 – an NK-1R antagonist – in 1991 [6],
many potent and selective antagonists for the NK-1,
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Fig. 2. Structures of representative tachykinin receptor antagonists [5–8].

NK-2 and NK-3 receptors, in addition to compounds
which potently interact with more than one receptor, have
been identified [13–15] (fig. 2).

Mimicry of Features of Lung Diseases by
Tachykinins
The biological effects of the tachykinins and their

receptors in the lung have been examined in many in vitro
and in vivo systems using the natural ligands, SP, NKA
and NKB, and selective antagonists and agonists for the
three tachykinin receptors (tables 2, 3).

NK-1R. There is considerable evidence that NK-1R
activation mediates enhanced microvascular permeabili-
ty and associated plasma leakage in the lung, and pulmo-

nary vascular vasodilatation [11, 12, 16]. SP, and se-
lective NK-1R agonists, stimulate mucus secretion in
human and animal airways; however, the effects of NK-
1R antagonists have not been explored [12, 17]. Although
selective NK-1R agonists have been demonstrated to
potentiate cholinergic neurotransmission in rabbit and
guinea pig airways, this phenomenon has not been dem-
onstrated in human bronchus [18]. Several studies have
reported that SP activates, via receptor-dependent and
receptor-independent mechanisms, many inflammatory
cells thought to be important in the pathophysiology of
pulmonary diseases, including macrophages, T cells and
leukocytes; for several of these effects, the specific tachy-
kinin receptor responsible remains to be determined
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Table 2. Tachykinins and their receptors and the pathophysiology of
asthma

Features of asthma Influence of
tachykinins

Receptor(s)
involved

Increased bronchial tone +++ NK-2 and NK-1
2 Airway smooth muscle hyperplasia/

airway remodelling + NK-1?
3 Mucus hypersecretion ++ NK-1?
4 Airway hyperresponsiveness +, – NK-2 and NK-3
5 Bronchial oedema and microvascular

permeability +, – NK-1 and NK-2
6 Inflammatory cell influx ++ NK-1
7 Inflammatory cell activation +, – NK-1 and NK-2
8 Neuronal dysfunction ++ NK-3 and NK-2
9 Associated with increased tachykinin

levels/expression +, – NA

+ = Stimulatory effect; – = no effect, inhibitory influence or equivocal
information; NA = not applicable.

Table 3. Tachykinins and their receptors and the pathophysiology of
COPD

Features of COPD Influence of
tachykinins

Receptor(s)
involved

Mucus hypersecretion ++ NK-1?
2 Mucus gland hypertrophy ? ?
3 Cough ++ NK-2, NK-3 and

NK-1
4 Airway smooth muscle hyperplasia/

airways remodelling + NK-1?
5 Pulmonary vasoconstriction – NK-1 a
6 Pulmonary vascular remodelling ? ?
7 Inflammatory cell influx ++ NK-1
8 Inflammatory cell activation +, – NK-1 and NK-2
9 Increased bronchial tone ++ NK-2 and NK-1

10 Neuronal dysfunction ++ NK-3 and NK-2
11 Associated with increased tachykinin

levels/tachykinin expression +, – NA

+ = Stimulatory effect; – = no effect, inhibitory influence or equivocal
information; ? = unknown. NA = not applicable.
a Vasodilatation produced.

[11, 12, 19]. The NK-1R mediates, in part, tachykinin-
induced contraction in human small airways in vitro [20]
and may contribute to citric acid-induced cough in guinea
pigs [21] (tables 2, 3).

NK-2R. The most recognized effect of the NK-2R is
mediation of tachykinin-induced contraction of mamma-
lian airways, including humans [20]. NKA-induced bron-
choconstriction in humans in vivo is blocked by the NK-
2R antagonist, SR 48948 [22]. Although, SR 48968 inhib-

ited AHR in guinea pigs, suggesting a role for NK-2Rs in
this feature of lung disease, aerosol administration of
NKA did not produce AHR to methacholine in non-asth-
matic or asthmatic individuals [23]. The NK-2R poten-
tiates cholinergic neurotransmission in isolated airways of
some species, but not humans [18]. This receptor is also
involved in citric acid-induced cough in guinea pigs [21].
Other reported effects of NK-2R activation include NO
release from airway epithelium, histamine release, activa-
tion of immune and inflammatory cells and enhanced
plasma leakage [12, 13, 19] (tables 2, 3).

NK-3R. Molecular biological studies have provided
conflicting information regarding the presence of the NK-
3R in human lung. Electrophysiological and pharmaco-
logical analysis has provided compelling evidence that
this receptor is present in guinea pig bronchial parasym-
pathetic ganglia [24]. At this strategic location, the NK-
3R has the potential to modulate neuronal inputs to sever-
al end-organs, and thus to exert a significant effect on pul-
monary function. NKB- and NK-3R-selective agonists
induce, whereas NK-3R antagonists inhibit, AHR in the
guinea pig [25]. Furthermore, the NK-3R antagonist, SR
142,801, is effective in the citric-acid-induced cough
model in guinea pigs [26]. To date, there is no evidence
for effects of NK-3R activation in the lung other than
modulation of neuronal inputs. Confirmation of the neu-
romodulatory role of the NK-3R in human airways will be
important (tables 2, 3).

Levels of Tachykinins and Tachykinin Receptor
Expression in Lung Disorders
Asthma. There is conflicting information on whether

there is an increase in SP-containing nerves in the lungs of
asthmatics versus non-asthmatics [27, 28]. The amount of
immunoreactive SP and NK-1R expression was reported
to be the same in lung samples of asthmatic and non-asth-
matic individuals [27, 29]. In contrast, there was a 4-fold
increase in NK-2R mRNA expression airways of in asth-
matics versus non-smoking controls [29]. In another study
treatment with corticosteroids attenuated the marked in-
crease in NK-1R mRNA observed in the submucosa and
epithelium of asthmatic individuals compared to controls
[30]. In addition, elevated amounts of SP have been
reported in the sputum and BAL fluid of asthmatic versus
control individuals [27, 31].

COPD. In contrast to asthma, there was a decrease in
NK-1R mRNA in human lung samples from patients with
COPD compared to those from smokers with normal lung
function; in the latter group there was a two-fold increase
in NK-1R message levels compared to non-smoking con-



Tachykinin Antagonists 149

Fig. 3. Cartoon of the effects of the tachykin-
ins and their receptors in the lung.

trols [29]. SP levels were about 20-fold higher in patients
with chronic bronchitis than control subjects [31], al-
though the number of tachykinin-containing nerves –
assessed from endobronchial biopsies – was reported to be
the same in these groups [28].

Therapeutic Benefit of Tachykinin Receptor
Antagonists in Lung Diseases
There is minimal information on the clinical effects of

tachykinin receptor antagonists in the pulmonary system,
and additional studies, especially in the native disease
populations, are required. SR 48,968, the NK-2R antago-
nist, attenuates NKA-induced bronchoconstriction in hu-
mans [22]. In a small study, FK244, a cyclic peptide NK-
1R/NK-2R antagonist, given via metered-dose inhaler
(4 mg), attenuated bradykinin-induced bronchoconstric-
tion and cough in 9 asthmatics [20, 27]. However, in other
studies in asthmatics, the compound was without effect
on baseline pulmonary function, did not inhibit NKA-
induced bronchoconstriction, and when given for 4 weeks
(4 mg, q.i.d., by metered-dose inhaler) was without effect
on asthma symptoms or pulmonary function [20, 27]. The
NK-1R antagonist, CP-99,994 did not inhibit hypertonic-
saline-induced bronchoconstriction in patients with mild
asthma [20, 27]. Extensive work has been performed pre-
clinically evaluating the effects of antagonists in different
animal models of lung disease. Efficacy has been demon-
strated in many systems – including animal models of
bronchoconstriction (mediated via NK-2R with lesser
contribution from NK-1R in some models), including

that induced by antigen, sulphur dioxide, cold air and
hyperpnea (a model of exercise-induced asthma), micro-
vascular leakage (NK-1R and NK-2R), airway hyperres-
ponsiveness (NK-2R and NK-3R), inflammatory cell re-
cruitment (NK-1R) and cough (NK-1R, NK-2R and NK-
3R) [5, 13, 20, 25].

Conclusions
Since the discovery of SP by Von Euler and Gaddum in

1931, many significant advances have been made in the
tachykinin research area, including the demonstration of
additional members of the tachykinin family, the identifi-
cation of the NK-1, NK-2 and NK-3 receptors, which
mediate the diverse biological actions of the tachykinins,
and the discovery of potent and selective antagonists for
the three tachykinin receptors. Using the latter tool com-
pounds, in addition to tachykinin agonists (non-selective
and selective), a wealth of preclinical information regard-
ing the potential involvement of the NK-1R and NK-2R,
and to a lesser extent the NK-3R, in the pathophysiology of
asthma and COPD has been obtained (fig. 3). Overall,
based upon the multiple effects of activation of the NK-1R,
NK-2R and NK-3R, an optimally effective therapeutic
strategy for pulmonary disease may require the utilization
of antagonists which block more than one tachykinin
receptor, rather than a selective NK-1R, NK-2R or NK-3R
antagonist. Clarification of this key issue and whether the
tachykinins play an important role in the pathophysiology
of lung disease, including asthma or COPD awaits exten-
sive clinical evaluation with appropriate compounds.
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Summary
The pathogenesis of COPD is closely linked to the effects of ciga-

rette smoke. It has been proposed that an increased oxidant burden
occurs in smokers and patients with COPD which produces an
imbalance between oxidants and antioxidants. The oxidative stress
so created in the lungs, is thought to have a role in the pathogenesis of
COPD, both by direct injurious effects on lung cells and by enhanc-
ing lung inflammation. Antioxidant therapy may not only protect the
lung against the injurious effects of oxidative stress but may have
anti-inflammatory properties in COPD.

Oxidative Stress in the Airspaces
Since the lung epithelium is in direct contact with the

environment, the airspace epithelial surface of the lung is
particularly vulnerable to the effects of oxidative stress
[1]. The respiratory tract lining fluids form an interface
between the epithelial cells and the external environment
and thus constitute the ‘first line of defence’ against
inhaled oxidants [2].

Injury to the epithelium appears to be an important
early event following exposure to cigarette smoke.

Increased epithelial permeability is present in chronic
smokers compared with non-smokers and a further in-
crease in epithelial permeability occurs following acute
smoking, associated with changes in airspace antioxi-
dants, specifically glutathione [3]. Thus cigarette smoke
has a direct detrimental effect on airspace epithelial cell
function.

The oxidant burden in lungs is further enhanced in
smokers by the increased numbers of neutrophils (by 10-
fold) and macrophages (by 2- to 4-fold) [4] in the alveolar
space. Ex vitro studies have shown that the spontaneous
release of reactive oxygen species from alveolar leuko-
cytes in cigarette smokers is increased, compared to those
from non-smokers [5, 6].

Oxidative Stress and Proteinase/Antiproteinase
Imbalance
A ‘functional ·1-AT deficiency’ is thought to occur in

smokers, as part of the pathogenesis of emphysema, due
to inactivation of the ·1-AT by oxidation of the methio-
nine residue at its active site [7] by oxidants in cigarette
smoke and those released by leukocytes. However, there
are conflicting data on whether ·1-AT lavage function
lavage is decreased in cigarette smokers [8, 9].

Antioxidants in BAL Fluid
The major antioxidants in respiratory tract lining

fluids include mucin, reduced glutathione, uric acid, pro-
tein (largely albumin) and ascorbic acid [10]. There is lim-
ited information on the respiratory epithelial antioxidant
defences in smokers, and less in COPD. Studies have
shown that GSH is elevated in BAL fluid in the airways of
chronic but not acute smokers [3]. Despite the 2-fold
increase in BAL fluid GSH in chronic smokers, GSH may
not be present in sufficient quantities to deal with the
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Fig. 1. Regulation of NF-ÎB-stimulated tran-
scription. IÎÎ = IÎ-ß kinase.

excessive oxidant burden during acute smoking when
acute depletion of GSH may occur.

Reduced levels of vitamin E are found in the BAL fluid
of smokers compared with non-smokers [11]. By contrast,
a marginal increase in vitamin C is present in BAL fluid of
smokers, compared to non-smokers [12]. The apparent
discrepancies between these studies of the levels of the
different antioxidants in BAL fluid may be due to differ-
ent smoking histories in chronic smokers, particularly the
time of the last cigarette in relation to the sampling of
BAL fluid.

Evidence of Systemic Oxidative Stress
There has recently been considerable interest in the

systemic effects of COPD. One manifestation of such
effects is the presence of markers of oxidative stress in the
blood in patients with COPD.

Increased production of superoxide anion occurs from
peripheral blood neutrophils obtained from patients with
acute exacerbations of COPD, which returns to normal
when the patients are clinically stable [13]. Polyunsaturat-
ed fats and fatty acids in cell membranes are a major tar-
get of free-radical attack, resulting in lipid peroxidation, a
process that may continue as a chain reaction to generate
peroxides and aldehydes. Products of lipid peroxidation
reactions can be measured in body fluids as thiobarbituric
acid reactive substances (TBARS). The levels of TBARS
in plasma or in BAL fluid are significantly increased in
healthy smokers and patients with acute exacerbations of
COPD, compared with healthy non-smokers [13, 14].

Urine and plasma isoprostane F2·-III, which is an isomer
of prostaglandin, formed by free-radical peroxidation of
arachidonic acid, has been shown to be elevated in
patients with COPD, compared with healthy controls,
and to be even more elevated in exacerbations of this con-
dition [15, 16]. A further manifestation of systemic oxida-
tive stress is the decreased plasma antioxidant capacity
which occurs during smoking and in exacerbations of
COPD [17].

Oxidative Stress and Gene Expression
There is overwhelming evidence that COPD is associ-

ated with airway and airspace inflammation, as shown by
recent bronchial biopsy studies [18]. Numerous media-
tors of inflammation have been shown to be elevated in
the sputum of patients with COPD, including IL-8 and
TNF-· [19].

Genes for many inflammatory mediators, such as the
cytokines, IL-8, TNF-·, and NO are regulated by tran-
scription factors such as NF-ÎB. NF-ÎB is present in the
cytosol in an inactive form linked to its inhibitory protein
IÎB. Many stimuli, including cytokines and oxidants,
activate NF-ÎB, resulting in ubiquination cleaving of IÎB
from NF-ÎB and the destruction of IÎB in the proteozome
[20]. This critical event in the inflammatory response is
redox sensitive (fig. 1).

Thiol antioxidants, such as N-acetylcysteine and na-
cystelin, which have potential as therapies in COPD, have
been shown in in vitro experiments to block the release of
these inflammatory mediators from epithelial cells and



Antioxidants 153

macrophages, by a mechanism involving increasing intra-
cellular glutathione and decreasing NF-ÎB.

Therapeutic Options for Redressing the
Oxidant/Antioxidant Imbalance in COPD
Having demonstrated the presence of an oxidant/

antioxidant imbalance in smokers and its proposed role in
the pathogenesis of COPD do we have any therapeutic
options?

Anti-Inflammatories. One approach would be to target
the inflammatory response by reducing the sequestration
or migration of leukocytes from the pulmonary circula-
tion into the airspaces. Possible therapeutic options for
this are drugs that alter cell deformability, so preventing
the initial sequestration of neutrophils or the migration of
neutrophils into the lungs, either by interfering with adhe-
sion molecules necessary for migration, or preventing the
release of inflammatory cytokines, such as IL-8 or LTB4

which result in increased neutrophil chemotaxis and mi-
gration. It should also be possible to use anti-inflammato-
ry agents to prevent the release of oxygen radicals from
activated leukocytes or to quench those oxidants once
they are formed, by enhancing the antioxidant screen in
the lungs. Downregulating neutrophil function including
the release of reactive oxygen species may be part of the
anti-inflammatory effect of PDE4 inhibitors [21].

Enhancing Lung Antioxidants. There are various op-
tions to enhance the lung antioxidant screen. One approach
is the molecular manipulation of antioxidant genes, such as
glutathione peroxidase or genes involved in the synthesis of
glutathione, such as Á-glutamylcysteine synthetase.

Another approach would simply be to administer an-
tioxidant therapy or by developing molecules with activity
similar to those of antioxidant enzymes, such as catalase
and superoxide dismutase. This has been attempted in cig-
arette smokers using various antioxidants. The results have
been rather disappointing, although vitamin E has been
shown to reduce oxidative stress in patients with COPD
[22]. Attempts to supplement lung glutathione have been
tried using glutathione or its precursors [23]. Glutathione
itself is not efficiently transported into most animal cells
and an excess of glutathione may be a source of the thiyl
radical under conditions of oxidative stress. Nebulized glu-
tathione has also been used therapeutically but this has
been shown to induce bronchial hyperreactivity [24]. Cys-
teine is a thiol that is the rate-limiting amino acid in GSH
synthesis. Cysteine administration is not possible since it is
oxidized to cystine that is neurotoxic. The cysteine-donat-
ing compound N-acetylcysteine (NAC) acts as a cellular
precursor of GSH and becomes de-acetylated in the gut to

cysteine following oral administration. It reduces disul-
phide bonds and has the potential to interact directly with
oxidants. The use of NAC in an attempt to enhance GSH
in patients with COPD has met with varying success [25,
26]. NAC given orally in low doses of 600 mg per day to
normal subjects results in very low levels of NAC in the
plasma for up to 2 h after administration [25]. Bridgeman
et al. [26] showed after 5 days of NAC 600 mg 3 times
daily, that there was a significant increase in plasma GSH
levels. However, there was no associated significant rise in
BAL fluid GSH or in lung tissue. These data seem to imply
that producing a sustained increase in lung GSH is difficult
using NAC in subjects who are not already depleted of glu-
tathione. In spite of this, continental European studies
have shown that NAC reduces the number of exacerbation
days in patients with COPD [27]. This was not confirmed
in a British Thoracic Society study of NAC [28]. The con-
tradictory results of these studies may result from several
reasons: firstly, the positive studies of NAC were in
patients who had relatively mild COPD, whereas in the
British Study the patients had more severe COPD. Sec-
ondly, a relatively small dose of NAC was given in both
studies. However, a recent meta-analysis of studies of NAC
in exacerbations of COPD suggests in general favourable
effects on exacerbation rates and symptoms [29].

Nacystelyn (NAL) is a lysine salt of NAC. It is also a
mucolytic and oxidant thiol compound which, in con-
trast to NAC which is acid, has a neutral pH. NAL can be
aerosolized into the lung without causing significant side
effects. Studies comparing the effects of NAL and NAC
found that both drugs enhanced intracellular glutathione
in alveolar epithelial cells and inhibited hydrogen perox-
ide and superoxide anion release from neutrophils har-
vested from peripheral blood from smokers and patients
with COPD [30]. There are no studies, as yet, of NAL in
COPD.

Oxidative stress is thought to be a fundamental process
in inflammation through the activation of transcription
factors for genes for many pro-inflammatory mediators.
Antioxidant treatment, by downregulating these pro-
cesses, may have an anti-inflammatory effect in addition
to a direct protective effect against oxidant-mediated
injury. Support for this hypothesis comes from studies in
smoke-exposed animals, a relevant model for COPD [31].
In these studies, the administration of the potent antioxi-
dant recombinant superoxide dismutase to the airspaces
was shown to abolish the influx of neutrophils into the
airspaces, prevent smoke-induced IL-8 gene expression
and release in the lungs and affect the fundamental
inflammatory events by decreasing smoke-induced NF-
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Fig. 2. Effect of recombinant superoxide dismutase (rhSOD) on cigarette-induced neutrophil influx into the lungs (A),
IL-8 gene expression in lungs (B) and NF-ÎB nuclear binding (C) in guinea pig lungs. CS = Cigarette smoke. From
Nishikawa et al. [31].

Fig. 3. Causes of cigarette-smoke-induced oxidative stress and its
consequences in relation to the pathogenesis of COPD. AM = Alveo-
lar macrophage; XO = xanthine oxidase; 8-OGDG = 8-oxyguani-
dine-deoxy-guanidine.

ÎB nuclear binding in the lungs (fig. 2). Molecules with
potent antioxidant enzyme properties are being produced
and if they have good bioavailability may allow proof of
the cept that antioxidant therapy may have important
anti-inflammatory effects in COPD.

In conclusion, there is now very good evidence for an
oxidant/antioxidant imbalance in COPD and increasing
evidence that this imbalance is important in the patho-
genesis of this condition. There are a number of impor-
tant effects of oxidative stress in smokers that are relevant
to the development of COPD, which could be prevented
by antioxidant therapy (fig. 3). Oxidative stress may also
be critical to the inflammatory response to cigarette
smoke, through the upregulation of redox-sensitive tran-
scription factors and hence pro-inflammatory gene ex-
pression; but is also involved in the protective mecha-
nisms against the effects of cigarette smoke by the induc-
tion of antioxidant genes. Inflammation itself induces oxi-
dative stress in the lungs, and polymorphisms on genes for
inflammatory mediators or antioxidant genes may have a
role in the susceptibility to the effects of cigarette smoke.
Knowledge of the mechanisms of the effects of oxidative
stress should in future allow the development of potent
antioxidant therapies which test the hypothesis that oxi-
dative stress is involved in the pathogenesis of COPD, not
only by direct injury to cells, but also as a fundamental
factor in the lung inflammation in smoking-related lung
disease.
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Summary
Our understanding of the role of nitric oxide (NO) produced by

the inducible form of nitric oxide synthase (iNOS) in the pathophysi-
ology of pulmonary diseases, including asthma, is at an early stage. At
low levels, NO acts as a bronchodilator and a stimulator of ciliary
activity. However, recent evidence suggests that the sustained pro-
duction of high levels of NO generated by iNOS results in the disrup-
tion of the airway epithelium, diminished ciliary function, a shift in
the balance from a Th1- to a Th2-dominated response, and in addi-
tion, that it is a chemoattractant for eosinophils. For these reasons, it
is likely that the selective inhibition of iNOS in asthma will result in
decreased pulmonary inflammation and improved airway function.
To date, no clinical study testing the efficacy of a selective iNOS
inhibitor in asthma has been performed, but increasing evidence in
various animal models of asthma with either selective iNOS inhibi-
tors or iNOS gene disruption supports this concept.

Background
NO is involved in the regulation of many physiological

processes, as well as in the pathophysiology of a number of
diseases. It is synthesized enzymatically from L-arginine
in numerous tissues and cell types by three distinct iso-
forms of the enzyme, NO synthase (NOS). Two of these
isoforms are expressed in a constitutive manner, predom-
inantly in the vascular endothelium (eNOS, type III NOS)
and in the nervous system (nNOS, type I NOS). Under
normal physiological conditions, these constitutive forms
of NOS generate low, transient levels of NO (picomolar to
nanomolar concentrations) in response to increases in
intracellular calcium concentrations. These low levels of
NO act to regulate blood pressure, platelet adhesion, gas-
trointestinal motility, bronchomotor tone and neuro-
transmission [1]. The expression of the third isoform

(iNOS, type II NOS) is induced by endotoxin and/or cyto-
kines and generates high, sustained levels of NO (up to
micromolar concentrations). This excessive production of
NO and resulting NO-derived metabolites (e.g., peroxyni-
trite) elicit cellular cytotoxicity and tissue damage which
may contribute to the pathophysiology of a number of
human diseases, including asthma [2].

Beneficial Actions of NO in the Lung
In a number of experimental and clinical paradigms,

NO has been found to have beneficial actions in the lung
with most of the emphasis placed on the actions of this
agent on bronchial and vascular smooth muscle. When
administered exogenously to the lung, NO acts as a bron-
chodilator and a vasorelaxant [3, 4]. In addition, NO
decreases leukocyte activation, mobility, and adhesion to
the endothelium [4]. These actions appear to represent the
normal physiologic role of NO produced by the constitu-
tive isoforms of NOS. Specifically, NO produced by
nNOS in the nonadrenergic, noncholinergic (NANC)
nerves is thought to modulate airway tone by serving as an
endogenous bronchodilator and as a stimulator of muco-
ciliary transport [5, 6], whereas the NO produced by
eNOS appears to increase local blood flow by acting as a
vasodilator and by regulating the endothelial barrier.

NO produced by iNOS may also provide a beneficial
role in certain conditions. The most critical role of iNOS
in many sites, including the lung, is to contribute to the
host defense response to pathogens [2]. The induction of
iNOS by pollutants and infectious agents may, in fact, be
one cause of the increase in the incidence of asthma and
may also contribute to the exacerbation of the disease by
these agents.
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Fig. 1. Potentially deleterious actions of sus-
tained elevated levels of NO in the lung. The
sustained production of NO generated by
iNOS in asthma and other inflammatory
conditions in the lung may lead to cellular
damage and altered lung function by a num-
ber of potential mechanisms. The expression
of iNOS in the epithelium and/or inflamma-
tory cells induced by cytokines, pollutants,
allergens or infectious agents leads to the ele-
vated production of NO. NO or its metabo-
lites (i.e., peroxynitrite; ONOO–) produce
epithelial cytotoxicity leading to cell death as
well as vasodilation, increased vascular per-
meability, increased mucous secretion, in-
creased cellular infiltration including eosino-
phils, airway hyperreactivity and stimula-
tion of a Th2 inflammatory response.

Potential Deleterious Actions of Sustained
Elevated Levels of NO Produced by iNOS
As with many inflammatory mediators, it appears that

the early response of the induction of iNOS and increased
levels of NO are beneficial, providing protection against
pathogens. However, in many cases, these responses are
either inappropriate in magnitude or fail to resolve fol-
lowing the disappearance of the initial insult. Subsequent-
ly, the sustained elevation of NO production causes cellu-
lar damage and alters the normal physiological functions
of the lung.

A clear demonstration of the pulmonary epithelial tox-
icity of NO generated by iNOS occurs during Bordetella
pertussis infection [7]. Tracheal cytotoxin released by this
infectious agent results in the induction of iNOS in the
pulmonary epithelial cells. The induction of iNOS ap-
pears to be mediated by interleukin-1ß and results in the
sustained production of NO which causes disruption of
the epithelium and a marked depletion of the ciliated
cells. The importance of either NO or perhaps other reac-
tive nitrogen species in producing this damage has been
demonstrated in vitro using human and hamster respira-
tory epithelial cells. The selective iNOS inhibitor, amino-
guanidine, was found to prevent the tracheal cytotoxin-
induced damage to the epithelium and ciliated cell death
[7]. A similar pathology consisting of disruption of the
respiratory epithelium and damage to the ciliated cells
occurs in asthma [8]. In addition, 3-nitrotyrosine immu-

noreactivity has been localized to the epithelium in asth-
matics, suggesting that the damaging radical, peroxyni-
trite, may contribute to this cellular cytotoxicity [9, 10].
Importantly, this staining can be eliminated following
treatment with steroids which reduces both iNOS expres-
sion in the epithelium as well as cellular damage. How-
ever, it still remains to be determined whether NO or its
metabolites are, in fact, the causative agent(s) of the epi-
thelial airway damage in asthma.

Elevated levels of NO likely cause several other signifi-
cant changes in the lungs of asthmatics including a shift in
the balance between Th1 and Th2 lymphocyte responses,
pulmonary edema, increased mucous secretion, and eo-
sinophil accumulation [2]. These pathophysiological ac-
tions of NO may be critical in sustaining airway inflam-
mation and ultimately in mediating the increased airway
hyperresponsiveness in asthma, as summarized in fig-
ure 1.

Effect of iNOS Inhibition in Animal Models of
Asthma
Following the observation that iNOS expression was

elevated in the lungs of asthmatics, studies were initiated
in numerous laboratories to determine whether iNOS
expression was also induced in animal models of pulmo-
nary inflammation and asthma. Early results demon-
strated that iNOS expression was increased in several ani-
mal models of pulmonary inflammation, including in-
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Fig. 2. Therapeutic effect of aminoguanidine on exhaled NO follow-
ing endotoxin challenge. Male Lewis rats were treated with an intra-
peritoneal injection of 1 mg/kg of Escherichia coli (0111:B4) endo-
toxin to induce the expression of iNOS and inflammation in the lung.
Following the administration of endotoxin, there was a time-depen-
dent increase in the amount of exhaled NO (NOexhaled). Peak
increases occurred between 5 and 8 h and were elevated greater than
10-fold compared to basal levels. Aminoguanidine was administered
orally 5 h following LPS administration and the amount of NOexhaled
was measured 1.5 h later. The amount of NOexhaled was reduced in a
dose-dependent manner by aminoguanidine. The ED50 was approxi-
mately 200 mg/kg.

flammation following allergen challenge [11, 12]. The cel-
lular sources of increased iNOS expression are the pulmo-
nary epithelium and inflammatory cells, including alveo-
lar macrophages and eosinophils. In addition to the ele-
vated iNOS expression, it is also feasible to measure ele-
vated levels of exhaled NO in several of these models. We
have found that the amount of exhaled NO is elevated
approximately 10-fold in rats 5 h following the adminis-
tration of endotoxin. This elevated level of NO can subse-
quently be reduced in a dose-dependent manner, 90 min
following the oral administration of the selective iNOS
inhibitor, aminoguanidine (fig. 2). Similar studies are in
progress using rodent models of asthma. These studies
demonstrate that iNOS expression and exhaled NO are
elevated in animal models of pulmonary inflammation
and asthma and that the production of NO can be reduced
by the selective inhibition of iNOS in a manner similar to
that observed following their acute administration in
asthmatic patients.

There is a growing amount of data from animal models
suggesting that the increased expression of iNOS plays a
critical role in propagating the pulmonary inflammation
associated with these models. NOS inhibitors have been
shown to reverse the vascular extravasation associated
with pulmonary inflammation induced by endotoxin
treatment and to block the bronchial hyperresponsiveness
in an air pollution model of asthma [13, 14]. In both of
these models, the pulmonary expression of iNOS was ele-

vated. However, a selective iNOS inhibitor was not uti-
lized to demonstrate definitively the role of this NOS iso-
form in mediating the associated changes. In a subsequent
study in the air-pollution-induced model, treatment with
the modestly selective iNOS inhibitor, aminoguanidine,
prevented the increase in neutrophils, eosinophils, epithe-
lial goblet cells, and overall pulmonary inflammation,
providing more convincing evidence for the role of iNOS
in mediating these pathological changes [15]. The role of
iNOS has also been evaluated using mice genetically engi-
neered to lack iNOS (iNOS–/–) [16]. Following repeated
allergen challenge, these iNOS–/– mice exhibited marked-
ly reduced inflammation in the lung including decreased
eosinophil infiltration, epithelial damage, microvascular
leakage, pulmonary edema and airway occlusion. The
suppression of the pulmonary inflammatory response ap-
peared to result from increased levels of interferon-Á
which occurred in the iNOS–/– mice (previous studies
have demonstrated that NO generated from iNOS inhib-
its the production interferon-Á by T cells). However, the
iNOS–/– mice exhibited an increase in the hyperreactivity
of the bronchial airways upon challenge with methacho-
line, suggesting that iNOS, at least in this particular ani-
mal model of asthma, plays both a pathological role in the
progression of pulmonary inflammation and a protective,
bronchodilator role [16].

Challenges and Future Directions
The remarkable diversity of the biological actions of

NO presents a unique pharmacological challenge. Many
of these actions of NO are important to the maintenance
of normal physiological functions. The strategy to discov-
er and develop selective inhibitors of iNOS reduces some
of these potential problems, but additional hurdles re-
main. Developing a more thorough understanding of the
beneficial role that iNOS plays in host-defense and per-
haps during pathological states, as well as developing clin-
ical candidates with suitable selectivity for iNOS (to
avoid compromising both normal lung function and sys-
temic blood pressure) remain. Inhaled delivery of iNOS
inhibitors for the treatment of asthma may provide an
approach to reduce and/or eliminate potential systemic
effects. The long-term goal, however, should be to develop
an orally administered iNOS inhibitor which would be
useful for the treatment of numerous conditions, includ-
ing asthma and other pulmonary inflammatory disor-
ders.
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Summary
Patients with asthma and COPD exhibit characteristics of airway

mucus hypersecretion, namely sputum production, luminal mucus,
submucosal gland hypertrophy and goblet cell hyperplasia. Recent
epidemiological studies show associations between sputum produc-
tion and decline in lung function, morbidity and mortality. Many
drugs will potentially inhibit airway mucus hypersecretion. However,
more data on the similarities and differences between mucus in
healthy subjects and patients with asthma or COPD are required to
facilitate rational drug design.

Excessive mucus production in the airways character-
ises asthma and chronic bronchitis. Chronic bronchitis
(hypersecretion), chronic bronchiolitis (small airway dis-
ease) and emphysema (alveolar destruction) comprise
COPD. The contribution of each component to patho-
physiology in any one patient is difficult to determine.
The present chapter considers drug treatment of mucus
hypersecretion in asthma and the ‘bronchitic’ component
of COPD.

Mucus Hypersecretion in Asthma and COPD
Mucus hypersecretion in asthma and COPD has been

considered in detail recently [1, 2]. Patients with asthma
or COPD usually produce sputum at some stage of their
condition, and there is excess mucus in the airway lumens
of patients dying of asthma and COPD. The increased
mucus is associated with submucosal gland hypertrophy
and goblet cell hyperplasia. However, not all patients
exhibit all characteristics of mucus hypersecretion, and
there are differences between asthma or COPD (table 1).
The three main differences are:

E The mucus in asthma appears more viscous than in
COPD.

E Mucin gene product (MUC)5AC is a minor compo-
nent of the secretions in COPD [3].

E Tethering of mucus to goblet cells in asthma but not in
COPD [4].
With these differences, different drugs may be re-

quired for effective treatment of hypersecretion in asthma
and COPD.

The contribution of mucus to pathophysiology and
clinical symptoms is better delineated for asthma [1] than
for COPD [2]. However, recent epidemiological studies in
COPD find positive associations between sputum pro-
duction and decline in lung function, risk of hospitalisa-
tion and death. The relationship between sputum and
mucus in small airways is not clear. Mucus hypersecretion
is perceived to contribute to morbidity and mortality in
patients with asthma and COPD.

Drug Treatment of Mucus Hypersecretion
Drugs with the potential for inhibiting mucus hyperse-

cretion are either currently available or are in develop-
ment (fig. 1). Conventional therapy for airway inflamma-
tion should have beneficial effects on airway mucus
hypersecretion. Glucocorticosteroids inhibit mucus secre-
tion, goblet cell hyperplasia and MUC gene expression
[5]. However, although glucocorticoids are effective in
asthma, possibly in part due to an anti-hypersecretory
action, they are not effective in stable COPD, which indi-
cates that effective anti-hypersecretory drugs may need to
be disease specific.
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Fig. 1. Pathophysiology of mucus hypersecretion in asthma and
COPD and sites of action of ‘anti-hypersecretory’ drugs (some com-
pounds act at more than one site). GCs = Glucocorticosteroids.

Neural mechanisms and numerous inflammatory me-
diators have effects on mucus (table 2). Selective receptor
antagonists might be of benefit in the treatment of airway
mucus hypersecretion. For example, cysteinyl leukotriene
receptor antagonists inhibit mucus output induced by
ovalbumin challenge of tracheae from sensitised guinea
pigs [6], an activity that may contribute to their efficacy in
asthma. However, the multiplicity of mediators involved
in the pathophysiology of asthma and COPD suggests that
no single receptor antagonist will markedly affect mucus
hypersecretion.

Mucoactive Drugs. Fifteen compounds with potentially
beneficial actions on mucus are listed in pharmacopoeias
worldwide [7] (table 3). However, ‘mucolytic’ therapy is
not generally recommended in international guidelines on
the management of asthma or COPD. The discrepancy
between the abundance of mucoactive drugs and the cau-
tion in recommending them in treatment is related to
imprecision in the design of clinical trials.

Erythromycin. Erythromycin is a macrolide antibiotic
that inhibits mucin secretion in experimental prepara-

Table 1. Comparison of indices of mucus hypersecretion in asthma and COPD

Index Asthma COPD

mucus hypersecretion not part of
definition

mucus hypersecretion only in ‘older’
definitions

Sputum production yes; associated with attacks yes; recurrent and long-standing

Sputum viscosity variable, but greater than in COPD variable

Mucus ‘markers’ in sputum yes yes

Mucin analysis nine-fold more mucins in plug than
in COPD sputum

less mucins in sputum
than in asthma

Mucus in airway lumen
(gross pathology)

yes; adherent viscous ‘mucus’ plugs
comprising mucus and exudate

yes; mucoid or mucopurulent;
little evidence of asthma-like ‘plugs’

Mucus in airway lumen (histology) yes yes

Mucus ‘tethering’ yes no

Goblet cell hyperplasia yes (more pronounced in acute severe
asthma than in chronic asthma?)

yes (except for a group of Japanese
patients)

Submucosal gland hypertrophy yes usually, although there are exceptions

Submucosal gland mucin
histochemistry

increase in mucous cells
(i.e. acidic mucin)

morphologically normal, more serous
glands

MUC5AC major constituent of mucus pug minor constituent of sputum

MUC5B present in two glycoforms greater proportion than in asthma

Epidemiology mucus hypersecretion linked with
decline in lung function

mucus hypersecretion and lung func-
tion decline, hospitalisation and mor-
tality a significant risk factor in many
studies, particularly as patients age
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Table 2. Neural and humoral inducers of mucus secretion, goblet cell
hyperplasia and MUC gene expression/synthesis in the airways

Stimulation Secretion Hyperplasia MUC

0/+ NP NP
·-Adrenoceptor agonists + NP NP
ß-Adrenoceptor agonists + yes NP
Bacterial exoproducts

(in culture broth) + yes yes
Bradykinin + NP NP
Cholinergic nerves ++ NP NP
Cholinoceptor agonists ++ yes NP
EGF (+ TNF-·) NP yes yes
Endothelin 0/+ NP NP
Endotoxin + yes yes
Histamine 0/+ NP NP
IL-1ß + NP NP
IL-4 + yes yes
IL-6 + NP yes
IL-9 NP NP yes
Irritant gases

(e.g. cigarette smoke) ++ yes yes
Leukotrienes 0/+ NP NP
MMS + NP NP
Neurokinin A + NP NP
Nicotine ++ yes NP
Nitric oxide -ve/+ NP NP
Phosphodiesterase IV

inhibitors + NP NP
PAF 0/+ yes1 yes1

Prostaglandins 0/+ NP NP
Proteinases +++ yes NP
Purine nucleotides + NP NP
Reactive oxygen species 0/+ NP NP
Sensitisation followed

by challenge + yes yes
SP ++ NP NP
Tachykininergic nerves 0/++ NP NP
TNF-· ++ yes1 yes1

Scoring: +++ = highly potent; ++ = marked effect; + = lesser effect;
0 = minimal effect; NP = effect not published.
1 Effect only observed with platelet-activating factor (PAF) and
TNF-· in combination. MMS = Monocyte/macrophage-derived mu-
cus secretagogue.

tions. Erythromycin reduced excessive mucus secretion in
a child [8] and an elderly man [9]. The mechanism of
action of erythromycin is unclear, but may involve anti-
inflammatory and mucoactive effects [10].

Proteinase Inhibitors. Proteinases (e.g. neutrophil elas-
tase) have potent effects on airway mucus (table 2) [11],
and proteinase inhibitors may inhibit airway mucus hy-
persecretion. Trifluoromethyl ketone human neutrophil

Table 3. ‘Popular’ mucoactive drugs

Mucolytic
N-Acetylcysteine, L-ethylcysteine, sodium 2-mercaptoethane
sulphonate (MESNA), methylcysteine hydrochloride,
stepronine, thiopronine

Mucoregulatory
Carbocysteine, eprazinon hydrochloride, erdosteine, letosteine

Expectorant
Ambroxol, bromhexine, guaifenesin, sobrerol

DNAse (degrades DNA)
Recombinant human DNase I (Dornase-·)

The 15 most frequently listed drugs in pharmacopoeias world-
wide [7]. Definitions: ‘mucolytic’, thins mucus; ‘mucoregulatory’,
does not thin mucus (precise mechanism of action, if any, unknown);
‘expectorant’, increases cough and expectoration (may induce mucus
secretion).

elastase inhibitors (e.g. ICI 200355) inhibit elastase-
mediated secretory responses. Although human trials
have been alluded to [12], clinical data have not yet
appeared in the literature.

Cytokine Antagonists. Interleukin-1ß (IL-1ß), IL-4,
IL-6, IL-9 and TNF-· induce aspects of mucus hyperse-
cretion in experimental systems (table 2). IL-4 has been
suggested as a central signalling mechanism for develop-
ment of a hypersecretory epithelium [13], whilst IL-9
accounts for 50–60% of the mucin-stimulating activity of
lung fluids from allergic dogs [14]. Current small molecule
inhibitors of IL-4 look unlikely to be effective, and bio-
logic agents (e.g. soluble IL-4 receptors) have potential
cost, administration and compliance problems.

Epidermal Growth Factor Receptor Tyrosine Kinase In-
hibitors. Airway epidermal growth factor receptor (EGF-
R) expression is induced by tumor necrosis factor-·
(TNF-·), allergy, agarose plugs and oxidative stress, and is
associated with goblet cell hyperplasia and increased ex-
pression of MUC5AC [15, 16]. Inhibitors of EGF-R tyro-
sine kinase, for example AG1478 and BIBX1522, block
these responses. The hypersecretory response to oxidative
stress is blocked by a selective mitogen-activated protein
kinase (MAPK) kinase (MEK)-p44/42 MAPK (p44/
42mapk) inhibitor, PD98059 [16].

Myristoylated Alanine-Rich C Kinase Substrate. Myris-
toylated alanine-rich kinase C substrate (MARCKS) pro-
tein is a key intracellular molecule involved in intracellu-
lar movement and exocytosis of mucin granules [17].
Blockade of MARCKS by a synthetic peptide to its N-
terminal region inhibited mucin secretion.
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Anticholinergics. Cholinergic activation of airway mu-
cus output is via muscarinic M3 receptors on the secretory
cells [18]. The autoinhibitory M2 receptor regulates the
magnitude of secretion. The non-selective muscarinic an-
tagonist ipratropium bromide reduces sputum produc-
tion, although without changes in viscosity or dry weight.
Anticholinergics with selectivity for the M3 receptor over
the M2 receptor may have therapeutic benefit over non-
selective compounds, for example tiotropium or J-104129
[19].

Tachykinin Receptor Antagonists. Stimulation of cap-
saicin-sensitive tachykininergic nerves induces airway
mucus secretion in experimental animals, but is less easily
demonstrated in human airways. Tachykininergic ner-
vous pathways may be upregulated with inflammation
[20]. In asthma, substance P (SP)-like immunoreactivity
is elevated in plasma, induced sputum and nasal lavage.
SP-containing nerves and tachykinin receptor mRNA are
increased. In COPD, SP is increased in induced sputum.
However, the distribution of tachykinin receptors is not
different between smokers and controls [21]. Tachykinin
NK1 antagonists inhibit neurogenic secretion in ferret tra-
chea [22]. Clinical data on the effects of tachykinin recep-
tor antagonists in asthma and COPD are equivocal, and
effects on mucus secretion have not been specifically stud-
ied [20].

Neural Inhibitors. Neurally mediated mucus secretion
can be attenuated by inhibition of nerve activity. Opioids
and vasoactive intestinal peptide inhibit neurogenic air-
way mucus secretion via inhibition of neurotransmitter
release [23, 24]. Inhibition is via activation of large con-
ductance, calcium-activated K+ (BKCa) channels [23, 24].
The BKCa channel activator NS 1619 inhibits mucus
secretion in ferret trachea [23].

Antisense Oligonucleotides. An antisense oligonucleo-
tide to MARCKS down-regulated both mRNA and pro-
tein levels and also attenuated mucin secretion [17]. An
18-mer MUC antisense oligomer suppressed mucin gene
expression and wood smoke-induced epithelial metapla-
sia in rabbit airways [25].

Conclusions and Future Directions
Mucus hypersecretion contributes to morbidity and

mortality in asthma and COPD. This suggests that it is
important to develop drugs that inhibit mucus hyperse-
cretion, although without affecting normal secretion and
mucociliary clearance. Considerably more needs to be
known about the identity of airway mucins in normal
healthy subjects and whether or not there is an intrinsic
and disease-specific abnormality in mucus in asthma and
COPD. These data can be used to determine therapeutic
targets for rational design of anti-hypersecretory drugs for
asthma and COPD. 
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Summary
Binding of P2Y2 purinergic agonists to their target receptor has

been shown to stimulate the natural processes of mucosal hydration
and mucociliary clearance in the airways. The uridine nucleotide
UTP is the first aerosolized P2Y2 receptor agonist in clinical studies,
and is being evaluated in phase II clinical trials as an acute-use agent
to stimulate the expectoration of a deep-lung sputum sample via a
mucociliary clearance mechanism for use in a variety of diagnostic
procedures. A next-generation P2Y2 agonist, INS365, will move into
phase II clinical development as a chronic treatment for obstructive
respiratory disorders, such as chronic bronchitis. These compounds
represent a unique approach to disorders with a high unmet medical
need, and are expected to provide significant medical benefit and
improvement in the patient’s quality of life.

Mechanism of Action
Mucosal hydration and mucociliary clearance are the

body’s natural mechanisms for cleansing and/or protect-
ing epithelial surfaces, such as those found in the lung and
sinuses. Mucosal hydration requires a coordinated bal-
ance of salt, water and mucus, and is necessary to main-
tain the proper function of such epithelial surfaces. In
addition, the process of mucociliary clearance is impor-
tant in those target organs, such as the lungs and sinuses,
containing ciliated epithelial cells [1]. It has been demon-
strated that P2Y2 receptors stimulate various compo-
nents of the process of mucociliary clearance in the lung
[2, 3]. At the molecular level, the cascade of events on
binding of a P2Y2 agonist to its receptor is illustrated in
figure 1. The agonist binds to the P2Y2 receptor, initiat-
ing a series of biochemical responses that result in an
increase in inositol trisphosphate (IP3) and a consequent
release of calcium from the endoplasmic reticulum into

the cytoplasm [4–7]. Activation of P2Y2 receptors in
respiratory epithelia has been associated with increased
mucociliary clearance [8], presumably through the com-
bination of the following cellular actions: increased chlo-
ride (and hence water) transport across the luminal sur-
face via the cystic fibrosis transmembrane regulator and
the ‘alternate’ chloride channel [9–12], the elevation of
ciliary beat frequency [1], the release of mucin from
goblet cells [13], and the release of surfactant from type II
alveolar cells [14] (fig. 2).

Toxicology and Animal Models
UTP is well tolerated when given to rats and dogs by

daily inhalation for up to 1 month. UTP has been shown
to be nonmutagenic in four mutagenicity assays that have
been conducted; Ames test (with or without S9 metabolic
activation), mouse micronuclear cytogenetic assay, CHO
cell cytogenetic test (with or without S9 activation) and
the mouse lymphoma mutagenesis assay. Results from
intravenous teratology studies in rats and rabbits, and a
report from the literature [15] also indicate that UTP is
nonteratogenic.

Although maternal toxicity and mortality were ob-
served in the early phase of the intravenous study in rab-
bits, this appeared to be a species-specific effect and in
several instances was related to the rate of intravenous
dosing. These latter findings are not considered to be rele-
vant to the inhalational route of administration used in
clinical studies. The dose levels achieved in the 28-day
inhalation toxicity studies and the intravenous studies
were at least several-fold above the proposed maximum
daily clinical dose on a mg/kg basis.
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Fig. 1. Cartoon showing the agonist binding to the P2Y2 receptor,
initiating a series of biochemical responses that result in an increase
of IP3. IP3 triggers the release of calcium from the endoplasmic retic-
ulum into the cytoplasm.

Fig. 2. Cartoon showing mucin release from a goblet cell in conjunc-
tion with cilium beat in ciliated human airway epithelial cells.

Fig. 3. Component elements of the unit-dose reservoir and the piston from the AERx® Pulmonary Delivery System.
a The aqueous formulation is contained in a unit dose reservoir (blister) that is drawn into a polymer laminate film.
During production, the liquid formulation is filled into the reservoir and a multilayer nozzle/lid assembly is heat-
sealed to the top, thereby hermetically enclosing the formulation in the dosage form. To deliver the drug, the blister is
placed into a reusable hand-held unit containing a piston and control electronics for administration. b The nozzle
consists of a micromachined array of holes. At the trigger point, pressurization of the reservoir, achieved via a
mechanical piston, peels open the seal in a controlled region. The liquid formulation is then forced through the nozzle
array and into the inhalation air path, where it forms a gentle aerosol that is breathed into the lungs.

General acute toxicology of INS365 also demonstrated
that the material was generally well tolerated by laborato-
ry species. INS365 was found to have no clear clinical or
pathological effects when given in large doses (intrave-
nously or by inhalation) for 28 days, or acutely in dogs and
rats. INS365 was without mutagenic effects in the systems
described above. The exposures were greater than those
proposed in the clinical protocol.

The efficacy of UTP and INS365 has been assessed in
tracheal mucus velocity and whole lung mucociliary clear-
ance studies in the sheep. These studies have been partic-

ularly useful in confirming that an increased biological
stability of the nucleotides, as measured by in vitro tech-
niques, such as metabolism on airway epithelial cells, will
translate into a prolonged duration of action in vivo [16].

Route of Administration and Pulmonary Delivery
Systems
The target P2Y2 receptors are located on the apical sur-

face of epithelial cells within the respiratory tract and,
therefore, local delivery via inhalation of a fine respirable
aerosol was chosen for the administration of both UTP
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Fig. 4. Anterior lung deposition profile im-
ages obtained following the inhalation of a
99mTc DTPA-labelled INS365 solution from
either the Pari LC Star nebulizer (a) or the
AERx Pulmonary Delivery System (b).

Fig. 5. Sequential images obtained 1 (a), 7 (b) and 15 min (c) after administration of 20 mg of INS365 solution showing
clearance of the 99mTc DTPA label.

and INS365. Since both compounds are readily soluble in
aqueous solution, standard air-jet nebulizers (Pari LC
Plus and Star for UTP and INS365, respectively) were
chosen for the initial clinical studies. Although these
nebulizers (Pari Respiratory Equipment, Midlothian,
Va., USA) have proven to be very effective in early stud-
ies, the administration typically takes between 12 and 15
min. Therefore, we have also evaluated a novel system
that could have the potential to deliver a therapeutic
amount of compound in one or two discrete inhalations.
The AERx® Pulmonary Delivery System (Aradigm Cor-
poration, Hayward, Calif., USA) uses an electro-mechani-
cal mechanism to compress a small-volume blister (45 Ìl),
generating and delivering a discrete bolus of fine mono-
dispersed aerosol droplets at the optimal moment during
inhalation (fig. 3).

Clinical Experience in Production of Deep-Lung
Sputum Samples for Diagnosis
UTP has been studied in over 300 patients through a

series of clinical trials in which it has been shown to be
safe and well tolerated. Several well-controlled studies
have demonstrated that UTP enhances sputum expecto-
ration by several fold in a dose-related manner. Samples
are highly enriched in lung cells of interest.

Clinical Experience in Respiratory Diseases
INS365 for the treatment of respiratory diseases, such

as chronic bronchitis, has been studied in several phase I
clinical trials in the UK and US. These studies have dem-
onstrated that the compound is safe, well tolerated and
that single inhaled doses significantly enhance sputum
expectoration in smokers. The compound is moving into
phase II in 2000.

a b

a b c
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Examples of deposition profiles, obtained immediately
following dosing with either the Pari LC Star or the AERx
system, taken from a gamma scintigraphy study con-
ducted at Scintigraphics (Cardiff, UK) are shown in fig-
ure 4.

An interesting result of discrete bolus delivery of
INS365 to the lungs using the AERx system appears to be
a more rapid upregulation of mucociliary clearance com-
pared to that seen for the nebulizer. Additional images
taken from a second gamma scintigraphy study also con-
ducted at Scintigraphics in ‘healthy smokers’ shows the

clearance of the technetium label following dosing
(fig. 5).

Conclusions
The outcome of enhanced mucociliary clearance, pre-

dicted from various in vitro and animal model test results,
following stimulation of P2Y2 receptors by novel agonists,
UTP and INS365, have been demonstrated in several
clinical studies. Further clinical studies are planned to
confirm the utility of these molecules in anticipation of
formal regulatory filings.
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Summary
Tryptase, a mast-cell-specific serine protease, has been used for a

number of years as a marker of mast cell activation. Elevated levels of
the enzyme have been detected in allergic diseases including asthma,
conjunctivitis and rhinitis, and in some diseases in which mast cell
mediators have been hypothesized to play a role, such as rheumatoid
arthritis, inflammatory bowel disease and interstitial cystitis. In the
case of asthma, numerous studies suggested a role for tryptase in the
underlying pathology of the disease. APC 366, a small molecule
inhibitor of tryptase, has shown efficacy in vivo, thus confirming a
causal role for tryptase in experimental models of allergic asthma. In
recent phase II clinical trials, APC 366 has demonstrated efficacy in
patients with mild to moderate asthma. Together, these data provide
a compelling rationale for the development of tryptase inhibitors
with greater potency and selectivity for the treatment of asthma and
other allergic diseases.

Mechanism of Action
Tryptase is similar to trypsin in its ability to hydrolyze

peptide substrates at sites C-terminal to basic amino acid
residues. However, tryptase is unique among the serine
proteases in having a tetrameric subunit structure stabi-
lized by heparin [1], and in its resistance to inhibition by
endogenous serine proteinase inhibitors [2]. The mechan-
istic basis for tryptase involvement in the pathology of
asthma is not well understood. However, in vitro and ex
vivo studies suggest a number of pathways through which
tryptase may exert pathological effects in the airways.
These include hydrolytic inactivation of endogenous
bronchodilating peptides [3, 4], potentiation of hista-
mine-induced bronchial smooth muscle contraction [5,
6], stimulation of inflammatory mediator release [7],
recruitment of inflammatory cells [8, 9], stimulation of
collagen synthesis [10, 11], enhanced mast cell degranula-
tion [12], and mitogenic stimulation of lung fibroblasts
[13], bronchial epithelial cells [7], or airway smooth mus-

cle cells [14]. The ability of tryptase to inactivate vasoac-
tive intestinal peptide and other bronchodilating peptides
led to the proposal that this enzyme contributes to
increased bronchoconstriction in asthma [3]. Consistent
with this hypothesis, inhaled tryptase causes bronchocon-
striction in allergic sheep [15]. Tryptase-induced IL-8
secretion [7] and inflammatory cell recruitment [8, 9] may
contribute to the underlying airway inflammation associ-
ated with asthma (fig. 1). The mitogenic effects of tryptase
on airway cells are largely blocked by active site-directed
inhibitors of the enzyme, suggesting that unregulated or
excessive tryptase activity may contribute to fibrotic
changes in the airways. Recent reports that tryptase acti-
vates protease-activated receptor 2 (PAR2) are consistent
with the requirement for catalytic activity in cell studies,
and suggest a link between tryptase and intracellular sig-
naling pathways activated by this novel class of receptors
[16–18].

Preclinical Studies
APC 366, a first-generation peptidic inhibitor of tryp-

tase (fig. 2), demonstrated efficacy in a sheep model of
allergic asthma. Administered by inhalation, the com-
pound blocked allergen-induced bronchoconstriction and
reversed airway hyperresponsiveness to carbachol chal-
lenge [19]. APC 366 also reduced the allergen-induced
influx of eosinophils into bronchial tissue, suggesting that
tryptase inhibition promoted anti-inflammatory re-
sponses in allergen-challenged animals. Similar efficacy
was noted with BABIM, a nonpeptidic inhibitor whose
potency against tryptase is mediated by a unique, zinc-
dependent mechanism [20]. Based on these studies, APC
366 was selected for evaluation in clinical trials to confirm
the hypothesis that tryptase inhibition would indeed be a
useful new therapeutic approach to treating asthma.
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Fig. 1. Tryptase actions in asthma.
Fig. 2. Structure of APC 366.

Clinical Studies
A randomized double-blind placebo-controlled two-

period cross-over study tested the hypothesis that mast
cell tryptase contributes to allergen-provoked airway re-
sponse in human asthmatics [unpubl. data]. The effect of
APC 366 on allergen-provoked early airway response
(EAR), late airway response (LAR) and the associated
increase in bronchial hyperreactivity (BHR) was evaluat-
ed. Sixteen mild, atopic, nonsmoking subjects with asth-
ma, controlled without the use of systemic or inhaled cor-
ticosteroids, participated in this study. All subjects under-
went skin prick testing to aeroallergens and only those
with at least one positive test were included. Subjects with
significant illnesses, including respiratory infection, signif-
icant abnormalities in routine hematological and bio-
chemical blood and urine examinations were excluded. All
subjects demonstrated EAR with an FEV1 decrease of at
least 25% within 15 min of allergen challenge compared to
postsaline baseline and LAR decrease of at least 15% com-
pared to baseline occurring between 3 and 9 h after aller-
gen inhalation. Furthermore, all subjects had 62-fold
reduction in histamine PD20 compared to the pre-allergen
challenge. Concomitant medications were discontinued
before subjects entered the Clinical Study Unit.

In random sequence, either APC 366 (5 mg) or placebo
was administered by aerosol inhalation three times daily
at 6-hour intervals for 4 days and once on day 5 for a total
of 13 treatments followed by another treatment period
with either placebo or APC 366. Subjects underwent aller-
gen challenge on day 4 after the 10th dose of medication

followed by repeated spirometry to determine EAR and
LAR. Determination of BHR via histamine challenge was
performed on day 5 after the 13th dose of medication.
Area under the time-response curve (AUC) was calculated
for each subject for the EAR (0–2 h after allergen chal-
lenge) and LAR (3–9 h after allergen challenge). Allergen
challenge resulted in both early- and late-phase reduction
in FEV1 after both active and placebo treatments (fig. 3).
APC 366 treatment resulted in a slightly lower maximum
FEV1 fall compared to placebo for the EAR, but did not
reach statistical significance (1.052 B 0.209 vs. 1.183 B
0.157). Similarly, AUCEAR after APC 366 was somewhat
lower than that determined after placebo treatment, but
did not reach statistical significance. However, the maxi-
mum fall in FEV1 during LAR was attenuated 21% by
APC 366 treatment, a difference that was significant
(0.786 B 0.122 for APC 366 vs. 0.989 B 0.124 for place-
bo, p = 0.007). Similarly, the LAR response when mea-
sured as AUC was significantly less (33%) after APC 366
treatment than after placebo treatment (–3897.2 B
717.94 for APC 366 vs. –5856 B 957.86 for placebo, p =
0.012). No significant differences were observed in aller-
gen-induced BHR to histamine between the two treat-
ment periods.

Subjects treated with APC 366 showed no drug-spe-
cific systemic adverse events. However, both active and
placebo treatments resulted in some subjects experiencing
transient bronchospasm after completing their inhala-
tions. This was initially attributed to the solvent system
used to administer APC 366 or placebo. However, in oth-

1

2



172 Clark/Van Dyke/Kurth

Fig. 3. Changes in FEV1 in patients as a function of time after aller-
gen challenge. –––– = Placebo; ––– = APC 366.

er studies, similar results were observed with APC 366
delivered via a dry powder inhaler. While this adverse
effect precluded continued clinical development of APC
366, second- and third-generation agents that are more
selective, specific, and better tolerated are in development
[21].

Conclusions
Initial phase II clinical studies with APC 366 strongly

support the concept that mast cell tryptase contributes to
the allergen-provoked airway response in human asthmat-
ics and provide a compelling rationale for the continued
development of more specific and selective tryptase in-
hibitors as novel treatments for asthma. The apparent
link between tryptase and fibrotic responses also suggests
the intriguing possibility that tryptase inhibitors may
afford an advantage over existing therapeutics by mitigat-
ing the progressive fibrotic changes in the airway associat-
ed with severe, chronic asthma.
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Summary
Neutrophil elastase has been implicated in COPD for many

years. The enzyme has a variety of effects that can contribute to the
disease process, particularly in lung degradation and mucus secre-
tion. Several approaches have been taken to the design and delivery
of elastase inhibitors to the lung. The pros and cons of each are dis-
cussed in this review.

The first direct studies demonstrating that a proteolyt-
ic enzyme has the ability to induce emphysema were car-
ried out by Gross et al. [1] in 1964. These authors induced
changes similar to emphysema using the plant proteinase
papain. Subsequent animal studies suggested that only
enzymes able to degrade elastin could induce these
changes. Instillation of elastase into the airway led to a
rapid loss of lung elastin [2]. This was gradually replaced,
but there was disruption of the normal alveolar architec-
ture. The central role of elastin in maintaining alveolar
structure is also indicated by the tendency of patients with
cutis laxa (a genetic defect of elastin formation) to develop
emphysema spontaneously [3]. Additionally, prevention
of normal elastin repair leads to the development of more
severe emphysema [4].

Enzymes Responsible
Animal models show that the serine proteases human

neutrophil elastase (NE) and human proteinase 3 can pro-
duce emphysema [5, 6]. Cathepsin B also has this capabil-
ity [7] after activation of its pro-enzyme by NE [8]. The
central role of NE and proteinase 3 is also consistent with
the increased tendency of subjects with ·1-AT deficiency

to develop rapid early onset emphysema [9], since ·1-AT
is their major inhibitor.

Interest in MMPs in emphysema has increased recent-
ly. For example, human collagenase [10] and macrophage
metalloelastase [11], have been implicated. However,
classic studies by Damiano et al. [12] suggest that NE is
the key enzyme involved by clearly correlating the
amount of immunoreactive NE in the lung tissue with the
degree of emphysema. There is much interplay between
MMPs, serine proteases and their respective inhibitors,
and it is probable that emphysema results from the con-
centrated actions of both classes of protease. Inhibition of
elastase alone may well prove critical, however.

Hypersecretory Diseases
Early evidence implicated NE in emphysema, but the

enzyme has several other potential roles in lung disease
(fig. 1). It may play a major part in airway mucus produc-
tion in chronic bronchitis and other bronchial diseases
such as bronchiectasis, cystic fibrosis and asthma [13, 14].
NE has been shown to promote both mucin gene tran-
scription [15] and release from airway cells [16]. Since
patients often exhibit elements of both emphysema and of
mucus production, NE inhibition might prove to be a
very effective therapy for COPD.

Mechanism Involved in Emphysema
Both NE and proteinase 3 are stored fully formed and

as active enzymes bound to chondritin and heparan sul-
phates within the azurophil granules of the mature neu-
trophil. Activation of adherent neutrophils indicates that
the degradation of connective tissue is largely dependent
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Fig. 1. Effects of NE in lung disease.

on NE [17]. Surprisingly, this process cannot be complete-
ly inhibited even by supernormal concentrations of ·1-
AT. Several factors combine to decrease this inhibition:
(1) exclusion of the protein from the very narrow interface
between the adherent neutrophil and the connective tis-
sue [18]; (2) some NE is released as the azurophil granule
is exocytosed and spreads along the cell surface [19] where
it retains its proteolytic activity, but is more resistant to
inactivation by ·1-AT; (3) the concentration of NE in the
azurophil granule is approximately 5 mM, which is at
least 2 orders of magnitude above the normal physiologi-
cal concentration of ·1-AT. As NE diffuses away from the
granule, its concentration rapidly drops and it is inacti-
vated; (4) elastase released from the azurophil can become
bound to elastin. Here it is poorly inhibited by ·1-AT [20].
By contrast, secretory leukoproteinase inhibitor (SLPI)
can inhibit NE while still bound to elastin, preventing fur-
ther degradation [20].

Therapeutic Approach
In emphysema, pathogenic processes take place in the

lung interstitium so that an effective inhibitor would need
to:
1 achieve prolonged and possibly irreversible, inhibition

of the enzyme
2 inhibit enzyme bound to elastin
3 maintain a sufficient concentration in the interstitium
4 inhibit cell surface elastase

The ideal inhibitor would be administered orally and
be of small molecular weight. Very few clinical studies of

such compounds have been published. However, MR
889, a relatively weak, reversible elastase inhibitor re-
duced urinary desmosine levels (a marker of elastin break-
down) in a subset of COPD patients after 4 weeks of oral
dosing [21]. This result suggests that a more potent inhibi-
tor might prove therapeutically useful long-term. 

Alternatively, the agent could be administered as an
aerosol into the airway. To treat emphysema, however, it
would need to penetrate the tight epithelial cell junctions
to reach the interstitium. This barrier creates a major
therapeutic problem, unlike the more easily penetrated
endothelial barrier from the systemic circulation [22]. It is
now believed, however, that NE may also play a major
role in bronchial diseases [13, 14], in which elastase in the
airway would be an important target. Here inhalation
might be appropriate. The potential effectiveness of topi-
cally dosed NE inhibitors in vivo is shown for GR
243214, a prototype inhibitor that could be administered
by aerosol (fig. 2a).

Finally, perhaps the most attractive approach would be
to target the neutrophil itself. Intracellular elastase inhibi-
tors have been designed which penetrate neutrophils and
inactivate the enzyme within the azurophil granule. This
limits the area of damage produced during cell migration
and degranulation. Such compounds should avoid many
of the pitfalls mentioned above. Very effective and long-
lasting inhibition of intracellular elastase has been
achieved with this approach. Figure 2b shows the effect in
dogs given a single dose of GW 311616 (a prototype intra-
cellular elastase inhibitor). Importantly, effective inhibi-
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Table 1. Examples of elastase inhibitors

Chemical class Properties Status

·1-AT, SLPI,
elafin

natural
products

several approaches taken:
purified, oxidation
resistant recombinant,
genetic transfer

some in
phase II

Synthetic compounds
Sivelestat

(ONO-5046)
ester extracellular, injectable registered for

acute lung injury
associated with
SIRS; in
phase III for IPF

Midesteine
MR889

ester oral, reversible phase III

ZD 8321 peptidyl-
trifluormethyl
ketone

extracellular, oral,
slowly reversible

in phase II

DMP 777 ß-lactam intracellular, oral
pseudo-irreversible

in phase II

ZD 0892 peptidyl-
trifluormethyl
ketone

extracellular, oral,
reversible

in phase I

GW243214 translactam extracellular, inhaled
pseudo-irreversible

GW311616 translactam intracellular, oral,
pseudo-irreversible

SIRS = Systemic inflammatory response syndrome; IPF = idiopathic pul-
monary fibrosis.

Fig. 2. Methods of inhibition of elastase. a, b Inhibition of extracellu-
lar elastase in vivo. Hamsters were dosed intratracheally with
GR243214 for either 30 min (a) or for variable times (b) before elas-
tase. c Inhibition of intracellular elastase in peripheral blood neutro-
phils in vivo. Dogs were dosed orally with GW311616.
Fig. 3. Elastase inhibition in vivo. a Extracellular. b Intracellular.

2

3
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tion of elastase in the lung has been demonstrated in man
with DMP 777, a compound of this type [23]. (A cartoon
illustrating the different mechanisms of action of extra-
and intracellular inhibitors is shown in fig. 3.)

Table 1 shows some NE inhibitors considered for de-
velopment.

Safety
The major physiological role of NE is believed to be in

host defence. Knockout mice lacking the enzyme are more
vulnerable to overwhelming infections by 2 strains of
gram-negative bacteria. Conversely, they are less suscepti-
ble to the strains of gram-positive bacteria tested [24]. The
mice grow and develop normally, and are not at increased
risk of spontaneous infection. Limited data have been pub-
lished on the toxicology of synthetic elastase inhibitors.
Minor effects only were reported for ONO 5046 (a compet-

itive elastase inhibitor, registered for use in patients with
acute lung injury associated with systemic inflammatory
response syndrome) in animals [25]. Other compounds
(e.g. DMP 777 and ZD 8321) are in phase II, suggesting
that toxicity is not a problem. MR 889 was last reported to
be in phase III and is known to be well tolerated [21].

Conclusion
NE has many detrimental effects relevant to COPD.

Industrial and academic groups have sought inhibitors of
the enzyme for many years, but identification of molecules
with the appropriate profiles for use in the disease has
proved difficult and few clinical data with inhibitors have
been published. The true worth of NE inhibition in COPD
will only be demonstrated once well-designed trials with
effective inhibitors have been conducted. Results with the
new elastase inhibitors are keenly anticipated.
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Summary
There are currently no therapies that inhibit the progressive

destruction of alveoli in emphysema. This process is characterized by
the degradation of lung elastin by elastases. While early attention was
focused on the role of neutrophil elastase in the disease, more recent
evidence supports a strong rationale for macrophage elastase, a mem-
ber of the matrix metalloproteinase family.

Role of Proteases in the Pathophysiology of
Emphysema
Emphysema is a degenerative lung disease character-

ized by the destruction of the alveoli. The disease is
caused primarily by cigarette smoking, which results in an
accumulation of both neutrophils and macrophages in the
respiratory bronchioles and alveolar spaces. The prevail-
ing hypothesis for the pathogenesis of emphysema is a
protease-antiprotease imbalance in the lung parenchyma
[1]. The focus has been on the role of elastases capable of
destroying the elastic fibers that comprise the alveoli. Tra-
ditionally, elastin has been recognized as a matrix compo-
nent that is extremely resistant to proteolysis, signifying a
key role for specific elastases in elastin destruction. The
physiological consequence of alveolar destruction is a
decrease in the elastic recoil of the lungs resulting in
hyperinflation and impaired pulmonary function. Per-
haps more importantly, loss of elastic fiber attachments of
the small airways predisposes to airway collapse with con-
sequent airflow obstruction.

The protease-antiprotease hypothesis was initially for-
mulated in response to the observation that a subset of
prematurely emphysematous patients possessed homozy-
gous deficiency for ·1-protease inhibitor, a protein that
inhibits serine proteases including neutrophil elastase.
The hypothesis was supported further by animal models
in which emphysema-like changes were induced upon
administration of elastolytic enzymes [1]. Historically,
emphasis had been placed on the role of neutrophil elas-
tase as the primary mediator of matrix destruction be-
cause ·1-protease inhibitor is the natural inhibitor of this
elastase. However, an elastase from murine macrophages
was purified and characterized in 1981 [2]. Several years
later, the human macrophage enzyme was identified [3].
In contrast to neutrophil elastase, macrophage elastase
(ME) is a metalloprotease, more specifically a member of
the matrix metalloproteinase (MMP) family.

Macrophage Elastase and the MMP Family
The MMPs, also referred to as the matrixins, are a

family of metalloproteases that has become recognized for
its ability to degrade matrix macromolecules. The MMPs
contain an active-site zinc atom that is chelated by the
three histidine residues that are part of the HEXXH + H
motif. They also contain a conserved methionine residue
that forms part of a 1,4-turn and whose side chain creates
a hydrophobic environment for the zinc-binding site.
Thus, the MMPs are part of the larger ‘metzincin’ family.
All of the MMPs also have a conserved cysteine-switch
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Fig. 1. Domain structure of the MMP fami-
ly.

motif involved in the latency of the pro-MMP zymogens
[4]. The MMPs also share the property that they are inhib-
ited by one of the four naturally occurring tissue inhibi-
tors of metalloproteinases (TIMPs) [5]. The members of
the family differ with regard to their domain structure
(fig. 1). The MMPs are classified either by their protein
substrate specificity, as for ME which is named after its
ability to degrade elastin, or by shared structural features,
such as the transmembrane domain that distinguishes the
five known membrane-type MMPs. While MMPs have
attracted most interest, based on their ability to degrade
components of the extracellular matrix, other nonmatrix
substrates exist for these enzymes. For example, several
MMPs, including ME, can cleave and inactivate ·1-pro-
tease inhibitor [6–9]. Thus, the MMPs can modulate the
activities of serine proteases such as neutrophil elastase.

Macrophage Elastase and Emphysema
Macrophages comprise over 90% of the inflammatory

cells in the lungs of smokers. With the discovery that mac-
rophages produce ME, its potential role in emphysema
has been investigated. Increased expression of ME has
been found in lung samples from emphysema patients,
supporting the possible involvement of the enzyme in the
pathophysiology of the disease [10]. Stronger support for
the role of ME in emphysema was obtained by generating
a knockout mouse in which the ME gene was deleted. In
contrast to wild-type mice, ME(–/–) mice did not develop
emphysema in a murine smoke-induced emphysema
model [11]. This model mimics the human disease in that

it is triggered by cigarette smoke and is slowly progressing.
An additional, unexpected finding was a reduction in the
number of macrophages that normally accumulate in the
lung after smoke exposure. Subsequent research suggests
that ME-generated elastin fragments chemotactically at-
tract macrophages into the lung and also induce ME
expression [unpubl. obs.]. Thus, ME is the central media-
tor in a cycle of elastin degradation and macrophage
recruitment. In addition, ME may also play a pathological
role by augmentation of neutrophil elastase activity
through inactivation of ·1-protease inhibitor [6, 7]. More
recently, the role of macrophages in the development of
emphysema has been demonstrated in rats that have been
chronically exposed to cigarette smoke [12].

Synthetic MMP Inhibitors
The catalytic zinc atom in the MMPs binds the carbo-

nyl group of the scissile peptide bond (P1-P1)) of the sub-
strate and activates it for hydrolysis. The specificity of the
individual MMP for its substrate is determined by the
degree of complementarity between the specificity pock-
ets on the enzyme (Sn...Sn)) and the residues in the sub-
strate (Pn....Pn)). Typically, synthetic inhibitors contain a
zinc-chelating group (e.g., a carboxylate or a hydroxamate
moiety) attached to a pharmacophore that binds favora-
bly in the Sn pockets on either the primed or nonprimed
side of the enzyme [13]. The S1) subsite is the best defined
substrate recognition feature of the MMPs and has played
a prominent role in the design of potent, selective inhibi-
tors. MMP inhibitors have been proposed as therapies for
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a variety of disease indications including arthritis, cancer,
multiple sclerosis, congestive heart failure. Since emphy-
sema is a disease of lung elastin degradation that may be
caused by ME, inhibitors of ME have therapeutic poten-
tial in the treatment of the disease.

Inhibition of Smoke-Induced Emphysema by MMP
Inhibitors
To investigate the role of MMPs in an animal model of

emphysema, two orally bioavailable synthetic inhibitors
(RS-113456 and RS-132908) have been tested in the
murine smoke-induced emphysema model. In this model,
mice are exposed to chronic cigarette smoke, resulting in
alveolar destruction as measured by changes in the mean
linear intercept of lung tissue that has been fixed at con-
stant pressure. The changes are consistent with the pathol-
ogy observed in the lungs of human smokers, although
human lungs also exhibit destruction of bronchioles, a
structure not present in mouse lungs. In mice, an increase
of approximately 50% in the number of lung macrophages
can be observed as early as 1 month after smoke exposure.
After 6 months of smoke exposure, there is an approxi-
mate 3-fold increase in the number of macrophages. After
1 month of smoke exposure, the expression of ME in the
lungs of these mice is increased as well. The mice start to
develop alveolar destruction after 6 weeks and this con-
tinues throughout the 6 months of smoke exposure.

The inhibition constants for the two inhibitors are
listed in table 1. Both compounds are potent (!1.2 nM)
inhibitors of both human and murine ME. RS-132908
was administered in a preventive protocol in which the
compound was dosed at 50 mg/kg b.i.d. throughout the
entire six month smoking period. In contrast, RS-113456
was administered in a treatment protocol in which the
mice were allowed to establish their emphysema in three
months of smoking, after which the compound was dosed
at 50 mg/kg b.i.d. for the remaining 3 months of smoking.
At 6-week intervals, study groups were sacrificed and the
mean linear intercepts and lung macrophage contents
were determined, as shown in figures 2 and 3, respec-
tively.

RS-132908 markedly inhibited the smoke-induced in-
crease in mean linear intercept at every 6-week observa-
tion and produced a 74% inhibition at the end of 6
months of smoke exposure (fig. 2). Likewise, there was a
reduction in macrophage accumulation within the lung
tissue, which also reached about 75% inhibition after 6
months (fig. 3). These results are consistent with the pos-
tulated roles for ME in the development of emphysema.
In the treatment protocol, RS-113456 was also extremely

Fig. 2. Effect of MMP inhibitors on smoke-induced emphysema.
Groups of fifteen C57BL/6 mice, 12 weeks of age, were exposed to
the smoke from two nonfiltered cigarettes for 6 days a week, up to 6
months. Study drugs were administered orally by gavage at a dose of
50 mg/kg b.i.d. The mice were sacrificed, the lungs inflated to 25 cm
H2O pressure in formalin and fixed. Histologic sections were pre-
pared from the lungs. Airspace enlargement was quantified by deter-
mining the mean linear intercept (Lm) by point counting of mid-
sagittal sections.

Table 1. In vitro inhibition profile of test compounds

Enzyme Ki, nM

RS-132908 RS-113456

0.12 0.033
Murine ME 0.58 1.2
Collagenase-1 360 70
Collagenase-3 0.23 0.17
Gelatinase B 0.41 0.065
Stromelysin-1 12 5.2
MT-MMP-1 0.30 0.089

Ki values were determined in a continuous fluorogenic assay. All
enzymes tested were recombinant human enzymes except where
noted. MT-MMP-1 = Membrane-type MMP-1.

efficacious. The compound completely blocked further
disease progression as measured by mean linear intercept
changes. Interestingly, it also reduced the interstitial mac-
rophage concentration by the same amount as RS-
132908, even though this compound was only dosed for
the last 3 months. These studies indicate that MMP inhib-
itors have the potential to block progression in established
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Fig. 3. Effect of MMP inhibitors on macrophage accumulation in the
lung. Interstitial macrophage accumulation in the lung was deter-
mined by identifying macrophages by murine Mac-3 (rat antibody
against mouse Mac-3 protein; PharMingen, San Diego, Calif., USA)
immunostaining. Cell counts were determined by counting five ran-
dom high-power fields at !400. The positive-staining macrophage
counts were normalized to airspace area.

disease. These data provide strong preclinical support for
a role of MMPs in the development of emphysema.
Experiments with more selective ME inhibitors will be
required to pinpoint ME as the dominant MMP in this
process.

Conclusions
It has long been recognized that elastases may play a

prominent role in promoting the destruction of alveoli in
human emphysema. Initially, attention was focused on
neutrophil elastase because of the genetic susceptibility of
patients deficient in ·1-protease inhibitor. However, these
patients represent a small fraction of those with emphyse-
ma and it is possible that the role of neutrophil elastase is
over-represented in this population. The more recent dis-
covery of ME and the observation that ME (–/–) knockout
mice are resistant to smoke-induced emphysema have
raised the possibility that ME may be an important
mediator of the disease. The efficacy observed with the
MMP inhibitors in the murine emphysema model pro-
vides strong support for this concept and indicates that
MMP inhibitors may have therapeutic potential in treat-
ment of the disease.
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Summary
In addition to traditional drug development strategies, a number

of current approaches focus on modulation of the immune response
to allergens or, the allergens themselves. Disease-modulating specific
immunotherapy has been used for many years and has been shown to
be efficacious, although this form of treatment is slow and carries the
risk of systemic adverse reactions. The identification of naturally
occurring allergen isoforms of the native protein which do not bind
IgE has led to modification of a number of allergens by site-directed
mutagenesis. Such proteins have a reduced or absent interaction with
IgE whilst retaining much of their ability to stimulate T cells. The
improved safety profile of such molecules may result in larger, more
efficacious doses of protein being given with improved safety. Frag-
ments of allergen molecules, such as peptides, are also under develop-
ment, employing a similar rationale of destroying IgE binding epi-
topes whilst retaining T cell determinants. Neutralization of specific
molecules in the inflammatory cascade is currently being addressed
with ‘humanized’ monoclonal antibodies and soluble receptors/
receptor antagonists, directed towards IgE, cytokines such as IL-4
and IL-5, and cell surface molecules such as CD23.

Atopic allergic diseases, including allergic rhinocon-
junctivitis, allergic asthma and atopic dermatitis, repre-
sent a particular therapeutic problem since their preva-
lence has increased dramatically in recent decades. The
market for new and more effective medicaments for aller-
gic disease is both substantial and increasing. For this rea-
son, the pharmaceutical and academic communities have
invested heavily in research and development in this area

which represents one of the largest group of chronically
symptomatic patients, particularly in the developed
world.

Therapy of allergic diseases can be classified into pal-
liative and disease modulating. The former, which de-
scribes drugs such as anti-histamines and glucocorticoste-
roids, forms the largest sector of the market. Disease-
modulating therapy such as specific immunotherapy
(SIT), otherwise known as desensitization, is more re-
stricted despite its clinical efficacy, largely as a result of
the requirement of the patient that he or she make a sub-
stantial and ongoing time commitment to his other treat-
ment.

There is a need to develop both improved drugs for
palliation and also, and arguably more importantly, to
develop novel disease-modulating therapies which may
act, not only to relieve symptoms but also, to impact upon
the burden of this group of diseases on the population as a
whole.

Currently, the development of novel therapies appears
to be following a number of parallel routes (fig. 1). The
first consists of approaches which seek to modify and
improve SIT by the use of modified allergen molecules or
fragments thereof. The second approach has been to tar-
get specific molecules which have been identified as piv-
otal in the allergic cascade (e.g. cytokines, chemokines,
IgE, costimulatory molecules). The third, which is cov-
ered elsewhere in this text, is the use of medicinal chemis-
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Fig. 1. Allergic inflammation results from
allergen impact on mucosal surfaces [1].
Cross-linking of allergen-specific IgE [2]
leads to the release of histamine, IL-4, IL-13
from mast cells [3]. Whole allergen is taken
up by antigen-presenting cells [4] and pep-
tides are presented to T cells, resulting in T
cell activation [5] and elaboration of cyto-
kines. Eosinophil recruitment [6] leads to the
release of toxic proteins and mediators such
as leukotrienes [7], causing bronchoconstric-
tion and epithelial cell damage. Current ther-
apeutic approaches, some of which are dis-
cussed in this section, are shown in italics.

try to develop compounds which block important steps in
the generation of allergic inflammatory responses (e.g.
leukotriene inhibitors, phosphodiesterase inhibitors). Fi-
nally, immunization with bacterial products or modified
bacterial DNA sequences is been developed as a potential
method for switching Th2-type responses to Th1. The
reviews in this section relate specifically to the targeting of
allergen molecules, IgE and the low-affinity IgE receptor
for the treatment of allergic diseases.

Second-Generation Specific Immunotherapy
Traditional whole-allergen SIT has been employed to

treat allergic diseases for almost a century [1]. It has been
demonstrated to be highly effective in carefully selected
patients [2], but demands a considerable commitment
from both patient and clinician in terms of time. This
form of therapy, by virtue of the fact that the patient is
injected with the very substance to which he or she is aller-
gic, also carries the risk of systemic side effects such as
anaphylaxis, which when severe can be life-threatening.
Anaphylaxis and related adverse events associated with
this form of therapy arise as a result of cross-linking of
specific IgE antibodies on the surface of mast cells leading
to degranulation and the release of histamine, cytokines
such as IL-4 and IL-5 and leukotrienes. All of these media-
tors have been identified as important contributors to
both acute and chronic allergic inflammation.

Allergens and Allergoids
One approach has been to exploit the fact that relative-

ly minor changes to the amino acid sequence of an aller-
gen molecule (such as may be found in some allergen iso-
forms for example) can result in a substantially reduced
ability to bind IgE [3–7]. Similarly, other approaches
which disrupt the integrity of the three-dimensional struc-
ture of the allergen have been developed as second-gener-
ation immunotherapeutics. Whole allergen molecules
have been treated with formaldehyde in order to modify
lysine residues and cross-link amino acid side chains [8–
10]. In common with point mutation of the whole protein,
the allergoid approach spares the majority of T cell epi-
topes within the allergen molecule, a property which is
believed to be essential for the success of SIT.

Peptides and Fragments
Disruption of allergen structure through the generation

of peptide fragments is also being pursued as a potential
avenue for developing efficacious therapies with im-
proved safety profiles. A number of groups have evaluat-
ed the safety and clinical efficacy of two peptides derived
from the major cat allergen Fel d 1 [11–14]. Clinical
results were modest but established proof of concept,
which has been further supported by the work of Muller et
al. [15] in bee-venom-allergic individuals. Studies from
our own group described later in this section suggest that
the use of carefully selected peptides derived from the
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amino acid sequence of allergens may be both safe and
highly efficacious in the treatment of allergic disorders,
particularly asthma. The clear advantage of allergen-spe-
cific approaches to therapy, over targeting inflammation
in general (for example with glucocorticosteroids) or indi-
vidual components of the allergic cascade (anti-cytokine
antibodies or small molecule receptor antagonists) is that
the effect of the therapy is restricted to the specific
immune response underlying the disease, rather than by
inhibiting the synthesis or actions of one or more non-
specific components of the response.

Therapeutic Targets in Allergic Disease
Allergic diseases are complex and multifactorial in

their aetiology. In general, allergic inflammation involves
multiple cell types and the synthesis, release and action of
a number of soluble mediators. Choosing which of these
to target for therapy has presented a significant challenge.
Many previous approaches focussing on a single mediator
have failed to impress clinically. Identifying the events
that initiate allergic inflammation is difficult but recently
a number of strategies have been developed which are
currently undergoing evaluation in clinical trials.

Antibodies to IgE
The concept of an inhibitor of IgE that blocks binding

to high-affinity IgE receptors but lacks the ability to trig-
ger degranulation of IgE-synthesized cells has been
achieved by the generation of non-anaphylactogenic anti-
IgE antibodies [16]. Humanized monoclonal antibodies
which bind IgE, either in soluble or receptor-bound form,
but are non-anaphylactogenic, have been shown to reduce
serum IgE levels dramatically and have also been demon-
strated to be efficacious in both the control of allergic
sypmtoms and reduction in the use of anti-allergic medi-
cation [17, 18]. The results of clinical studies with anti-
IgE antibodies are discussed later in this section.

Antibodies to CD23
CD23 is a pleiotropic molecule which is crucial in the

regulation of IgE synthesis [19]. In addition to FcÂRI, IgE
also binds to CD23 which is referred to as the low-affinity
IgE receptor or FcÂRII. A number of ligands other than
IgE have been identified which interact with CD23 such
as CD21. Following triggering through the CD23-CD21
axis, basophils were shown to release histamine [20].
Interaction of CD23 with CD11b and CD11c on mono-
cytes resulted in release of pro-inflammatory cytokines
(IL-1ß, IL-6 and TNF-·, together with increased produc-
tion of nitrite-oxidative metabolites [21]. Elevated soluble
CD23 levels have been shown in the serum of allergic sub-
jects [22] including allergic asthmatics [23]. CD23 has
also been shown to regulate antigen-induced bronchocon-
striction in a murine model [24]. Anti-CD23 (Fab) anti-
bodies were shown to significantly reduce allergen-in-
duced bronchoconstriction [24]. CD23-mediated allergen
focussing has also been implicated as a mechanism by
which allergen processing and presenting is enhanced in
allergic individuals, leading to more vigorous T cell
responses [25]. Thus, results indicate that blockade of
CD23 function may prove efficacious in the treatment of
allergic asthma.

Conclusions
The rising prevalence of allergic diseases such as asth-

ma highlights the requirement for more effective therapy.
Current strategies include the modification of well-estab-
lished approaches such as SIT, together with the specific
targeting of mediators of the allergic inflammatory re-
sponse such as IgE. Clinical data from a number of pro-
grammes have demonstrated efficacy, and direct compar-
isons between the most effective of these approaches will
ultimately determine whether traditional pharmacothera-
py, such as anti-histamines and glucocorticosteroids, can
be improved upon in the near future.
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Summary
Allergen injection immunotherapy is highly effective in selected

patients with IgE-mediated allergic disease. Immunotherapy is the
only treatment in current use that can improve the long-term out-
come of allergic disease following its discontinuation. The probable
mechanism of action is through alteration of the Th1/Th2 T lympho-
cyte balance either by inducing unresponsiveness (anergy) or im-
mune deviation in favour of Th1, responses. Alternative routes of
administration may improve further on safety and broaden the avail-
ability of immunotherapy.

Allergen immunotherapy involves the administration
of gradually increasing doses of standardized allergenic
extracts to selected patients suffering from IgE-mediated
allergic conditions with the aim of modifying the immune
response to future contact with the allergen, resulting in
reduction of symptoms.

Subcutaneous Allergen Immunotherapy
Efficacy of Immunotherapy. Bee/Wasp Venom. Hyme-

noptera venom immunotherapy is highly effective in
patients with a history of bee or wasp sting-induced ana-
phylaxis [1], up to 65% of whom would have a similar,
potentially fatal reaction if stung again. Large local reac-
tions and mild systemic reactions following a sting are less
likely to recur and are not an indication for immunothera-
py. Following 3 years of venom immunotherapy, follow-
up studies confirm 90% protection against a future ana-
phylactic reaction for at least 5 years after discontinuation
[2].

Seasonal Allergens. Injection immunotherapy is highly
effective in patients with seasonal allergic rhinitis caused
by pollens such as grass [3], birch [4] ragweed [5] and Par-
ietaria [6]. A number of hay fever sufferers also experi-
ence seasonal asthma. Several studies have demonstrated
improvement in seasonal asthma symptoms [7] and bron-
chial hyperresponsiveness [8] following pollen immuno-
therapy. Studies comparing allergen immunotherapy with
pharmacotherapy are needed. Three to four years of grass
pollen immunotherapy treatment results in a sustained
improvement in hay fever symptoms and a marked reduc-
tion in requirements for anti-allergic medication that per-
sists for 3 years after withdrawal of treatment [9] (fig. 1).

Perennial Allergens. Perennial rhinitis and asthma are
frequently associated with sensitivity to house-dust mite
and domestic pets. For such patients, allergen avoidance
measures combined with pharmacotherapy represent
first-line management. In general immunotherapy may be
less effective for perennial disease in which specific aller-
gens may be only one of the determinants. The efficacy of
immunotherapy in patients with mite-sensitive asthma
was confirmed in a meta-analysis of 20 randomized con-
trolled trials [10] in which the odds for symptomatic
improvement, combining all allergens, was 3.2 (95% CI
2.2–4.9). Clinical improvement has been shown to be
accompanied by inhibition of late asthmatic responses
and decreased bronchial hyperresponsiveness [11]. With-
in the United Kingdom immunotherapy is not recom-
mended for perennial asthma because of the increased
risks in this group.
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Fig. 1. Median weekly pollen counts and symptom scores for placebo-controlled trial of immunotherapy (1989) and
3 years of double-blind placebo-controlled treatment withdrawal. From Durham et al. [9].

Immunotherapy with a standardized cat extract re-
sulted in a marked reduction in symptoms during con-
trolled cat exposure with an accompanying reduction in
peak flow response and conjunctiva and skin sensitivity
[12]. Immunotherapy was also highly effective in patients
with cat-induced asthma [13] and had long-term effects
on bronchial hyperreactivity [14].

Safety of Immunotherapy. Large (15 cm) local swell-
ings occasionally occur early (!1 h) or late (1–24 h) after
injections. These are usually not troublesome and require
no treatment. Systemic reactions include rashes, pruritis
and hypotension; these usually occur within 30 min. Ana-
phylaxis is an extremely rare complication of injection
immunotherapy. In 1986, the British Committee on Safe-
ty of Medicines reported 26 deaths associated with immu-
notherapy over 30 years [15], these occurred almost exclu-
sively in individuals for whom the indication for immu-
notherapy was bronchial asthma. Major factors in these
fatalities were the performance of immunotherapy by
untrained operators without immediate access to epi-
nephrine. Injection immunotherapy must therefore be

performed by trained personnel with access to adequate
resuscitation facilities. Patients should remain under ob-
servation for at least 30 min after injections. Signs of sys-
temic reaction should be identified early and treated with
0.5 mg (0.5 ml of 1:1,000) intramuscular epinephrine (ad-
justed in children).

Mechanism of Immunotherapy. Serum Immunoglobu-
lins. A consistent pattern of changes in serum immuno-
globulin concentrations is seen during immunotherapy.
IgE levels rise after up-dosing then steadily fall over several
years [16]. In contrast, allergen-specific IgG4 antibodies
increase rapidly and remain raised throughout the course
of treatment. It has been proposed that IgG4 may act as a
‘blocking antibody’ – competing with cell membrane-
bound IgE for allergen. The lack of any correlation with
clinical response to immunotherapy questions this pro-
posed role for increases in IgG4, which may simply reflect
high allergen exposure during immunotherapy [17].

Mediators and Effector Cells. Following successful im-
munotherapy, there is a reduction in both mast-cell-asso-
ciated mediators [18] and eosinophil recruitment and
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Fig. 2. Cellular infiltration with CD4+ T lymphocytes (a), MBP+ (b) and EG2+ (c) eosinophils 24 h after nasal
provocation with allergen and control (allergen diluent) solution in immunotherapy-treated (P) and placebo-treated
([) subjects. From Durham et al. [21].

activation within target organs [19, 20]. Nasal biopsy
studies have shown that both the late-phase response [21]
and seasonal exposure [22] to pollen are associated with
tissue eosinophilia which is inhibited by successful immu-
notherapy (fig. 2).

T Lymphocytes. The division of Th T lymphocytes
into Th1 and Th2 subtypes is well established [23]. Th1-
polarized T lymphocytes are important in the response to
infection, they produce IFN-Á and promote IgG produc-
tion by B lymphocytes. Th2 T lymphocytes produce the
cytokines IL-4, which is an important signal to B cells to
switch to IgE production, and IL-5, which plays a vital
role in eosinophil recruitment, activation and survival.

Alterations of serum antibodies and effector cells after
specific immunotherapy may occur as a consequence of
modulation of the T cell response to allergen. Studies in
peripheral blood have shown a decrease in allergen-
induced T cell proliferation and a decrease in IL-4 pro-
duction following immunotherapy [24]. The inhibition of
allergen-induced late nasal responses by grass pollen im-
munotherapy is associated with an increase in IFN-Á
mRNA expression in the nasal mucosa [21]. Prolonged
immunotherapy (4–7 years) results in decreased IL-4

expression in biopsies from allergen-induced late cuta-
neous responses [9]. The increased IL-5 mRNA expres-
sion observed in the nasal mucosa of hay fever sufferers
during natural seasonal pollen exposure is inhibited by
immunotherapy. This down regulation correlates closely
with the clinical response to immunotherapy and the
reduction in tissue eosinophilia [22]. Taken together,
these findings suggest that alteration of the Th2/Th1
T cell balance may occur either as a consequence of
immune deviation (Th2 to Th1) or down-regulation of
Th0/Th2 responses (anergy) (fig. 3)

Alternative Routes for Allergen Immunotherapy
The injection route for administering immunotherapy

can be inconvenient and may rarely be associated with
serious systemic reactions. For these reasons, alternative
routes have been explored. Oral allergen administration
was ineffective in 4 of 7 published studies [25] and has
largely been abandoned. There have been few studies of
the bronchial route, and unacceptable side effects limit
further progress. A majority of studies of nasally adminis-
tered immunotherapy have demonstrated efficacy in both
seasonal and perennial allergic rhinitis with a dose re-
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Fig. 3. Possible mechanism of allergen im-
munotherapy: alteration of Th1 / Th2 bal-
ance in favour of Th1 either by downregula-
tion of Th2 response (anergy) or immune
deviation (Th2 to Th1).

sponse [25]. The occurrence of local side effects of itching
and sneezing when allergen is placed directly in the nose
may possibly limit the acceptability of this route.

Sublingual-swallow immunotherapy, using high doses
of grass or Parietaria pollen allergens that can be self-
administered at home after initial up-dosing, has been
studied in many recent trials. In a majority, improve-
ments were seen in symptoms or medication require-
ments during the relevant pollen season with few adverse
effects [25]. Further studies comparing the sublingual
route with conventional injection immunotherapy and
pharmacotherapy are required.

Adjuvants
Adjuvants have been administered with allergen vac-

cines in an attempt to either delay absorption from the
injection site, e.g. alum in depot preparations, or to aug-

ment the immune response. Freund’s adjuvant can in-
duce production of IL-12 by macrophages in animal mod-
els, which drives a Th1 immune response. It is possible
that IL-12 itself administered in low doses, with the aller-
gen, may prove effective as an adjuvant although this
potential role may be limited by toxicity.

Allergoids
Allergoids are chemically modified allergens in which

agents such as formaldehyde or glutaraldehyde are used to
cross-link within and between proteins to minimize IgE-
binding potential and therefore the risk of anaphylaxis,
whilst retaining T cell epitopes. Although a number of
studies have demonstrated efficacy with these vaccines,
there remain problems of standardization following
chemical modification, and further controlled studies are
required.
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Summary
Allergic disease is a major cause of morbidity in the developed

world. Current treatments are only partially effective and traditional
whole allergen immunotherapy carries the risk of anaphylaxis. Aller-
gen-derived T cell peptide epitopes offer the possibility of modulat-
ing the immune response to allergen with only minimal side effects.
This chapter will review the rationale behind the use of peptides for
immunotherapy and the current evidence from both in vitro and in
vivo systems concerning their mechanism of action and efficacy.

Allergic diseases are increasing in prevalence, especial-
ly in westernized countries, with 10–20% of the popula-
tion suffering from some form of atopic disorder. They
are characterized by the inappropriate synthesis of IgE
specific to common aeroallergens (in the United Kingdom
these include house dust mite, grass and tree pollen, and
dander from furry animals, notably cats and dogs) and
food substances, e.g. cow’s milk. Important examples of
atopic disorders include allergic asthma, allergic conjunc-
tivo-rhinitis and atopic dermatitis.

The management of allergic disease comprises allergen
avoidance, usually in combination with pharmacothera-
py, e.g. corticosteroids (topical and systemic) and anti-his-
tamines. Standard allergen avoidance techniques are of-
ten ineffective as the common aeroallergens are wide-
spread, especially in temperate climates. For example, the
domestic cat is a common pet in the UK and even after
removal of the cat from the relevant environment, cat
antigen has been shown to persist for months to years [1].
Also, clinically significant amounts of cat allergen have
been demonstrated in environments, e.g. schools, hospi-
tals that have never contained a cat [2, 3].

Current conventional treatments for aeroallergen-in-
duced disease include topical corticosteroids, inhaled

bronchodilators, and anti-histamines. These treatments
work reasonably well in cases of mild to moderate disease
but often fail to completely suppress symptoms, especially
in the case of severe disease, and to be most effective must
be taken on a regular basis. Understandably, many pa-
tients are reluctant to do this and only take their medica-
tion on exposure to a cat when the inflammatory cascade
has already been triggered, further reducing efficacy.

Once allergen avoidance and conventional pharmaco-
logical treatments have been tried, the only current option
for resistant disease is whole-allergen immunotherapy.
This has been shown to be efficacious and have a pro-
longed duration of action [4] but misgivings remain owing
to the potential for inducing IgE-mediated anaphylaxis
and problems with the standardization of allergen ex-
tracts. Consequently, current efforts are being directed
towards developing an alternative to whole-allergen im-
munotherapy for pharmacologically resistant disease.

The Allergic Response
The response to allergen challenge in a previously sen-

sitized individual can be divided into two phases: the ear-
ly response occurring within minutes and generally com-
plete within 1 h and the late response which starts about
3 h after allergen exposure, peaks at 6–9 h and has gener-
ally resolved by 24 h. The early response is caused by
intact allergen molecules cross-linking preformed IgE on
the surface of mast cells leading to cellular degranulation
and release of preformed mediators including histamine,
together with lipid mediators such as leukotrienes and
prostaglandins. This reaction is manifested in the skin as
the ‘wheal and flare’ reaction and in the lung as broncho-
constriction. In severe cases these mediators can lead to
the syndrome of anaphylaxis (fig. 1).
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Fig. 1. Encounter with whole allergen results
in IgE-dependent activation of mast cells
with the potential for anaphylaxis. Addition-
ally, allergen is taken up by antigen-present-
ing cells and presented to T cells which sub-
sequently play a role in the recruitment of
other inflammatory cells such as eosinophils.
Allergen-derived peptides are generally too
small to cross-link adjacent IgE molecules on
the surface of the mast cell, even if they are
capable of being recognized as a B cell epi-
tope. Peptides remain able to interact with
T cells through MHC-restricted presenta-
tion. At high doses, peptides induce hypo-
responsiveness to allergen.

The mechanisms underlying the initiation and mainte-
nance of late-phase reactions are less well defined but are
likely to involve a number of cell types and soluble media-
tors. In contrast to the early phase, the late allergic reac-
tion is associated with allergen-derived peptides being
presented to T cells. The activated T cells secrete cyto-
kines in a Th2 pattern (IL-4, 5, 13) which subsequently
influence other cells in the inflammatory cascade and pro-
mote the Th2 phenotype. The ability to dissociate anti-
body and TCR-mediated allergen recognition suggests
that small allergen-derived T cell peptides, whilst unable
to cross-link IgE due to the loss of their three-dimensional
conformational determinants, may still interact with al-
lergen-specific T cells inducing cell activation or tolerance
depending on the mode of presentation. However, the
allergic late-phase response is not solely dependent on the
T cell pathway since cutaneous late-phase reactions can be
transferred by IgE or injection of anti-IgE [5, 6].

In vitro Studies
The first demonstration that antigen-derived peptides

could alter the phenotype of T cells utilized influenza
virus haemagglutinin-specific human Th0 T cell clones
[7]. T cell anergy to whole-antigen challenge was induced
following exposure of the clones to supraoptimal doses of
peptide in the absence of antigen-presenting cells. These
findings were subsequently confirmed in a murine model
and it was demonstrated that the state of unresponsive-
ness could be reversed by the addition of IL-2 [8].

Subsequently, similar results have been obtained in a
murine model of cat allergy [9]. Peptides derived from the

major cat allergen, Fel d 1, were administered via a subcu-
taneous route. Following in vivo peptide-induced toleri-
zation, T cells were isolated from lymph nodes and shown
to have a reduced proliferative response to whole allergen
and decreased IL-2 production.

Other studies in mice have demonstrated the induc-
tion of T cell tolerance following peptide challenge via the
mucosal route [10]. It has also been demonstrated that
administration of peptides derived from house dust mite
allergen to mice via the intranasal route initially induces
transient T cell activation [11]. This was followed by T
cell hyporesponsiveness to whole antigen as demonstrated
by decreased proliferative responses and IL-2/3 produc-
tion. Interestingly, the tolerance induced via the mucosal
route was more short-lived than that induced via the sub-
cutaneous route.

The ability to modulate T cell function has also been
demonstrated for altered peptide ligands (analogues of
wild-type peptides in which one or more residues have
undergone conservative substitution). The first demon-
stration of this phenomenon utilized a murine Th clone.
An altered peptide ligand was identified that induced IL-4
production and was capable of B cell help but did not
induce proliferation [12]. The proliferative response
could be restored by addition of IL-1. Subsequently, also
utilizing a murine Th1 clone, APLs, that are themselves
incapable of inducing clonal proliferation, have been
shown to induce unresponsiveness to the immunogenic
peptide on subsequent stimulation [13].

The mechanism underlying the ability to dissociate
different components of T cell effector functions remains
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unclear. Altering individual residues of a peptide alters
the affinity of the MHC-peptide complex for the T cell
receptor and consequent TCR triggering. An altered pep-
tide ligand capable of inducing partial T cell activation of
a murine clone has been shown to cause changes in the
pattern of phosphorylation of the TCR ̇  chain and failure
of ZAP-70 kinase activation [14]. Thus, the effect of APLs
may be mediated by alterations in intracellular signalling
following peptide-TCR ligation.

In vivo Studies
As discussed, mucosal administration of peptide is an

effective method of inducing T cell tolerance. Administra-
tion of a peptide containing the immunodominant T cell
epitope of the house dust mite allergen Der p 1 to naı̈ve or
primed mice caused suppression of the T cell response to
not only the dominant peptide but also to the minor flank-
ing epitopes [15]. This suggests effective peptide therapy
will not require peptides spanning the entire allergen but
that rather a few select peptides can be used.

An early study in man utilized three peptides derived
from PLA2, the major bee venom allergen [16]. All five
patients studied demonstrated an increase in the peptide-
specific IgG4:IgE ratio and tolerated a subcutaneous chal-
lenge with PLA2 without systemic side effects following
peptide therapy. Three out of the five patients also tolerat-
ed a subsequent rechallenge with live bee sting.

Further studies have involved the treatment of pa-
tients with cat-allergic asthma with Fel d 1 derived pep-
tides. The first study utilized two peptides (each 27 resi-
dues long) spanning the centre of chain 1 of Fel d 1 [17].
Subcutaneous administration of the peptides on a weekly
basis for 4 weeks caused a reduction in allergic symptoms
at the highest dose used. A number of adverse reactions
(both early and late) were noted during the study follow-
ing the first injection of peptide. The early reactions were
probably caused by an IgE-mediated mechanism as the
peptides used were long enough to cross-link adjacent IgE
molecules on the surface of mast cells. The late reactions
may have been a result of the transient T cell activation
seen following initial peptide challenge [11].

However, a subsequent study utilizing the same pep-
tides did not show any improvement in cutaneous sensi-
tivity to allergen and there was no change in the allergen-
specific T cell phenotype following treatment [18]. A third
study showed that peptide treatment resulted in a slight
improvement in lung function but only in those subjects
with impaired function at baseline. This study was char-
acterized by a high incidence of both early and late side
effects [19]. In vivo studies assessing the effect of these

peptides showed a dose-dependent decrease in IL-4 pro-
duction by peptide-specific T cell lines although there was
no change in cytokine production by whole-allergen-spe-
cific lines [20]. Importantly, no change in the proliferative
responses to either peptide or whole allergen were seen. A
subsequent study confirmed this reduction in IL-4 pro-
duction and also showed that there was no change in IFN-
Á, IgE or IgG levels [21]. Importantly, the reduction in
IL-4 production did not correlate with the improvement
in bronchial hyperresponsiveness to whole cat allergen.

Haselden et al. [22] also utilized a human cat-allergic
asthma model. In this study, however, the peptides used
were much shorter (16/17 residues) and were demon-
strated to have no histamine-releasing activity suggesting
that they were incapable of cross-linking IgE. Isolated late
asthmatic reactions were induced in a proportion of sub-
jects on initial peptide challenge suggesting transient T
cell activation. These reactions were attenuated on subse-
quent rechallenge implying the development of hypores-
ponsiveness or functional tolerance. Development of iso-
lated late allergic reactions was shown to be mediated by
an MHC class II-restricted mechanism. This implies that
for peptide-based immunotherapy to be effective in an
outbred population, the peptides used must take into
account the differing HLA haplotypes seen in that popula-
tion.

The overall mechanism of action behind the induction
of a clinical effect by allergen-derived peptides is unclear.
Animal studies suggest the induction of an anergic state is
responsible, but this is not borne out by human studies.
The mechanisms underlying the induction of clinical
hyporesponsiveness to whole allergen by allergen-derived
T cell peptide epitopes in man remain unclear, but may
include one or more of the following possibilities:
E induction of T cell anergy
E change in the T cell phenotype from Th2 to Th1/Th0
E induction of a regulatory T cell population
E activation-induced cell death

Safety Issues
There is mounting evidence that allergen-derived pep-

tide therapy will provide a safer alternative to traditional
whole-allergen immunotherapy. As discussed, whole-al-
lergen immunotherapy is extremely effective in a number
of allergic diseases but, due to the presence of intact,
three-dimensional B cell epitopes, the risk of adverse reac-
tions including anaphylaxis, albeit rare, remains. Short,
allergen-derived peptides, however, have a much lower
risk of inducing IgE-mediated anaphylaxis since there is a
smaller chance of them cross-linking adjacent IgE mole-
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cules on the mast cell surface and many conformational
determinants are removed. However, linear B cell epi-
topes do exist, as may peptide-specific IgE, so the risk of
anaphylaxis remains, although is much reduced.

Additionally, a second issue associated with peptide-
based immunotherapy follows the observation that induc-
tion of T cell tolerance by peptides is initially preceded by
transient T cell activation. This is distinct from an IgE-
mediated event and manifests as a response delayed in
time similar to an allergic late-phase reaction. This iso-
lated late phase reaction is markedly attenuated on subse-
quent peptide readministration due to the onset of T cell
hyporesponsiveness. Future protocols may possibly cir-
cumvent this response by commencing treatment at a
very low dose that does not elicit a clinical reaction and
updosing over a period of weeks to allow tolerance to
develop.

Conclusion
In conclusion, there is now strong supportive evidence

from both animal and human models that allergen-
derived peptides will provide a viable alternative to
whole-allergen immunotherapy in the treatment of severe
allergic disease. To be maximally effective, the peptides
will need to be capable of being presented by the differing
MHC class II restriction elements present in an outbred
population. To reduce IgE-dependent side effects, the
peptides need to be as short as possible to minimize any
IgE cross-linking ability. Also, treatment protocols will
need to consider the initial phase of T cell activation that
occurs on peptide challenge by starting at a very lose dose,
thus allowing T cell tolerance to develop in the absence of
overt clinical symptoms of late-phase reactions.
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Summary
An increasing number of hypoallergenic allergen derivatives is

currently being produced by genetic engineering as well as by synthet-
ic peptide chemistry and evaluated as candidate molecules for spe-
cific immunotherapy of type I allergy. One advantage of recombinant
and synthetic hypoallergenic allergen derivatives is that they can be
designed to simultaneously retain the immunogenic/tolerogenic
properties of the wild-type allergens and to exhibit a strongly reduced
allergenic activity. When used for immunotherapy, it may be ex-
pected that hypoallergenic allergen derivatives will exhibit a lower
rate of anaphylactic side effects. Furthermore, hypoallergenic aller-
gen derivatives can be used for component-resolved immunotherapy
tailored according to the individual patient’s sensitization profile.
This chapter summarizes strategies for the production and evalua-
tion of recombinant as well as of synthetic hypoallergenic allergen
derivatives as candidate vaccines for type I allergy.

Diagnosis of allergy and specific immunotherapy are
currently performed with allergen extracts consisting of
difficult to standardize allergenic and non-allergenic com-
ponents. It is thus not yet possible to treat patients accord-
ing to their sensitization profile. During the last decade a
constantly increasing number of recombinant allergen
components has been produced by recombinant DNA
technology [1]. Recombinant allergen components can
now be used for component-resolved diagnosis (CRD) of
type I allergy and thus allow to precisely establish the indi-
vidual patient’s sensitization profile [2]. Based on the
diagnostic information obtained by CRD it is now pos-
sible to precisely select those allergen components for

treatment against which the patient is sensitized. Further-
more, sequence, structural and epitope information
gained via the molecular biological characterization of
allergens open new possibilities to convert allergenic mol-
ecules into immunogenic/tolerogenic vaccines with low
allergenic activity [3, 4]. This chapter describes strategies
for the production and evaluation of hypoallergenic aller-
gen derivatives by genetic engineering and synthetic pep-
tide chemistry. We describe in detail rationales for select-
ing the correct allergen sources and technologies for the
production of recombinant allergens. Next we deal with
the characterization/evaluation of recombinant allergens
and discuss strategies for the production of recombinant
and synthetic hypoallergenic allergen molecules as well as
their in vitro and in vivo evaluation. Finally, we summa-
rize possible advantages of therapeutic strategies that are
based on the use of synthetic and recombinant hypoaller-
genic allergen derivatives.

Selection of the Most Relevant Allergen Sources
It is well established that many allergen sources con-

tain allergens which cross-react with structurally and thus
immunologically related allergens present in other sources
[5, 6]. Birch-pollen-allergic patients, e.g., can also exhibit
IgE antibody reactivity and clinical symptoms to pollens
of related trees belonging to the order Fagales (alder,
hazel, hornbeam, oak) and plant-derived food (fruits, veg-
etables, spices). The reason for this phenomenon is that
certain taxonomically related (e. g., birch and alder pol-
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len) as well as unrelated (birch pollen, apple) allergen
sources can contain allergens which are similar in terms of
structure and epitopes [7–9]. The selection of relevant
allergen sources and allergens therefore represents a key
step before the production of recombinant allergens can
be started. In this context the term ‘relevant’ means that a
given allergen source and/or allergen is the one which con-
tains most of the important B cell and T cell epitopes.
Whether a certain allergen/allergen source contains the
relevant IgE epitopes and thus represented the originally
sensitizing agent can be easily determined by IgE compe-
tition experiments. It was demonstrated, for instance, that
birch pollen allergens contained most of the IgE epitopes
present in pollens of the order Fagales and thus may be
sufficient for the diagnosis and treatment of birch pollen
and associated allergies [10]. It was also shown that many
patients with plant food allergy were originally sensitized
to cross-reactive pollen allergens [11]. In this context, it is
noteworthy that immunotherapy with birch pollen extract
is sufficient to treat related pollen (e. g., alder, hazel) and
plant food (e. g., apple) allergies [12, 13]. Figure 1 summa-
rizes the process of selecting the relevant allergen sources
and allergens. Using IgE competition studies performed
with large numbers of patient sera, it is possible to deter-
mine those allergens/allergen sources which inhibit IgE
binding to other related as well as unrelated allergens/
allergen sources and which thus represent the originally
sensitizing agents.

Production of Recombinant Allergens
After the relevant allergen sources have been identi-

fied, mRNA is isolated and cDNA synthesized (fig. 2).
Allergen-encoding cDNAs can be either isolated directly
with IgE antibodies from allergic patients using immuno-
screening technology or by using DNA-based technologies
(DNA-based screening, PCR-based approaches) [14]. The
advantage of the immunoscreening procedure is that pri-
marily those cDNAs are isolated that are produced as
immunoreactive components in a foreign host organism.
DNA-based technologies (e.g., PCR amplification of aller-
gen-encoding cDNAs) are sometimes faster but can deliv-
er cDNAs which code for molecules with low immuno-
reactivity [15]. On the other hand they may be the method
of choice if it is difficult to express the recombinant aller-
gen in hosts commonly used in the immunoscreening pro-
cedure (e.g., Escherichia coli). Next, the allergen-encoding
cDNA is inserted in suitable vectors (viral, plasmid DNA)
and can be produced as recombinant protein in various
host organisms (e.g., prokaryotic, eukaryotic organisms)
[16]. Basically, recombinant allergens can be produced in

bacteria without post-translational modifications which,
for most allergens, was sufficient to yield recombinant
proteins equaling the immunological and biological prop-
erties of the natural proteins (fig. 3). For some allergens, it
has turned out to be of advantage to express the proteins
in eukaryotic organisms to obtain a post-translationally
modified (e. g., glycosylated) protein which is correctly
folded. Basically, both the prokaryotic and eukaryotic
forms of expression represent well-established technolog-
ies whereas the purification of the recombinant allergens
needs to be established for each component. This is how-
ever fairly easy for recombinant molecules because the
biochemical properties of the molecules can be predicted
according to the sequence of the allergen and it is also pos-
sible to produce recombinant allergens containing tags
which allow single-step affinity-based purification proce-
dures (e.g., his-tags). Whether a panel of recombinant
allergens reflects the epitope complexity and thus equals a
natural allergen extract can be easily evaluated by IgE
binding and competition studies [10, 17–19].

Molecular, Immunological and Structural Analysis
of Recombinant Allergens
If the cDNA sequence of an allergen has been deter-

mined it is possible to deduce the corresponding amino
acid sequence. Knowledge about the allergen’s primary
sequence greatly facilitates the determination of B cell as
well as of T cell epitopes. As indicated in figure 4, allergens
may contain discontinuous B cell epitopes which com-
prise peptides or amino acids which are located on differ-
ent portions of the molecule (fig. 4 AE, BC) or continuous
B cell epitopes which represent peptides consisting of sev-
eral amino acids in a row (fig. 4D). The availability of the
allergen’s cDNA sequence allows to determine continuous
B cell epitopes using synthetic peptides or gene fragmenta-
tion technologies [20, 21]. The characterization of discon-
tinuous epitopes is more difficult than that of continuous
epitopes. It may be achieved by competition studies using
monoclonal antibodies with defined epitope specificity
[22] or by using structural biology methods (NMR or x-ray
crystal determination of the three-dimensional allergen
structure) [23]. The analysis of the allergen’s three-dimen-
sional structure is also greatly facilitated by recombinant
DNA technology which allows to produce and purify large
amounts of defined and folded proteins which can be
labeled during protein expression for NMR analysis.
Based on the amino acid sequence which can be deduced
from the cDNA sequence of a cloned allergen, mapping of
T cell epitopes can be easily achieved by using synthetic
overlapping peptides spanning the complete allergen se-
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Fig. 1–8. Immunotherapeutics obtained by genetic engineering and synthetic peptide chemis-
try.

quence [24]. Using the purified recombinant allergen, it is
easy to determine other important immunological charac-
teristics (e.g., IgE binding capacity, frequency of IgE rec-
ognition, cross-reactivity, capacity to activate basophils
and to induce biological responses in vivo) [25]. Taken
together, it is obvious that recombinant DNA technology
has greatly facilitated the molecular, immunological and
structural characterization of allergens and provided us
with defined molecules to investigate the mechanisms
underlying allergen-specific immune responses.

Genetic Engineering and Synthesis of
Hypoallergenic Allergen Derivatives
There are several possibilities how the molecular char-

acterization of allergens by recombinant DNA technology
can help improve allergen-specific immunotherapy. First,
it is possible to produce recombinant allergens which can
be used for refining the diagnosis of type I allergy. CRD
will allow to precisely determine the allergic patient’s sen-
sitization profile and thus allow the selection of the cor-
rect allergens for treatment (component-resolved immu-
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notherapy; CRIT) [2]. Second, it is possible to use recom-
binant DNA technology or synthetic peptide technology
for the production of defined allergy vaccines. Third, and
perhaps most importantly, molecular characterization of
allergens will open new avenues towards the rational
design and production of allergen derivatives with re-
duced allergenic activity [3, 4]. The use of such deriva-
tives may allow to reduce anaphylactic side effects in the
course of immunotherapy and it will allow to administer
higher doses of the derivatives which may help to reduce
the number of injections and result in a more effective
modulation of the patient’s immune response.

Recombinant DNA technology and synthetic peptide
chemistry can be used for the reproducible production of
well-defined hypoallergenic allergen derivatives (fig. 5)
based on the knowledge gained through molecular, immu-
nological and structural allergen characterization (fig. 4).
Figure 5 shows some of the possible ways to produce
recombinant or synthetic hypoallergenic allergen deriva-
tives for immunotherapy. One possibility is to produce
hypoallergenic allergen-derived peptides representing
continuous, discontinuous or portions of IgE epitopes or
T cell epitopes (fig. 5a). Another strategy is the production
of recombinant allergen fragments which contain the
entire sequence information of the allergens but fail to
elicit allergenic activity because of the disruption of the
proteins fold and thus of conformational IgE epitopes
(fig. 5b). Mutations inserted into the allergen by site-
directed mutagenesis outside the IgE epitopes may reduce
the allergenic activity by changing the molecule’s fold
(fig. 5c). The construction of stable recombinant allergen
oligomers may result in recombinant oligomers which,
possibly due to reorientation and/or hiding of IgE epi-
topes, can be used as hypoallergenic allergy vaccines
(fig. 5d). It is also possible to delete IgE epitopes from the
allergen by deletion of the IgE-binding sites or by muta-
tional change of the IgE epitopes (fig. 5e, f). The possibili-
ties for reduction of the allergenic activity of a given aller-
gen as depicted in figure 5 represent some examples
which have been successfully applied [3, 4]. However, it
should be stated that recombinant DNA technology and
synthetic peptide chemistry will offer many more possi-
bilities for reducing the allergenic activity of a given aller-
gen molecule.

In vitro and in vivo Evaluation of Hypoallergenic
Allergen Derivatives
In order to identify the hypoallergenic derivatives

which represent the best-suited candidate molecules for
immunotherapy, several assays are useful for evaluation.

Some of these evaluation assays which are thought to
determine the allergenic and immunogenic properties of
allergen derivatives were applied almost 30 years ago by
Marsh et al. [26] for chemically modified allergen extracts
(allergoids). In vitro assays for the evaluation of hypoal-
lergenic allergens are summarized in figure 6. They com-
prise the comparison of the wild-type recombinant aller-
gen with the genetically modified or synthetic derivative
regarding IgE binding capacity, induction of basophil his-
tamine release and T cell proliferation. Promising fea-
tures of a synthetic or recombinant allergen derivative are
reduction of basophil histamine activity and preservation
of T cell epitopes. The reduction of IgE binding capacity is
desirable but hypoallergenic derivatives have been de-
scribed which exhibited an IgE binding capacity that was
almost comparable to that of the wild-type allergen. Those
allergen derivatives with low allergenic activity in vitro
need to be further evaluated in vivo. The in vivo evalua-
tion must be performed in animals and by provocation
testing in patients (fig. 7). Immunization/tolerization of
animals (e.g., mice) should be performed under condi-
tions which mimick as closely as possible the schedule
intended for treatment of allergic patients (choice of adju-
vant, route, frequency, dose of application). Treatment of
animals should indicate whether the hypoallergenic deriv-
ative can induce an immune response or tolerize against
the wild-type allergen. The latter can be evaluated, e.g. by
testing whether the antibodies induced with the hypoal-
lergenic derivative recognize the wild-type allergen and
cross-react with as many as possible other allergens that
are immunologically related to the wildtype allergen. In
order to estimate whether the hypoallergenic derivative
can induce protective (i.e., blocking antibodies) anti-
bodies, it has to be evaluated whether the animal-derived
antibodies can block the binding of patient’s IgE to the
wild-type allergen and prevent the allergen-induced hista-
mine release from basophils of sensitized patients [27]. In
this context it should be noted that, as has been previously
shown for allergoids, too vigorous a reduction of the IgE
binding capacity and allergenic activity may deliver a
hypoallergenic derivative with too low an immunogenic
activity which will fail to induce a protective immune
response to the wild-type allergen [26]. Although the baso-
phil histamine release represents a suitable assay to deter-
mine the allergenic potential of a hypoallergenic allergen
derivative, we suggest extensive provocation testing in a
representative number of patients in order to select the
best hypoallergenic allergen derivative. Skin prick testing
and intradermal testing of hypoallergenic derivatives
have proven to be suitable provocation methods to com-
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pare the immediate reactions induced by hypoallergenic
derivatives with those induced by the wild-type allergen
[28, 29]. It may be also considered to study whether
intradermal application of hypoallergenic derivatives
may influence lung function because it has been reported
that administration of non-allergenic peptides derived
from the major cat allergen, Fel d 1, caused symptoms of
bronchial asthma via T cell activation and induction of
late-phase reactions [30]. The injection of hypoallergenic
derivatives into skin blisters provides another convenient
method for direct study of the capacity of modified aller-
gens to activate T cells and eosinophils, and thus, to
induce late phase reactions in vivo [31].

Immunotherapy Trials with Engineered and
Synthetic Allergen Derivatives
There are at least two reasons why we suggest to per-

form a detailed evaluation of recombinant or synthetic
hypoallergenic derivatives by all of the above-described in
vitro and in vivo assays before immunotherapy trials
(fig. 8) are started in patients. First, and most important-
ly, we believe that it is mandatory for ethical reasons to
perform a thorough evaluation of the newly synthesized
hypoallergenic molecules. The evaluation procedures de-
scribed above aim to select the best vaccine candidates
which will induce as little few unwanted side effects as
possible, but retain most of the favourable features re-
quired for immunomodulation. Second, it has to be borne
in mind that the performance of a clinical immunothera-

py trial is laborious and cost intensive. Clinical trial prep-
arations need to be produced under GMP conditions and
extensive biochemical and biological evaluation will be
required for the registration of new immunotherapy prod-
ucts.

Clinical immunotherapy trials should aim to evaluate
the safety and efficacy of hypoallergenic allergen deriva-
tives. In addition to evaluating end points, such as quality
of life, it will be necessary to monitor as many objective
parameters as possible to document the efficacy of the
tested vaccine in a scientific manner. In this context, stan-
dardized methods are required to study whether vaccina-
tion will reduce symptoms induced by controlled provo-
cation testing (e.g., skin testing, nasal provocation testing)
with defined substances. At present, several recombinant
and synthetic hypoallergenic allergen derivatives have
been characterized extensively and will soon enter clinical
immunotherapy trials. Their evaluation in immunothera-
py trials will allow to study the immunological mecha-
nisms underlying immunotherapy and tell us whether
they represent an alternative to extract-based forms of
immunotherapy.
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Summary
This brief review summarizes the rationale for selecting IgE as a

target appropriate for specific therapy, the development and preclini-
cal testing of a selective monoclonal anti-IgE antibody, the demon-
stration of its safety and efficacy in a clinical model, and, finally, the
demonstration of the antibody’s safety and efficacy in a large clinical
trial.

A century has passed since it was first recognized that
a soluble factor in serum is capable of transferring wheal
and flare reactions to intradermal injection of allergen,
but it was not until 1968 that IgE was recognized as the
antibody responsible [1]. With the demonstration of a
strong association between increased serum levels of IgE
and bronchial hyperreactivity and skin test reactivity to
allergens [2, 3], IgE came to be regarded as playing a cen-
tral role in the pathogenesis of diseases associated with
immediate hypersensitivity reactions, like anaphylaxis,
allergic rhinitis and asthma. The mechanisms by which
IgE plays this central role are thought to depend on its
binding to high-affinity receptors (FcÂRI receptors) on
mast cells and basophils, and perhaps also to low affinity
receptors (FcÂRII receptors) on macrophages, dendritic
cells, B lymphocytes, and other cells. On exposure to a
specific allergen, allergen molecules crosslink adjacent
Fab components of IgE on the cell surface, activating
intracellular signal transduction. In mast cells, this
cascade leads to the release of histamine, tryptase, and
other preformed mediators. Antigen-antibody bridging

also leads to the synthesis and release of other chemicals,
including prostaglandin D2, leukotrienes, and cytokines
like TNF-· and IL-4 and IL-5. These compounds in turn
cause vascular leakage, smooth muscle contraction, mu-
cus secretion, and the attraction and activation of lym-
phocytes, eosinophils, neutrophils and other inflammato-
ry cells.

Anti-IgE Antibody Development
The development of a therapeutic anti-IgE antibody

was complicated, for anti-IgE antibodies directed against
Fab components of the molecule – where allergen binding
occurs – are themselves potent stimuli of mast cell degran-
ulation and, therefore, of anaphylaxis. This complication
was overcome by developing a monoclonal antibody that
recognizes IgE at the same site as the high-affinity recep-
tor for IgE (fig. 1) [4, 5]. These anti-IgE antibodies form
complexes with free, unbound IgE but not with IgG or
IgA. They were shown to lower serum free IgE in rodents
and to block passive sensitization of lung fragments by
serum from sensitized individuals. They thus appear to
block the binding of IgE to its receptors on effector cells,
like mast cells and basophils, but not to trigger the activa-
tion of these cells. Humanized versions of these murine
monoclonal anti-IgE antibodies – rhuMab-E25 and CGP
51901 – were developed by grafting the variable immuno-
globulin region of murine origin onto a ‘backbone’ of the
constant region of human IgG1 [6]. This reduced the
immunogenicity of the monoclonal antibody and enabled
examination of the role of IgE in human disease.
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Fig. 1. Schematic of the mechanism of action of anti-IgE antibody.
1: Anti-IgE binds free IgE, and faciliates its removal via the reticulo-
endothelial system; 2: anti-IgE does not bind IgE already bound to
high- or low-affinity IgE receptors on effector cells and is not
anaphylactogenic; 3: IgE complexed to anti-IgE is unavailable to bind
to receptors on IgE effector cells; leading ultimately to their ‘disarma-
ment’. From Fahy [5], with permission.

Fig. 2. Effects of anti-IgE on early- and late-phase responses to
inhaled allergen in 18 allergic asthmatic subjects. FEV1 is plotted as a
percent of baseline. The early- and late-phase responses at baseline
()) and after treatment ($) were similar in the placebo group (a) but
were significantly reduced in the rhuMAb-E25 group (b). From Fahy
et al. [9], with permission.

Safety and ‘Proof-of-Concept’ Testing
Repeated injection of allergic human subjects with

E25, a humanized anti-IgE antibody, did not provoke
anaphylaxis and lowered serum free IgE levels by 199%
[7]. Furthermore, this treatment also reduced basophil
FcÂRI density by 96% and antigen-stimulated histamine
release from basophils by 90% [7]. These actions seem
ideal for inhibiting IgE-mediated responses to allergen.
The effects of E25 treatment were then examined in aller-
gic human subjects, by analyzing its effects on the airway
responses to allergen challenge. Two concurrent studies
were undertaken. One examined the effects of E25 treat-
ment on the dose of allergen needed to provoke an early
(within 15 min) fall in the forced expired volume in 1 s
(FEV1), and the other examined the effects of treatment
on both the early and the late (4–8 h) bronchoconstriction
provoked by inhalation of allergen. In neither study did
E25 provoke anaphylaxis in any subject; in both studies,
the treatment lowered serum free IgE to unmeasurably
low levels. The first study showed the dose of allergen
required to cause immediate bronchoconstriction more
than doubled after 4 weeks of treatment [8]. The second
study, which examined the effects of 9 weeks of treatment
[9], showed significant reductions in the early and late
responses to allergen challenge (fig. 2). This study also
showed E25 treatment to reduce the number of circulat-

ing eosinophils and the increases in bronchial reactivity
and in sputum eosinophilia provoked by allergen chal-
lenge.

Animal Studies of E25
The availability of the murine form of anti-IgE anti-

body also allowed the study of the role of IgE in the eosin-
ophilic inflammation of the airways provoked by antigen
challenge in sensitized mice. Coyle et al. [10] showed that
giving an anti-IgE antibody to dust-mite-sensitized mice
6 h before airway challenge significantly reduced the in-
flux of eosinophils into the airways. Anti-IgE treatment
also inhibited the production of IL-4 and IL-5, but not
IFN-Á, by lung lymphocytes. Interestingly, allergen chal-
lenge of mice pretreated with anti-CD23 or of mice defi-
cient in CD23 also caused little influx of eosinophils in
BAL samples 24 h later. These findings suggest that IgE-
dependent mechanisms are important in the induction of
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Fig. 3. Results of efforts to taper the dose of corticosteroids. a Percentage of subjects in each group who were able to
reduce their daily corticosteroid dose by at least 50% at 20 weeks. b Percentage of subjects in each group who were
able to discontinue corticosteroid therapy. In the placebo, low-dose, and high-dose groups, 12, 14, and 9 subjects,
respectively, were taking oral corticosteroids and 93, 92, and 97 subjects were taking inhaled corticosteroids. Subjects
who left the study had their last recorded dose carried forward. rhuMAb-E25 = Recombinant humanized monoclonal
antibody E25. From Milgrom et al. [15], with permission.

the characteristic Th2 cytokine response to allergen and
the subsequent infiltration of eosinophils into the airways.
They further suggest that the low-affinity IgE receptor,
CD23 (FcÂRII), may be important in mediating the air-
way eosinophilia initiated by antigen-IgE binding. Sup-
port for this idea comes from the finding that CD23
mediates IgE-dependent antigen focusing by human B
lymphocytes [11].

Clinical Trials
The first large clinical trial of the efficacy of the

humanized, monoclonal anti-IgE antibody, E25, exam-
ined the effects of repeated dosing on the severity of
symptoms of allergic rhinitis [12]. This study confirmed
that the symptoms of rhinitis correlated with antigen-spe-
cific IgE levels and also that E25 caused no important tox-
icity while reducing serum free IgE levels. But because the
doses were not individualized for each subject’s baseline
IgE level, serum free IgE was reduced to undetectable lev-
els in only 11 of the 181 given active treatment. The quar-
tile of subjects with the highest E25:IgE dosing (lowest
baseline IgE) had little or no increase in symptoms during
the ragweed season. Indeed, because the number of IgE
antibodies that must be activated to provoke the release of
50% of basophil histamine is only 1,000 per cell [13], and

because the number of FcÂRI receptors per basophil is
estimated at between 0.5 ! 104 and 1.0 ! 106 [14], it is
calculated that serum free IgE must be lowered by 199%.
Using this reasoning, the dose of E25 was adjusted
according to the subjects’ baseline IgE levels in subse-
quent studies.

When given as regular treatment to patients with mod-
erate to severe asthma requiring regular treatment with
inhaled or oral corticosteroids, E25 again showed safety
and efficacy [15]. A double-blind, prospective study of
1300 patients compared the effects of placebo and of two
doses of E25 given as adjunctive therapy. Treatment with
‘low dose’ or ‘high dose’ E25 (2.5 or 5.8 Ìg/kg per ng IgE/
ml) was given every 2 weeks for 20 weeks. In both active
treatment groups, serum free IgE dropped rapidly and
remained low over the course of the study (low-dose
group = 18.0 ng/ml; high-dose group = 10.2 ng/ml). Both
active treatments significantly improved morning peak
flow, quality of life scores, the need for rescue treatments
with albuterol, and the severity of asthma symptoms.
Active treatment also enabled significant reduction in the
dose requirements for corticosteroid treatment (fig. 3).
Apart from a slight increase in urticaria, adverse events
were no more frequent in the active treatment groups
than in the placebo group. Another large study has shown
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E25 to be effective in adults and children with ragweed
allergic rhinitis [16]. Patients randomized to receive E25
demonstrated a 24 and 39% improvement in the nasal
and ocular symptoms, respectively, and a 54% reduction
in use of rescue medications [15]. Other studies of E25 in
adults and children with moderately severe asthma have
just been completed [17, 18]. Both confirm the safety and
efficacy of the antibody, and add the important demon-
stration of a significant reduction in the frequency of asth-
ma exacerbations, both when E25 was given as therapy
adjunctive to corticosteroids and later when corticoste-
roid treatment was tapered.

Discussion
Studies of a highly selective monoclonal anti-IgE anti-

body in human subjects confirm that IgE plays an impor-
tant role in asthma and allergic rhinitis. Treatment with
anti-IgE antibody reduces both the early and late airway
responses to allergen challenge, and brings about signifi-
cant improvement in asthma control in patients with
chronic corticosteroid-dependent asthma. But careful ex-
amination of these studies can raise questions as to wheth-
er the role of IgE wholly mediates the response to allergen.
In the study by Boulet et al. [8], the effects of E25 on the
provocative dose of allergen were no greater after 8 weeks
than after 4 weeks of treatment. And in the large study by
Milgrom et al. [15], the clinical effects were as great with
low-dose as with high-dose treatment. Neither study was
designed to examine the dose and time dependency of the
effects of E25, however, and it is possible that cells armed
with IgE persist in the airways for long periods after serum
free IgE has been reduced to undetectable levels. Still, the
apparent absence of dose and time dependency of the
inhibitory effects of anti-IgE monoclonal antibody treat-
ment raises the possibility that other, non-IgE-dependent
mechanisms may also contribute to the responses to aller-
gen challenge and to the pathophysiologic disturbances
responsible for chronic asthma. The extraordinary speci-
ficity of action of this monoclonal antibody may make
possible the study of the hypothesis that IgE amplifies sen-
sitivity to allergens, but is not necessarily its sole mecha-
nism.

Studies of B-cell-deficient mice have demonstrated
that pulmonary eosinophilia and airway hyperresponsive-
ness can be induced in the absence of immunoglobulins
[19, 20]. It has also been shown that nasal eosinophilia can
be induced in IgE-deficient mice [21]. Other studies have
shown that cloned Th2 cells [22] and even IL-13 alone
[23, 24] are sufficient to induce an asthma-like phenotype.
In contrast, a study of mice selected for the production of

large amounts of IgE showed that antibody neutralization
of IgE reduced tissue eosinophilia, mucous metaplasia,
and airway hyperreactivity [25]. It has even been shown
that the role of IgE may depend on the conditions of sensi-
tization and on the contribution of other mediators of
eosinophilic infiltration, like IL-5 [26].

Definition of the role of IgE in human asthmatic
responses will likely require study of the changes in
responses at different time points of prolonged therapy
with a range of doses. Animal studies will likely need to
focus on the possible contribution of IgE to the changes
that occur with repeated allergen inhalation over pro-
longed periods after initial sensitization, exploiting the
power of genetic alterations to knock out or heighten
expression of molecular mechanisms thought to play a
critical role.

Conclusion
The importance of IgE in human asthma, inferred

from studies of people with allergic disease, of sensitized
animals, and of isolated tissues and cells, has been con-
firmed by studies of an exquisitely selective mechanism
for reducing IgE treatment with a monoclonal antibody
directed against the portion of IgE that binds to its recep-
tors. The agent developed from humanization of a murine
anti-IgE antibody, E25, has been proven safe and effective
in reducing serum free IgE levels, in reducing the number
of IgE receptors expressed on the surface of basophils, and
in reducing the clinical severity of asthma, the frequency
of exacerbations, and the corticosteroid requirements of
patients with moderate or severe asthma. Clinical studies
show E25 treatment to significantly improve asthma, but
– at least in the patients studied so far – not to ‘cure’ it.
This raises the possibility that IgE serves to amplify aller-
gic reactions partially mediated by antibody-independent
pathways. But even if IgE acts only as an amplifying
mechanism, it is clear that this amplification is important
in human disease. The development of a selective, appar-
ently safe anti-IgE monoclonal antibody holds great
promise not only as a research tool for defining the role of
IgE in health and disease, but also as a novel treatment of
asthma and allergic disease.
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Summary
Model studies of transgenic animals overproducing CD23 as well

as the demonstrated utility of LZ-EC-CD23 suggest that CD23 is
indeed a potential target protein for use in type I allergic disease.
CD23 may have increased potential in type I diseases such as asth-
ma, where the level of improvement anti-IgE using anti-IgE is moder-
ate. Agents that cause an increase in CD23 or injection of chimeric
CD23 with the capacity to block IgE/FcÂRI interactions both repre-
sent potential treatment modalities that warrant further investiga-
tion.

Human type I allergy, with the possible exception of
certain idiopathic asthma situations, is a disease me-
diated by IgE. Thus, targeting IgE, either at the produc-
tion level or by blocking binding to the high-affinity IgE
receptor (FcÂRI), is an attractive concept. As seen in the
previous chapter, anti-IgE targeted to the site on the IgE
molecule that interacts with the FcÂRI has shown consid-
erable promise in this regard, especially with respect to
inhibiting binding to the FcÂRI and is now being used
clinically [1]. The low-affinity IgE receptor (FcÂRII), also
known as CD23, represents another IgE-binding molecule
that has potential to block IgE-mediated disease. Since its
discovery in 1978, CD23 has been proposed to play a role
in controlling IgE production. Indeed the finding that IL-
4 upregulated both IgE and CD23 synthesis leads to the
attractive hypothesis that IL-4 induces both a positive
effect, namely IgE production, and a negative regulator
for the same, namely CD23. However, until recently, data
supporting this concept have been limited.

Anti-CD23 Inhibits IgE Production
The initial evidence pointing for a role in IgE regula-

tion came from the use of anti-CD23. Sherr et al. [2]dem-
onstrated that both anti-CD23, as well as anti-IgE/IgE
complexes inhibited IgE synthesis in human in vitro mod-
el systems involving either an IgE producing plasmacyto-
ma line or B cells from atopic patients. In both cases, the
IgE production observed was spontaneous rather than
induced. Flores-Romo et al. [3] used a rabbit polyclonal
anti-CD23 directed against the lectin domain and demon-
strated that this antibody would inhibit an in vivo anti-
gen-specific response in a rat model system. In both of
these studies, the effect was limited to IgE in that synthe-
sis of other Ig isotypes was not affected. Thus, these stud-
ies support a role for CD23 in IgE production, but do not
provide a mechanism for this activity.

Mice Lacking or Overexpressing CD23
Several groups have produced CD23–/– animals. One

of the initial studies reported an enhancement in antigen
specific IgE production, subsequent to immunization
with antigen-adjuvant [4]; however, other groups that
analyzed different CD23–/– mice did not support this
finding [5]. In more recent studies, CD23–/– mice have
been shown to exhibit airway hyperresponsiveness, as
well as elevated IgE responses, although an exact cause-
effect hypothesis has yet to be proven [6]. Transgenic
mice overproducing CD23 (CD23-tg) have also been pro-
duced. The initial animals utilized the Thy1 promoter,
resulting in overexpression of CD23 primarily on T lym-
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Fig. 1. Kinetics of Ag/alum response. CD23-
tg (P) or littermate controls (f) were immu-
nized and boosted (arrow) with DNP-KLH
in alum as described elsewhere [8] and bled
on various days throughout the response. IgE
(a) was essentially totally blocked over time
with respect to that in littermate controls,
and Ag-specific IgG1 (b) was also suppressed
over time. The p values were determined by
Student’s t test. p ! 0.05, statistically signifi-
cant. Error bars are B 1 SE. Reprinted from
Payet et al. [8] with permission. Copyright
1999 The American Association of Immu-
nologists.

phocytes [7]. These animals exhibited an approximately
50% suppression of IgE production in response to anti-
gen-adjuvant injections while responses to a stronger IgE
stimulus, such as helminth infections, were not signifi-
cantly affected. A second group of CD23-tg has been
reported recently. In this case, CD23 expression was con-
trolled by the MHC class I promoter combined with the Ig
enhancer; a combination that resulted in overexpression
primarily in the lymphoid compartment [8]. These ani-
mals exhibited a profound suppression of IgE production
in response to antigen-adjuvant injection (fig. 1), and IgE
responses to helminth infection were also significantly
decreased. As can be seen in figure 1, antigen-specific
IgG1 responses were also decreased. Responses of other Ig
isotypes were not significantly affected. In further studies,
the mechanism of this suppression has been investigated.
Adoptive transfer studies have indicated that a back-
ground cell, follicular dendritic cells, are potentially im-
portant for the observed suppression [M. Payet and D.H.
Conrad, unpubl. data]. In other studies from this labora-
tory, IgE suppression had been observed in an in vitro
model system where B cells were triggered to produce IgE
in the presence of CHO cells overexpressing CD23 [9].
When combined with the CD23-tg adoptive transfer stud-
ies mentioned above, the results indicate that stimulation
of Ig class switching, especially to IgE, is inhibited if the
B lymphocytes are exposed to high levels of membrane
CD23. This would suggest that an alternative allergy ther-
apy strategy would be to induce elevated CD23 levels,
especially on follicular dendritic cells. Since CD23 catab-
olism involves a metalloprotease digestion while at the
cell surface, blocking this protease is one way of elevating
CD23 levels. Christie et al. [10] demonstrated that the
metalloprotease inhibitor batimistat had this ability

namely CD23 degradation was inhibited and, interesting-
ly, IgE levels in immunized mice treated with batimastat
were suppressed.

Chimeric CD23 That Blocks FcÂRI IgE Interaction
As mentioned above, CD23 is initially a membrane-

bound molecule, but is cleaved while at the cell surface
by (based on inhibitor studies) a membrane metallo-
protease. The released fragment, termed soluble CD23
(sCD23) contains the entire lectin domain, and mutation
analysis demonstrated that it is this lectin domain that
interacts with IgE. However, in spite of an intact lectin
domain, sCD23 interacts with IgE with at least an order
of magnitude lower effective affinity than the membrane
form. An explanation for this discrepancy comes from
saturation binding analysis of IgE with membrane CD23
[11] in which a dual affinity was demonstrated. Beavil et
al. [12] demonstrated that the stalk region of CD23 (de-
fined as the domain in between the lectin and transmem-
brane domains) exhibited a heptad repeat pattern char-
acteristic of molecules that form an ·-helical coiled coil.
The dual affinity of CD23 is explained by the multipoint
interaction of two lectin domains with apparently differ-
ent regions of the CÂ3 domain of the IgE molecule (high
affinity), while the lower affinity represents interaction
with a single lectin domain. The finding that sCD23
exhibits only the low-affinity interaction suggests that
the proteolytic cleavages, which are exclusively in the
stalk domain, result in an equilibrium that greatly favors
the monomeric molecule, which would be expected to
interact with IgE with only a single low affinity. By this
analysis, the high-affinity interaction is actually a result
of avidity considerations in which at least two lectin
domains interact with an IgE molecule. Proof of this
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Fig. 2. Schematic representation of LZ-EC-
C1M. The LZ-EC-C1M contains a modified
isoleucine zipper motif attached to the amino
terminus of the entire extracellular domain of
CD23. The lectin head of CD23 consists of
aa 189 to the end; the putative neck domain
consists of aa 157–188, and the stalk domain
contains aa 55–157. Reprinted from Kelly et
al. [16] with permission. Copyright 1998 The
American Association of Immunologists.

Fig. 3. Capacity of EC-CD23 vs LZ-EC-CD23 to inhibit 125I-labeled mIgE binding to C57
mast cells. Increasing volumes of supernatant from LZ-EC-CD23-transfected COS cells (f)
or purified LZ-EC-CD23 (P) or EC-CD23 ($) (both prepared in E. coli) were added to C57
mast cells in a binding assay as described elsewhere [16]. Percentage inhibition of 125I-IgE
binding was calculated as follows: (cpm experimental – cpm 100-fold excess of unlabeled
IgE)/(cpm control with no inhibitor – cpm 100-fold excess of unlabeled IgE) ! 100.
Reprinted from Kelly et al. [16] with permission. Copyright 1998 The American Association
of Immunologists.

model awaits analysis of crystal structure, but the model
fits current data.

Initial attempts to produce a soluble CD23 with full
IgE binding activity were directed at using the entire
extracellular region of CD23 (termed EC-CD23), pro-
duced by removing the DNA that codes for the cytoplas-
mic and transmembrane domains, placing the truncated
cDNA in an appropriate expression vector in frame with a
leader sequence and analyzing the secreted molecule.
Alternatively, the molecular engineering product was pro-
duced in Escherichia coli and renatured from inclusion
bodies. EC-CD23 was found to exhibit an intermediate
affinity for IgE when compared to native sCD23 and
membrane CD23 [13]. This indicates that the transmem-
brane and cytoplasmic domains help in some manner to
stabilize the oligomeric structure, potentially by simply
restricting the mobility of the molecule by the constraint
of being membrane-bound. Utilizing the finding by
McGrew et al. [14] that adding the sequence coding for a
modified leucine zipper to the amino terminus of soluble

CD40 ligand was a very effective way to produce trimeric
soluble CD40 ligand, a similar trimeric construct was pro-
duced with CD23. The modified leucine zipper is the
GCN4 sequence (which in its native form is a dimer) in
which isoleucines are substituted for leucines; this modifi-
cation has been shown by X-ray crystallography to result
in ·-helical coiled coil trimer formation when the modi-
fied protein is produced [15]. Addition of the modified
leucine zipper motif to the amino terminal end of EC-
CD23 (fig. 2) resulted in a molecule that interacted with
IgE at least as effectively as membrane bound CD23.
Indeed this chimera, termed LZ-EC-CD23, was shown to
be an effective inhibitor of the IgE/FcÂRI interaction [16]
(fig. 3), suggesting that this chimera could have potential
clinical utility in much the same manner as the anti-IgE
described earlier. Experiments to determine if the LZ-EC-
CD23 chimera will both inhibit IgE synthesis as well as
inhibit IgE/FcÂRI interaction are under way as an in-
fluence on both activities would represent an advanta-
geous situation.
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Summary
There is now good evidence that atopic allergic asthma is driven

by allergen-specific Th2-type T cells. Corticosteroids and other
immunosuppressive drugs reduce T cell activation and cytokine pro-
duction, but at the risk of side effects. Recent advances in under-
standing the immunology of Th2 cells gives the opportunity of spe-
cific immunomodulation to control asthma and allergy. Approaches
include cytokine modulation of the Th1/Th2 balance, specific aller-
gen or peptide immunotherapy, with or without adjuvants, and tar-
geting Th2 T cells through co-stimulatory molecules, chemokine
receptors or IL-1R family receptors.

Atopic allergic asthma is thought to be a chronic
inflammatory airway disease driven by Th2-type CD4+ T
lymphocytes (fig. 1). The signature Th2 cytokines are IL-
4, essential for IgE switching of B lymphocytes, and IL-5,
which acts selectively in eosinophil maturation, survival
and activation [1, 2]. In addition to the CD4+ Th2 model
of asthma, CD8+ Tc2 T cells may also play a role [3], and
T cells may also contribute to airway hyperresponsiveness
through mechanisms not dependent on IL-4 or IL-5 [4, 5].
If allergic asthma is driven by T cells responding to aller-
gen, then this is an attractive target for specific therapeut-
ic intervention.

The current mainstay of asthma therapy is corticoste-
roid treatment, which is associated with a reduction of T
cell activation in the airway, and in T cell expression of
Th2 cytokines including IL-4 and IL-5 [6, 7]. Although
inhaled corticosteroids are generally effective and well tol-
erated, there are theoretical long-term safety concerns,
and these agents control inflammation, but do not alter
the underlying immune reactivity predisposing to atopic
airway inflammation. Thus strategies for the immunodu-
lation of T cell responses are attractive since they may

Fig. 1. The Th2 hypothesis of asthma. Allergen is taken up by APCs
(possibly via high-affinity IgE receptors) and processed into peptide
fragments. These are then complexed with MHC class II molecules
and interact with CD4 T cells with a T cell receptor recognizing that
particular complex. A second signal is required to activate the T cell:
this co-stimulation can be via CD28/CD80 or CD86, CD40 and
CD40 ligand or other pathways. Th2 cell production of IL-4 is
required for B cell switching to IgE production, and IL-5 activates
and prolongs survival of eosinophils. Many potential targets for ther-
apy stem from this model.

offer the prospect of long-term disease modification and
prevention.

There is less information on non-atopic asthma al-
though both occupational and intrinsic asthma are char-
acterized by airway T cell activation and eosinophilia, by
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Fig. 2. Effect of anti-CD4 monoclonal antibody in chronic, steroid-
dependent asthma. In a double-blind, dose ranging study, four
groups of patients with severe asthma were randomized to a single
infusion of placebo or three doses of humanized anti-CD4 (kelixi-
mab). At the highest dose there was a sustained and statistically sig-
nificant improvement in have morning (a) and evening (b) peak
expiratory flow rate (PEFR) [19].

a similar increase in bronchial mucosal expression of IL-4
and IL-5 and evidence of local IgE synthesis [8]. In
COPD, biopsy studies also show a T cell infiltrate, with
variable contribution from neutrophils and eosinophils in
different patients [9].

Approaches to T Cell Modulation
Cytokines That Modulate Th1/Th2 Development or

Phenotype Expression. IL-12 drives Th1 expansion from
naı̈ve T cells in vitro, and in vivo, and reduces Th2 cell
cytokine production [10]. In murine models IL-12 blocks
airway hyperresponsiveness and eosinophilia to inhaled
antigen challenge [11]. However, preliminary data on IL-

12 in humans did not show efficacy on allergen challenge
[Kips J., abstract, presented at European Respiratory
Society Annual Congress, Madrid 1999].

IL-4 is critical for the development of Th2 cells [10],
and blockade of IL-4 via a soluble IL-4 receptor has
recently been shown to be effective in clinical asthma in a
phase 1 study [12].

Immunoregulatory Cytokines. IL-10 acts to reduce anti-
gen-presenting cell (APC) MHC class II expression and
thus inhibits T cell activation [13]. In the mouse, it was
described to specifically inhibit Th2 responses, to reduce
proliferation and cytokine production by both human Th1
and Th2 cells, to influence APC and exert a direct activity
on T cells. IL-10-gene-deleted mice develop spontaneous
colitis, suggesting an important role for this cytokine in
homoeostatic immune regulation. Pilot studies reported in
other chapters in this book did not show any inhibitory
activity on the allergen-induced late asthmatic response.

Transforming growth factor-ß (TGF-ß) has a number
of properties that make it a strong anti-inflammatory and
immunoregulatory agent [14]. Depending on the cell type,
TGF-ß downregulates the activity of a number of G1
cyclins and associated cyclin-dependent kinases. It has
anti-proliferative effects on both Th1 and Th2 cells, B
cells, CD8+ cells, NK cells and macrophages.

Th2-Specific Transcription Factors. Th1- or Th2-spe-
cific transcription factors (e.g. GATA-3 for IL-5 and Th2
responses [15]) have been described in murine and some
human systems. These too are potential targets for inter-
vention, although lack of specificity and involvement in
other gene activation mechanisms may limit their clinical
use.

Co-Stimulation. Activation of T cells relies on two sig-
nals: one delivered via the T-cell-receptor-engaging pep-
tide/MHC complex, and a second signal termed ‘co-stim-
ulation’. Engagement of the TCR without co-stimulation
can lead to antigen-specific non-responsiveness upon re-
challenge, termed ‘anergy’. Blockade of T cell co-stimula-
tion via anti-CD80 [16], CD86 [17] or with CTLA-4-Ig,
also inhibited airway hyperresponiveness and eosino-
philia in mouse models of airway challenge, and blocked
antibodies to CD4. Antibodies to CD86 could inhibit
allergen-induced responses of both blood and airway T
cells from atopic asthmatics [18]. More directly targeting
the T cell, a dose finding study of humanized anti-CD4 in
severe asthma showed significant improvement in peak
flow and symptoms (fig. 2) [19]. The problem with this
approach is that it will block all T cell responses and thus
may cause immunosuppression.
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Fig. 3. T cell immunomodulation. Regulatory T cells suppress T cell
proliferation and cytokine production via the secretion of IL-10,
TGF-ß and via a contact-dependent pathway. T cell-T cell and T cell-
antigen-presenting cell interactions may be mediated by CTLA4-
CD80/86 or via a yet unknown set of molecules (Reg. T cell: Tr1 or
Th3 or CD4+ CD25+).

Specific Blockade of Th2 Co-Stimulation. Recent evi-
dence suggests that there may be Th2-specific co-stimula-
tion, via inducible co-stimulator, at least in certain cir-
cumstances, and this could be a target in Th2-mediated
disease [20]. Allergen immunotherapy and peptide-in-
duced non-responsiveness are reviewed elsewhere in this
volume [37].

Targeting Specific Th1 or Th2 Surface Markers. Recent
data suggest that there is interaction with the innate
immune response (via macrophage, dendritic cell or NK
cell activation in an antigen non-specific fashion) that may
specifically amplify the Th1 or Th2 limbs of an effector
response via particular members of the IL-1 receptor family
and Toll-like receptors. Thus IL-18 is an IL-1-like molecule
that amplifies Th1 responses [21], whereas T1/ST2 is an
IL-1R family member, selectively expressed by Th2 cells,
that can amplify a Th2 response [22]. Similarly, different
sets of chemokines acting on different chemokine receptors
may recruit Th1 or Th2 cells. Th2 cells have been reported
to express CCR3 [23], CCR4 [24] and CCR8 [25].

Immunosuppressive Drugs. Cyclosporin A interferes
with IL-2 transcription, and thus T cell activation, by

inhibiting the transcription factor NFAT, and also inhib-
its transcription of other T cell cytokines, including IL-5.
Cyclosporin A was shown to improve lung function, to
have a steroid-sparing role in severe steroid-dependent
asthma, and to be able to reduce allergen-induced late
asthmatic reactions. Other immunosuppressive drugs, in-
cluding methotrexate, azathioprine and gold, have been
shown to have some clinical efficacy in severe steroid-
dependent asthma [26]. Intravenous immunogobulin was
ineffective in placebo-controlled trials. Although these
approaches carry the risk of side effects and are not appli-
cable to most asthmatics, they provide support for the
concept that the CD4 T cell is a drug target in asthma.

Immune Deviation and Regulatory T Cells
Allergen Immunotherapy. Allergen injection immuno-

therapy (AII) is a very effective treatment for some aller-
gic diseases, particularly bee or wasp venom anaphylaxis
or hay fever. As reviewed elsewhere in this book, it has
been suggested that AII may modulate allergen-specific T
cell responses from a predominantly Th2 phenotype to-
wards a Th1 or Th0 pattern [27]. A number of adjuvants
have been suggested to increase this effect, including CpG
oligonucleotides and mycobacterial products.

Another pattern seen in studies of AII is induction of
CD4+CD25+ T cells that show low proliferative re-
sponses to allergen, but produce IL-10 and suppress pro-
liferative and cytokine responses of other T cells [28].
These may be regulatory T cells (fig. 3).

Regulatory T Cells. In recent years years, the role of
immunosuppression by specific subsets of T cells has
gained significant ground. Several regulatory T cell sub-
sets have been described:
E Human and mouse Tr1 clones derived from cells stim-

ulated in the presence of IL-10 [29]. These cells had
low proliferative capacity, and produced high levels of
IL-10 and moderate amounts of TGF-ß and IFN-Á.
Additionally, human Tr1 clones secreted high levels of
IL-5. These Tr1 clones were shown to be antigen spe-
cific, suppress the proliferation of CD4+ T cells in
response to antigen via IL-10 production and the
mouse clones could prevent colitis induced in SCID
mice by the pathogenic CD4+CD45RBhigh splenic T
cell subset.

E Murine Th3 clones were derived after feeding antigen
to induce oral tolerance and could suppress autoim-
mune encephalomyelitis in mice [30]. These T cells
produce TGF-ß with various amounts of IL-4 and IL-
10. Th3 cells were also induced in multiple sclerosis
patients following oral myelin treatment [31].
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E A CD4+CD25+ regulatory T cell population has been
defined in mice [32, 33]. Traditionally, CD25 has been
used as a marker of activated cells. However,
CD4+CD25+ T cells isolated from the periphery or
thymus of unstimulated animals are naturally anergic
and suppress T cell proliferation. They produce little or
no cytokines, and anergy can be removed by the addi-
tion, in vitro, of exogenous IL-2. They are antigen spe-
cific during activation but their effector function is
antigen non-specific. Removal of this subset results in
the induction of various autoimmune diseases in mice.
More recent work has shown the suppression to be par-
tially IL-10 dependent and CTLA-4 mediated. A T cell
population, CD38+CD45RBlow, with immune regula-
tory properties was further characterized to be
CD4+CD45RBlowCD38+CD25+ as the subset with the
regulatory potential [34].

E Suppressor T cells were initially described to be CD8+
T cells. This T cell population suppresses the prolifera-
tive response of autologous CD4+ T cells in vitro and is
distinguished from the cytolytic CD8+CD28+ cells by
their lack of CD28 expression [35]. The T suppressor
cells prevent the APCs from upregulating B7 molecule
expression in response to T helper signals. APCs ex-
posed to the suppressor T cells render other T helper
cells anergic. This is due to the inhibition of the CD40
signalling pathway in APCs [36]. In effect, the T sup-
pressor lymphocytes inhibit the NF-ÎB-mediated tran-
scription of the CD86 gene in APCs.

The role of these various regulatory T cell populations
in humans remains to be established. However, if such a
population can be induced by AII, this raises the possibili-
ty that specific induction of allergen-specific regulatory T
cells may allow allergen specific control of allergen dis-
ease, including asthma.

T Cell Modulation in COPD. The role of T cells in
COPD is much less well established. CD1-restricted T
cells have been described for some bacterial antigens and
it is possible that such responses to chronic respiratory
infection may play a role. However, the failure of inhaled
corticosteroids to impact on lung function or COPD
symptoms raises doubt about the relevance of T-cell-
directed therapy in this condition. A minority of smokers
progress to COPD and a minority of aspergillus-sensitive
subjects progress to bronchiectasis or allergic bronchopul-
monary aspergillosis. The role of immunogenetics in these
responses remains to be determined.

Conclusion
Better understanding of the immunology of T cell acti-

vation in atopic asthma has led to a number of exciting
novel approaches to therapy, some of which are nearing
clinical trials. The next 10 years should see dramatic
developments in the control of allergic disease, including
asthma, and in our understanding of the role of the
immune response in other airway diseases including
COPD.
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Summary
It is now well established that activation and differentiation of T

cells play a critical role in the pathogenesis of allergic airway disease.
Upon encounter with the specific antigen, naı̈ve T helper precursor
cells become activated, an event that is regulated not only by engage-
ment of the TCR with the peptide presented in the context of MHC
class II molecules but by a number of costimulatory signals. The most
important costimulatory signal delivered to resting T cells occurs
upon CD28 engagement by B7 molecules. However, largely as a con-
sequence of the unraveling of the human genome, it is now becoming
clear that other related members not only of the CD28/B7 family, but
also the IL-1 and TNF receptor family also play important roles in
providing both unique and complementary signals required for opti-
mal T cell activation.

CD28 and CTLA-4 and Their Counterligands B7-1
and B7-2
CD28 and its related family member, CTLA-4, are

homodimeric glycoproteins of the immunoglobulin su-
perfamily. Signaling through CD28 either with specific
antibodies or via its natural ligand B7-1 (CD80) or B7-2
(CD86) is required for IL-2 production, IL-2 receptor
expression and cell cycle progression. B7-1 and B7-2 are
also members of the immunoglobulin superfamily that
exhibit approximately 25% identity in the Ig-V- and C-
like extracellular domain, but exhibit pronounced differ-
ences in their cytoplasmic domains. Nevertheless, despite
these differences, both proteins exhibit similar tertiary
structure and functionally appear to have overlapping
functions. B7-1 and B7-2 bind to CD28 with lower affini-

ty and to CTLA-4 with much higher affinity. B7-2 is con-
stitutively expressed on dendritic cells and is rapidly
upregulated compared to B7-1. These observations have
led to the hypothesis that B7-2 interactions are required
for the initial T cell costimulation whereas B7-1:CD28
interactions are more involved in the sustained T cell acti-
vation. The importance of CD28:B7 interactions is illus-
trated in mice deficient for CD28 which show strong
impairment of proliferation in vitro after stimulation
with anti-TCR antibodies, allostimulation and specific
antigen [1, 2].

A large number of studies have attempted to address
the importance of CD28-mediated costimulation using a
variety of in vivo model systems. These data have suggest-
ed that CD28 engagement is critical in determining sus-
ceptibility to disease progression following infection with
Leishmania major [3], in the maintenance of long-term
allograft survival [4], for mediating experimental autoim-
mune encephalomyelitis [5], for T-cell-dependent anti-
body production [6] and in the development of allergic
lung disease [7, 8].

In contrast to CD28, the second member of this family
of molecules, CTLA-4, delivers a negative signal to the
activated T cell, opposing CD28-mediated costimulation
[9]. The importance of this pathway is further illustrated
in mice deficient in CTLA-4 which exhibit profound lym-
phoproliferative defects characterized by polyclonal T cell
activation and a high frequency of cells expressing activa-
tion/memory T cell antigens [10]. More recently, CTLA-4
engagement has been demonstrated to augment antitu-
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mor immunity, to regulate autoimmune diabetes [11] and
to provide an important signal leading to T cell tolerance
[12]. Many of the in vivo studies cited above have con-
cluded that CD28 plays a critical role in the T-cell-
mediated process by making use of the chimeric receptor
CTLA-4-Fc which binds with high affinity to B7-1 and
B7-2 and hence inhibits CD28: B7 interactions. However,
it is important to note that this protein would also inhibit
the negative/anergy signal provided by CTLA-4: B7 and
hence some of these data should be interpreted with cau-
tion.

Recent in vitro experiments have suggested that the
dependency on CD28/B7-mediated costimulation is
greatly influenced by the antigenic experience of the T
cell. Although antigen inexperienced CD4+ T cells re-
quire CD28-mediated signaling for IL-2 production and
clonal expansion, optimal activation of recently activated
T helper subsets occurs independent of CD28 ligation
[13]. Likewise, while CTLA-4-Ig is effective in inhibiting
a number of immune responses in vivo when adminis-
tered at the time of initial T cell activation, delaying
CTLA-4-Ig treatment has, in some situations, been re-
ported to be ineffective. Likewise, although CTLA-4-Ig is
effective in inhibiting primary immune responses, some
studies have shown that secondary immune responses
cannot be fully suppressed by administration of CTLA-
4-Ig, consistent with B7-1 and 2 independent activation of
effector cells. In addition, there is evidence that the induc-
tion of a Th2 response does not require CD28 engagement
[14]. Thus while CD28 plays an important role in T-cell-
mediated activation, CD28 engagement by B7 molecules
cannot fully account for all requirements of costimulatory
molecules in T cell activation.

Inducible Costimulator and B7-Related Protein-1
Recently, the third member of the CD28 family has

been identified and termed ‘inducible costimulator’
(ICOS) [15]. ICOS, unlike CD28, is induced upon activa-
tion of T cells. In situ analysis of lymph node cells sup-
ports these findings revealing increased expression in the
T cell paracortex region during contact hypersensitivity
responses [16]. In vitro, ICOS delivers a CD28-indepen-
dent signal for IFN-Á, IL-4 and IL-10, but not for IL-2
production [15, 16]. ICOS binds its own unique counter-
receptor, B7-related protein-1 (B7RP-1) [16] which has
20% homology to B71 and B7-2 and is expressed on mac-
rophages and B cells, but not dendritic cells. Cross-linking
ICOS upregulates CD40 ligand expression and facilitates
T-B interactions [16]. These data are consistent with
observations in mice transgenic for B7RP-1 which devel-

Fig. 1. Costimulatory pathways for T cell activation. Recently acti-
vated cells express CD40L and other members of the TNF family,
such as OX40, and migrate to either B cell areas in the germinal cen-
ter to provide help of B cell maturation or migrate to inflamed tis-
sues. In a secondary immune response, the frequency of antigen-spe-
cific T cells is dramatically increased and molecules such as ICOS
expressed on either recently activated T cells or memory cells may
play a more important role than CD28 by interacting through its
ligand, B7RP-1, expressed on B cells.

op B cell hyperplasia, plasmacytosis and hypergammaglo-
bulinemia [16]. Furthermore, administration of B7RP-1-
Fc augments the effector response during a cutaneous
hypersensitivity reaction. Based on the requirement of
stimulation for ICOS induction and the expression of its
ligand on B cells, raising the possibility that ICOS plays a
more important role than CD28 in secondary immune
responses, where a clear CD28-independent response has
been described (fig. 1). ICOS is an important costimulato-
ry receptor for both recently activated cells and for Th2,
but not Th1 effector cells [17]. The contribution of ICOS
to effective T-cell-mediated immune responses and the
function consequences of ICOS inhibition would be criti-
cally influenced by both the nature of the immune
response and the timing of intervention with anti-ICOS
blockade strategies. This hypothesis is supported by the
recent demonstration that B7RP-1-Ig enhances responses
in a model of cutaneous hypersensitivity when adminis-



Costimulatory Molecules in T Cell
Activation

219

tered at the time of challenge, but not during the initial
sensitization phase and regulates IgG1 production more
profoundly during a secondary immunization [16, 17]. In
addition, ICOS has also been reported to be expressed on
CD4+CD44hiCD69low cells – cells best defined as memo-
ry T cells [16], which undergo rapid expansion on antigen
re-exposure, independent of B7 and CD40 ligation [18].
Clearly the identification of ICOS has important implica-
tions for regulating the function of previously activated T
cells and/or memory cells. Recent data from our laborato-
ry suggested that engagement of ICOS regulates T-cell-
dependent eosinophilic inflammation in a murine model
of asthma and as such, may provide novel therapies for
the treatment of allergic airway disease.

PD-1 and B7H-1
Recently, a fourth member of the B7 family has been

identified and termed B7H-1 [19] B7H-1 gene encodes for
a putative type 1 transmembrane protein containing four
cysteine residues that are conserved in B7-1, B7-2 and
B7RP-1. B7H-1 is more widely expressed than B7-1 and
B7-2 suggesting that its function may extend above and
beyond the immune system. The ligand for B7H-1 has
recently been identified as PD-1, a 55-kD transmembrane
protein containing an immunoreceptor tyrosine-based in-
hibitory motif induced in lymphocytes and monocytic
cells following activation. PD-1 exhibits 24% homology to
CTLA-4 in the extracellular domain. Ligation of PD-1
results in inhibition of T cell proliferation and attenuation
of cytokine production. These results support previous
observations that mice deficient in PD-1 develop a char-
acteristic lupus-like proliferative arthritis and glomerulo-
nephritis response [20]. The role of PD-1 and B7H-1 in
allergic responses awaits further characterization. How-
ever, these observations suggest that in addition to CTLA-
4, B7 interactions, PD-1:B7H-1 are also involved in the
maintenance of peripheral self-tolerance by serving as a
negative regulator of immune responses. whereas CD28
and ICOS provide positive costimulatory signals (fig. 2).

TNF and TNF-Receptors
Recently, members of the TNF:TNF receptor families

that include OX40, OX40L, RANK:RANKL and 4-1BB:
4-1BBL have been implicated as regulators of T cell func-
tion. OX40 is expressed on activated T cells whereas its
ligand has a broader pattern of expression and is present
on T cells, B cells and dendritic cells. In vivo, administra-
tion of an OX40 antibody results in a severely impaired
IgG response [21]. However, mice deficient in OX40 gen-
erate normal antibody responses and CTL responses. In

Fig. 2. The CD28 and B7 family members. CD28 and CTLA-4 bind
to both B7-1 and B7-2 expressed on dendritic cells and B cells. ICOS
binds to its own unique ligand, B7RP-1, which is expressed on both
resting and activated B cells, whereas PD-1 binds the recently identi-
fied B7 homologue B7-H1. While CD28 and ICOS ligation results in
a positive costimulatory signal, activation of CTLA-4 and PD-1
results in an attenuation of T cell activation and may provide an
important signal for peripheral tolerance.

contrast, OX40 is important for the induction of CD4+,
but not CD8+ effector cells [21, 22]. Thus OX40 is an
important molecule for Th function, although it remains
to be clarified whether OX40 plays an important role in
the mechanisms leading to the induction of allergic in-
flammation. In contrast, the 41BB-41BBL is currently
believed to be more important for an effective CTL rather
than Th cell responses [23]. RANK (receptor activator for
NK-ÎB) is expressed by dendritic cells and is upregulated
by CD40L and suggested to play a role in T cell tolerance
[24]. The function of this molecule awaits further analy-
sis.

Members of the IL-1 Receptor Superfamily
The IL-1 receptor/Toll-like receptor (IL-1R/TLR) su-

perfamily comprises a diverse family of cell surface recep-
tors defined by a characteristic conserved sequence in its
cytosolic regions termed the Toll/IL-1 receptor domain
(TIR), which function in inflammation and host defense
against microbial pathogens. Two members of the IL-1R
superfamily now add to the chemokine receptors CCR3,
CCR4 CCR5 and CCR8 as shown as being differentially
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Fig. 3. T-cell-subset-specific surface receptors. In addition to the che-
mokine receptors CXCR3/CCR5 and CCR3/CCR4/CCR8 which are
expressed on Th1 and Th2 cells, the IL-1 receptor superfamily mem-
bers, IL-18 receptor and the orphan receptor T1/ST2 are also differ-
entially expressed and regulate T cell effector function.

expressed on T cell populations (fig. 3). The IL-18 recep-
tor (originally identified as IL-1-related protein) is ex-
pressed on Th1 cells [25] whereas T1/ST2 is expressed on
Th2 cells [26, 27]. The IL-18 receptor is expressed on acti-
vated Th1 cells and regulates IFN-Á secretion, IL-12Rß2
expression and Th1-mediated inflammation in vivo [24].

T1/ST2, originally identified as a gene induced by serum
stimulation of fibroblasts, has more recently been demon-
strated to be overexpressed on Th2 effector cells in vitro
and in vivo [26, 27]. Inhibition of T1/ST2 attenuates Th2-
driven responses in vivo and inhibits eosinophilic inflam-
mation of the airways [27]. T1/ST2 is more than a useful
stable marker for identifying Th2 cells and functions as an
important receptor for optimal cytokine production from
Th2 cells. Taken together, our data add to the growing
appreciation that members of the IL-1R superfamily
including the IL-18 receptor, TRL-2, TRL-4 and now T1/
ST2, are critical.

Conclusions
The mechanisms by which T cells migrate from the

blood to secondary lymph organs, interact with B cells
and dendritic cells and acquire effector or memory func-
tion is now beginning to be understood. It is anticipated
that, as a consequence of our increasing appreciation of
events that regulate this response, we will be able to design
better therapeutic agents to selective target T cells in dis-
eases such as allergic asthma, while protective immune
responses against pathogens remain intact. If the clinical
experience of these agents is as promising as in other
inflammatory diseases, such as rheumatoid arthritis and
psoriasis, the way we approach management of the asth-
matic condition may change over the coming years.
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Summary
It is now generally accepted that the inflammatory responses that

mediate airway tissue damage in asthma arise from aberrant T cell-
mediated immune responses to a range of inhaled allergens. CD4+
T-cells producing IL-4, IL-5 and IL-13, classified as Th2-type cells,
appear to dominate the allergen-specific response in asthmatics.
Recent studies highlight a critical role for the transcription factor
GATA-3 in Th2 cell differentiation and allergic airway inflamma-
tion. Since GATA-3 is largely expressed in a Th2-restricted fashion
in adults, targeting GATA-3 expression in asthma will have one dis-
tinct advantage over existing treatment modalities which is selectivi-
ty. Thus, inhibition of GATA-3 expression/function will not cause
general immunosuppression but will block both the generation and
effector function of Th2 cells.

CD4+ T Cells in the Etiology of Asthma
The secreted products of T cells play a central role in

orchestrating the unique inflammatory response seen in
asthma. T cells are not a homogeneous class of cells. Based
on which profile of cytokines they secrete in response to
antigenic stimulation, T cells are classified as Th1 when
they produce IFN-Á and lymphotoxin, Th2, when they
secrete IL-4 and IL-5 and Th0 when they secrete a combi-
nation of Th1 and Th2 cytokines [1, 2]. Cytokine expres-
sion profiles of allergen-specific T cell clones isolated
from atopics are skewed toward a Th2-like profile [3].
CD4+ T cells producing IL-4, IL-5 and IL-13 have been
identified in bronchoalveolar lavage fluid and airway
biopsies from asthmatics. Th2 lymphocytes are increased
in the airways of allergic asthmatics after antigen chal-
lenge [4, 5]. The identification of Th2 cells in the airways
of asthmatics, and the validation of their importance in

the development of airway eosinophilia, airway hyperres-
ponsiveness and serum IgE levels in animal models has
established the crucial role of Th2 cells in the induction of
the inflammatory response that results in asthma [6].
How the T cell system gets locked into the Th1 or the Th2
pathway is currently an area of intense scientific investi-
gation in many laboratories.

Cytokine-Induced Initiation of Molecular
Programming in Th2 Cells
Cytokines provide a potent stimulus for Th1/Th2 dif-

ferentiation. It is also clear that cytokine production by
Th1 and Th2 cells is regulated at the level of cytokine gene
transcription. Recent studies have demonstrated that reg-
ulation of cytokine gene transcription involves an inter-
play between chromatin structure, tissue-specific tran-
scription factors and probabilistic gene activation [6]. It
has been shown that naive T cells have a closed chromatin
configuration around the IL-4/IL-5/IL-13 and IFN-Á gene
loci. After naı̈ve CD4+ T cells are induced to differentiate
by antigen and cytokine, rapid chromatin remodeling and
CpG demethylation occurs with the acquisition of a char-
acteristic cell-specific open chromatin structure [7]. This,
in turn, results in occupancy of the accessible DNA by
Th2-specific transcription factors that are induced/acti-
vated as a result of stimulation of naı̈ve cells by antigen
and cytokine. Synergism between these tissue-specific
transcription factors and more generally expressed tran-
siently induced/activated factors induces transcription of
Th2 genes. It appears that the open chromatin configura-
tion and the expression of tissue-specific transcription
factors are maintained in the polarized cells. During sub-
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sequent antigenic stimulation of the memory/effector
cells, transcription factors such as AP-1 are rapidly in-
duced which synergize with preexisting tissue-specific fac-
tors causing active transcription of the IL-4/IL-5/IL-13
gene locus in Th2 cells.

Transcription Factor GATA-3
Almost 10 years ago, GATA-3 was first described as a

transcription factor that interacted with the TCR-· gene
enhancer [8]. Six members (GATA-1 to -6) of the GATA
family of proteins have been identified to date. Based on
their expression profile and structure, the GATA proteins
may be classified as hematopoietic (GATA-1 to -3) or non-
hematopoietic (GATA-4 to -6). In adults, GATA-3 expres-
sion is largely restricted to T cells which express low levels
of the protein in the resting state. While GATA-3-binding
sites have been identified in multiple T-cell-specific genes,
such as the TCR-·, -ß, and -‰ genes and the CD8· gene, it is
unclear whether GATA-3 is critical for the expression of
these genes. However, as discussed below, GATA-3 plays
an essential role at two levels in T cell biology – T cell
development and Th2 differentiation.

GATA-3: A Critical Factor in Early T Cell
Development
Targeted disruption of the GATA-3 gene in mice

results in embryonic death on day 12 with massive inter-
nal bleeding, failure of fetal liver hematopoiesis and
defects in the central nervous system [9]. The lethal effect
of the GATA-3 null mutation was bypassed using the
RAG2 complementation system in conjunction with
GATA-3–/– ES cells. While the GATA-3–/–/RAG-2–/–
chimeric mice had normal B cell populations, they had no
double-positive or single-positive cells in the thymus and
no mature T cells in the periphery [10]. Molecular analy-
sis of the T cell defects in the GATA-3–/–/RAG 2–/– mice
demonstrated that GATA-3 is required at the very early
steps of T cell development in the generation/survival of
the double-negative thymocyte population [10]. The tar-
gets of GATA-3 in the early T cell progenitors are
presently unknown. Taken together, these initial studies
demonstrated that despite the presence of multiple
GATA family proteins, GATA-3 is not a functionally
redundant family member.

GATA-3: A Th2-Specific Factor
Exposure of naı̈ve CD4+ T cells to IL-4 in conjunction

with antigen presented by antigen-presenting cells (APCs)
initiates a cellular differentiation program involving the
activation of multiple transcription factors that ultimately

results in the generation of Th2 cells. Among all of these
factors, GATA-3 is the only Th2-specific factor. The ini-
tial response in the cascade of events triggered upon IL-4
receptor engagement is the nuclear translocation of the
transcription factor STAT6 that induces to a dramatic
increase in the expression of the GATA-3 gene. Using the
IL-5 gene as a model system for Th2-specific gene tran-
scription, our laboratory demonstrated the critical impor-
tance of a double GATA-3-binding site in the IL-5 pro-
moter for its activation in T cells [11]. Using established
clones as well as Th1 or Th2 cells generated from naı̈ve
CD4+ T cells, our laboratory demonstrated Th2-specific
expression of GATA-3 [12]. Th2-specific expression of
GATA-3 was also demonstrated using representational
differential analysis of Th1 and Th2 cells [13]. GATA-3
mRNA expression is substantially increased at 48 h dur-
ing Th2 development and plateaus thereafter [12]. In con-
trast, no such increase is seen in developing Th1 cells and
there is actually a progressive decline in GATA-3 message
in developing Th1 cells [12].

GATA-3: A Negative Regulator of Th1

Development
An important consideration in discussions of Th1/Th2

differentiation is cross-regulation between the two sub-
sets, which results in apparent exclusivity of one type of
immune response during infection or in disease. For
example, during the course of differentiation, IFN-Á pro-
duced by Th1 cells facilitates Th1 development but inhib-
its Th2 cell proliferation, whereas IL-4 and IL-10 pro-
duced by Th2 cells amplify the Th2 pathway but inhibit
Th1 differentiation. To determine the functional signifi-
cance of GATA-3 downregulation in Th1 cells, GATA-3
was forcibly overexpressed in Th1 cells using retroviral
gene transfer methods [14, 15]. These studies showed that
overexpression of GATA-3 in developing but not com-
mitted Th1 cells results in inhibition of IFN-Á production
[14, 15] and extinction of IL-12Rß2 expression [14]. The
lack of any effect of GATA-3 in already differentiated
Th1 cells argues against direct effects of GATA-3 on the
IFN-Á promoter [14]. Thus, by inhibiting IFN-Á and IL-
12Rß2 expression, GATA-3 provides a mechanism for
commitment to the Th2 phenotype. In striking contrast to
·ß T cells, however, Á‰ T cells, polarized to the Á‰2 pheno-
type, express high levels of IL-12Rß2 despite high levels of
GATA-3 expression and absence of IFN-Á production
[16]. While the general profile of GATA-3 expression is
similar under Th1 and Th2 conditions in ·ß and Á‰ T
cells, the net outcome of GATA-3 expression is different
in ·ß and Á‰ T cells in regard to IL-12Rß2 expression. The
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persistence of IL-12Rß2 expression in Á‰2-type cells is in
accordance with dominance of IL-12 over IL-4 in Á‰ T
cells in contrast to IL-4 dominance in ·‰ T cells.

Different Levels of GATA-3 Control in Th2 Cells
It is becoming increasingly clear that GATA-3 controls

Th2 cytokine expression at multiple levels (fig. 1). First,
GATA-3 rather than Stat6 may be the principal chroma-
tin-remodeling factor around the IL-4/IL-5/IL-13 locus in
cells stimulated with antigen and IL-4 [17]. Second,
GATA-3 directly activates the IL-5 promoter [11, 12, 18]
and has been shown to bind a distal enhancer in the IL-4
gene by chromatin immunoprecipitation experiments
[Anjana Rao, pers. commun.]. Possibly, this site and other
potential GATA-3 binding elements dispersed throughout
the IL-4 locus provide sites of action for GATA-3 in regu-
lation of IL-4 and IL-13 gene expression. It should be
noted that GATA-3 does not activate the IL-4 promoter
[18, 19]. Third, GATA-3 appears to function in a feedback
positive autoregulatory loop in an IL-4/STAT6-indepen-
dent fashion to upregulate its own expression thus stabiliz-
ing the Th2 phenotype [17]. A second Th2-specific factor,
c-Maf, has also been shown to be crucial for IL-4 gene
expression with direct effects on the IL-4 promoter [20].
However, unlike GATA-3, c-Maf does not appear to be
important for IL-5 and IL-13 production [21]. While the
Th2-specific factors such as GATA-3 and c-Maf are essen-
tial and determine the tissue specificity of gene expression,
the concomitant activation of more general factors such as
NF-ÎB, AP-1, NF-AT and C/EBPß is required for high-
level expression of the Th2 cytokine genes.

GATA-3 in Asthma
The relevance of GATA-3 expression in Th2 gene

expression is also evident in human studies. A significant
increase in GATA-3 expression was demonstrated in asth-
matic airways compared to that in control subjects [22].
The increase in GATA-3 expression in these asthmatics
correlated significantly with IL-5 expression and airway
hyperresponsiveness [22]. While the studies in humans
clearly showed increased GATA-3 expression in asthma,
the initial animal studies did not conclusively indicate
that GATA-3 was sufficient for the expression of all Th2
cytokine genes. Thus, it was unclear whether GATA-3

Fig. 1. The multiple roles of GATA-3 in T cell responses.

Fig. 2. GATA-3, a potential target in asthma
therapy.
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inhibition would block the production of all the key Th2
cytokines, IL-4, IL-5 and IL-13, that have been implicated
in asthma. Since embryonic lethality in GATA-3-null
mice precluded their analysis in animal models of allergic
inflammation, a dominant-negative mutant of GATA-3
was used to address the importance of GATA-3 in Th2
cytokine gene expression in vivo [23]. Transgenic mice
expressing a dominant-negative mutant of GATA-3 in an
inducible and T cell-specific fashion were developed and
analyzed in a murine model of allergic inflammation [23].
These studies demonstrated that inhibition of GATA-3
activity causes severe blunting of Th2 effects both locally
in the lung (eosinophil influx, mucus production) as well
as systemically (IgE production) [23].

GATA-3: A Candidate Target in Asthma Therapy
In summary, GATA-3 has two important roles in a

dominant Th2 response: (1) it directly controls expression
of Th2 cytokine genes and (2) by inhibiting IFN-Á produc-

tion it facilitates rapid divergence of proliferating cells
away from Th1. Since Th1 and Th2 responses are cross-
regulatory, inhibition of GATA-3 activity will serve the
dual purpose of inhibiting Th2 responses and facilitating
Th1 responses by relieving inhibition of IFN-Á production.
While blockade of STAT6 function will be effective only in
the initial differentiation phase, inhibition of GATA-3
expression/function would thwart Th2 responses at multi-
ple points. As shown in figure 2, targeting GATA-3 would
inhibit new Th2 cell generation, promote Th1 cell genera-
tion and also block Th2 cytokine secretion from effector
cells. Furthermore, uniquely, GATA-3 blockade will not
affect other cell types and therefore will not cause general
immunosuppression. Although targeting GATA-3 is not
suitable in children due to the important role of this factor
in thymocyte maturation, overall, studies of GATA-3 in
mice and humans provide compelling reasons for targeting
this master regulator of Th2 gene expression in therapies of
asthma and allergic diseases in adults.
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Summary
The recent surge in the prevalence of asthma in developed com-

munities points to important environmental determinants of the
condition, and to the possibility that their reversal will see a decline
in the disease. This review considers the relationship between micro-
bial exposures and atopic disorder, and in particular the epidemio-
logic and experimental data on the Th1-promoting and Th2-limiting
properties of mycobacteria.

Microbial Exposure and Atopy: ‘Th1/Th2 Balance’
Changing patterns of microbial exposure that have

accompanied socio-economic development are one prime
candidate mechanism for the rise in asthma. Asthma has
risen in communities where standards of hygiene are high,
where attack rates and mortality from different infectious
diseases have greatly declined, and where mass public
health immunization and frequent usage of antibiotics
have become the norm [1].

One plausible mechanism for linking patterns of mi-
crobial exposure to asthma is through ‘the balance’ of Th1
and Th2 immune mechanisms [2]. The bronchial inflam-
mation that characterizes asthma is driven by Th2 im-
mune mechanisms, with prominent actions from IL-13,
IL-5 and IL-4; moreover, the great majority of young asth-
matics are also atopic, itself a disorder of exuberant Th2
immune mechanisms and excessive production of IgE to
common environmental antigens including the house
dust mite [1, 3]. Since Th1 and Th2 immune mechanisms
are to a significant degree antagonistic [2], it can be envis-
aged that certain microbial exposures, that prominently
promote Th1 immune mechanisms and increase IFN-Á
levels within the immune system, may limit Th2 re-
sponses to allergens [4, 6]. Conversely, exposures that pro-

mote Th2 immune mechanisms and antibody production
might have a deleterious effect; some of the public health
immunizations currently administered may have this po-
tential, but the case against them remains unproven and
further work is required [7]. A number of epidemiological
studies have noted an inverse association between expo-
sure to potentially Th1-promoting infections and subse-
quent atopy – these include hepatitis A, Toxocara canis,
Helicobacter pylori [8], measles (although its immunology
is complex) [9], and the mycobacteria [10]. Further stud-
ies show that the use of antibiotic in early life predicts
substantially more subsequent atopy – raising the possi-
bility that removal of bowel microflora, with their poten-
tially Th1-promoting effects, might also be able to ‘re-
lease’ Th2 atopic immune mechanisms [7, 11, 12].

Mycobacterial Exposure, Atopy and Asthma –
The Epidemiology
The relationship between mycobacterial exposure and

atopy in asthma is particularly interesting. In an epidemi-
ologic study, we found a strong relationship between posi-
tive tuberculin responses in early life, indicative of expo-
sure and response to mycobacteria, and less subsequent
clinical asthma, rhinitis and eczema, lower IgE levels, and
Th1 skewed cytokine profiles [10] (table 1). The preva-
lence of asthma in 12-year-old Japanese school children
with a strong tuberculin response (Mantoux test response
110 mm to 2 tuberculin units, and likely due to natural
Mycobacterium tuberculosis exposure) in early life, was
only 28% of their tuberculin-negative counterparts; more-
over, remission of atopic symptoms was observed with
acquisition of positive tuberculin responses up to the age
of 12 years [10].
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Table 1. Odds ratio (OR) and 95% confidence intervals (95% CI) for
atopy (elevated total or allergen-specific IgE in serum) and asthma to
the age of 12 years, according to tuberculin conversion in 867 Japa-
nese school children [10]

Tuberculin response Atopy

OR 95% CI

Asthma

OR 95% CI

positive before 6 years 0.50 0.29–0.83 0.31 0.22–0.45
Conversion to strong

positive at 6–12 years 0.43 0.25–0.83 0.42 0.24–0.56

Table 2. Symptoms, salbutamol use, and IFN-Á secretions in 40 adult
subjects with grass-pollen-induced summer asthma and rhinitis: a
masked placebo-controlled trial of immunization with killed M. vac-
cae (3 doses at monthly intervals through the spring) [24]

Active
immunization
(n = 21)

Placebo
immunization
(n = 19)

167.3 203.2
Chest symptom score 24.4 36.9
Salbutamol use (weekly group score) 4.8* 31.2
Mean (log pg/ml) IFN-Á secretion

by PBMCs after incubation with
tuberculin (after 2 immunisations) 1,784.4 669.0

* p = 0.45 on stepwise regression analysis.

Von Mutius et al. [13], using ecological methods in a
large-scale international survey, have shown a step-wise
increase of 25/100,000 in notification rates for tuberculo-
sis, as one surrogate for mycobacterial exposure, relate to
a step-wise decrease of 4.7% in the prevalence of wheeze
[13].

Mycobacterial Exposure and Allergy:
Experimental Approaches
Formal experimental data on the inverse link between

mycobacterial exposure and allergy come from a set of
murine experiments [14, 17]. They have uniformly shown
impressive Th2 limiting properties of different mycobac-
terial preparations – including whole BCG and whole
killed Mycobacterium vaccae. Mycobacterial impact on
induced ovalbumin allergy included inhibition of IgE syn-
thesis and of IL-5 production, inhibition of pulmonary
eosinophilic infiltration, and the inhibition of fatal ana-
phylactic pulmonary reactions on inhaled allergen chal-
lenge. The degree of inhibition was influenced by the

route of administration – BCG was most effective when
instilled into the respiratory tract – as well as by dosage of
mycobacterial product [14, 17]. These data accord with
the strong Th1-promoting effects of the mycobacteria –
with binding of their lipoproteins to Toll-like receptors on
antigen-presenting cells and leading to prominent IL-12
synthesis and hence Th1 immune responses with promi-
nent IFN-Á secretion [18, 19]. The findings also accord
with parallel observations of the inhibition of allergic lung
inflammation in a mouse model of asthma by bacterial
CpG oligodeoxynucleotides [20].

Mycobacterial Immunization to Limit Atopy and
Asthma in Man?
The epidemiologic and experimental data point to the

possibility that the mycobacteria or their products could
be used as immunizing agents to prevent or restrain Th2
immune mechanisms and hence asthma in man.

Endeavours to retrospectively examine the relation-
ship between the receipt of BCG immunization, as part of
public health policies, and its relationship to subsequent
atopy have produced inconclusive results. BCG immuni-
zation at 14 years of age seems to confer little benefit [21].
The same has been observed for BCG immunization giv-
en at variable timings up to 6 months of age [22], whereas
administration of BCG on the first day of life has been
associated with less subsequent atopy [23]. I suspect that
retrospective analyses may not be good enough to criti-
cally test this idea, because of the presence of many unre-
corded confounding variables, both environmental and
genetic.

Prospective, ‘Proof-of-Concept’ Experimental
Approaches Are Now Needed in Man
We have conducted preliminary clinical experiments

with killed M. vaccae in a masked placebo control study of
adults with grass-pollen-induced asthma and rhinitis (ta-
ble 2) [24]. Receipt of killed M. vaccae (as three intrader-
mal inoculations of 109 organisms) was associated with
fewer asthmatic symptoms and significantly less use of
bronchodilator relief medication during the pollen sea-
son; the mean weekly total dose of salbutamol was 4.8 in
M. vaccae recipients, and 31.2 in the placebo recipients.
Over the same spell, active immunization showed a trend
to enhance IFN-Á secretion by mononuclear cells in
response to tuberculin antigens, but no clear evidence of
other re-ordering of Th1/Th2 immune cytokine balance
was observed. Further clinical testing is required in order
to address the repeatability of such symptomatic benefit
following immunization. These trials are in progress.
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Future Directions
In principle, the impact of mycobacterial exposure in

limiting Th2 immune disorder should be greatest in early
life, that is, before the development of substantial burdens
of Th2-driven cells and the development of clinical dis-
ease [3]. One early experiment, which might provide valu-
able ‘proof of concept’ data and offer safety, would be the
critical testing of neonatal BCG immunization. Such a
prospective clinical trial should take account of other
important environmental determinants, (maternal smok-
ing and breast-fed infant, receipt by the infant of public
health immunizations and antibiotics), and also genetic
variables that impinge on Th2 and Th1 immune signal-
ling and which are relevant to atopy and asthma [25].

If the concept of limitation of Th2 immune mecha-
nisms by mycobacterial exposure can be experimentally
established in man then there are real prospects for serious
limitation of atopic disorder and asthma in the future. But
the approach will need nicely judged decisions on route of
exposure, and the nature of the mycobacterial product

and its dosage. In the murine experiments, administration
of BCG via the respiratory route provided the greatest
inhibition of respiratory allergy [15]. It is possible that the
use of whole mycobacteria may provide more potent
effects than isolated mycobacterial molecular products –
and more predictable safety. The object should be to limit
Th2 responses to allergens, but without causing exagger-
ated Th1 priming of the whole immune system and which
might predispose to autoimmunity. Finally the approach
of mycobacterial immunization will have to squarely face
the prospect that genetic factors may limit certain individ-
uals’ responses to this approach [25], and that environmen-
tal factors (including receipt of public health vaccines and
of antibiotics) could confound the approach in others.

Conclusion
Current data, epidemiological and experimental, point

to exciting possibilities for mycobacterial immunization
in the limitation of atopy and asthma. But there is a test-
ing time ahead, if these possibilities are to be realized.
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Summary
CpG oligodeoxynucleotides (ODNs) are a novel pharmacothera-

peutic class with profound immunomodulatory properties. The
mechanisms through which these agents work are incompletely
understood, but it is clear that the oligonucleotides bind with both
cytoplasmic and nuclear factors. In murine models, CpG ODNs can
both prevent and treat the Th2-mediated inflammatory responses
associated with asthma and atopy. This class of compounds is poised
for human trials in asthma and allergy.

CpG ODNs: Discovery and Definition
CpG ODNs are a recently described class of pharmaco-

therapeutic agents that are characterized by the presence
of an unmethylated CG dinucleotide in specific base-
sequence contexts (CpG motif). These CpG motifs are not
seen in eukaryotic DNA, in which CG dinucleotides are
suppressed and, when present, usually methylated, but
are present in bacterial DNA to which they confer immu-
nostimulatory properties [1]. These immunostimulatory
properties include induction of a Th1-type response with
prominent release of IFN-Á, IL-12, and IL-18. CpG
ODNs (18–24 bp in length) possess immunomodulatory
properties similar to bacterial DNA.

Mechanism of Action of CpG DNA
Although there are cell surface proteins that can bind

DNA, the immune stimulatory effects of CpG DNA
require cell uptake [1, 2]. This DNA uptake is inducible
and varies with cell type, but is sequence independent [3,
4]. Uptake probably involves both pinocytosis and endo-
cytosis [4]. Although the nature of the intracellular recep-
tor for CpG DNA is not yet clear, its intracellular location
of the CpG receptor seems logical if this detection path-
way evolved as a defense against intracellular pathogens.
Several intracellular signaling pathways appear to be acti-

vated by CpG DNA. Within 7–10 min, the mitogen-acti-
vated protein kinases p38 and the c-Jun NH2-terminal
kinase are activated in human and murine B cells and
macrophages [5, 6]. In addition, there is rapid generation
of reactive oxygen species, which appears to be important
in the activation of NF-ÎB [7, 8].

These signaling pathways converge on the nucleus,
resulting in the activation of multiple transcription fac-
tors and increased expression of multiple inflammatory
messengers [9–15]. Overall, the most highly produced
cytokines in the response to CpG are the Th1-like cyto-
kines such as IL-12, IL-18 and IFN-Á. However, CpG
DNA also induces B cells to produce IL-10, which appears
to act in a counter-regulatory fashion to limit the inflam-
matory response to CpG [14].

Need for Immunomodulatory Therapy
In recent years, the paradigm of asthma therapy has

shifted from symptomatic relief of bronchospasm to treat-
ment of airway inflammation. Despite this increased
attention to the role played by inflammation in the patho-
genesis of asthma, the prevalence, severity and morbidity
ascribed to asthma have grown over the past two decades
[16]. Immunotherapy, or the use of allergen and/or immu-
nomodulating agents to alter the immune response to an
antigen, is a potentially curative therapy. Development of
better immunotherapy protocols has been hindered by the
relatively low potency of therapeutic allergens and the risk
of serious and potentially fatal adverse reactions. If more
effective and safer immunotherapy were available for the
treatment of asthma, this would be a significant tool in the
armamentarium of the clinician: patients could develop
clinical tolerance to exposure to allergens, reducing their
need for chronic anti-inflammatory therapy.
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Fig. 1. HE-stained sections of murine lung. A–D !160 (original magnification); E–H !1,000 (original magnification).
Saline control mice (A, E) demonstrate a bland parenchyma and bronchovascular bundle. In contrast, asthma control mice
(B, F) display marked perivascular and peribronchial inflammatory infiltrate with eosinophils, lymphocytes, activated
macrophages and other cells. This inflammation is nearly eliminated in the CpG-ODN-treated mice (C, G) but not in the
control ODN-treated mice (D, H).

Preclinical Studies
Based on the epidemiologic data and our observations

of the Th1 responses to CpG motifs, we hypothesized that
administration of CpG ODNs may be an effective adju-
vant in preventing manifestations of airway inflamma-
tion and altered physiologic responses in a murine mod-
el of asthma through suppression of Th2-mediated re-
sponses [17]. For these initial studies, we used a model in
which C57BL/6 mice are sensitized to schistosome eggs
and then challenged in the airways with soluble egg anti-
gen (SEA) derived from the schistosome eggs. These mice
developed marked airway eosinophilia, elevated BAL

fluid IL-4 (table 1). Histopathologic examination (fig. 1)
demonstrated peribronchial and perivascular infiltration
of eosinophils, lymphocytes, activated macrophages and
other inflammatory cells. Inflamed mice had exaggerat-
ed physiologic responses to inhaled methacholine (fig. 2).
When mice received injections of CpG ODNs at the time
of sensitization, all of these manifestations of asthmatic
responses were abrogated (table 1, fig. 1, 2). This was
associated with an induction of the Th1 cytokines, IL-12
and IFN-Á, in BAL fluid.

Because of the association between protection from
eosinophilic airway inflammation and the induction of
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Fig. 2. Airway responses to methacholine inhalation challenge. Mice
from various treatment groups are exposed to increasing concentra-
tions of nebulized methacholine, after which they are assessed using a
whole-body plethysmograph (Penh, Buxco). Asthma control mice
(!–––– !) demonstrate marked bronchial hyperresponsiveness rela-
tive to saline control mice (j––––j), this protection is nearly com-
pletely abrogated in the CpG-ODN-treated ($W W W W W W$), but not the
control ODN-treated mice (d–––d).

Fig. 3. CpG dose-response curve in inbred mice (j–––– j ) and IFN-Á
KO ()– W–)), IL-12 KO (o–––o), and double (IFN-Á and IL-12)
KO mice (!––––!), all on C57 BL/6 background. Wild-type mice
are substantially protected against the induction of airway eosino-
philia when treated with amounts of CpG ODNs as low as 0.3 Ìg; for
equivalent protection, the KO mice require at least one log greater
amounts of CpG ODNs.

Table 1. Schistosome egg asthma model: effects of treatment with
CpG ODNs

Treatment
group

BAL eos.
(!106)

BAL IL-4
pg/ml

BAL IFN-Á
ng/ml

BAL IL-12
ng/ml

Serum IgE
Ìg/ml

control ND 5B1* 0.02B0.01 0.6B0.2 0.66B0.38*
Asthma + control

ODNs 2.2B0.9 78B18 0.12B.08 2.0B0.8 3.04B0.94
Asthma +

CpG ODNs 0.4B0.2* 23B3* 0.42B0.13* 5.5B1.9* 1.04B0.32*
Asthma

control 3.5B0.8 118B29 0.02B0.01 1.8B0.7 4.10B0.54

n = 6/group; ND = none detected; * p ! 0.01 vs. asthma control mice.

Table 2. Effect of CpG ODNs on protection against airway eosino-
philia and bronchial hyperreactivity in mice who were sensitized to
schistosome eggs in the presence or absence of IFN-Á and/or IL-12,
and in the presence or absence of CpG ODNs

Mouse type Antibody Tx CpG
ODN Tx

BAL eos. Penh50

C57BL/6 – – 1.6B0.4 !106 3.6B0.2
C57BL/6 – + 0.2B0.1 !106 1.2B0.3
C57BL/6 anti-IFN-Á + 0.1B0.1 !106 1.1B0.2
C57BL/6 Anti-IL-12 + 0.2B0.3 !106 1.2B0.2
IFN-Á KO – + 0.2B0.3 !106 1.4B0.2
IL-12 KO – + 0.3B0.3 !106 1.3B0.3
DKO – + 0.3B0.2 !106 1.6B0.3

Penh50 = Penh index (fold increase over baseline) after inhalation of
50 mg/ml of methacholine.

Th1 cytokines in the airway, we next evaluated whether
either IFN-Á or IL-12 was necessary for the protection
offered by CpG ODNs [18]. For these studies, we used the
same model of antigen-induced airway inflammation, but
we carried out these studies in mice treated with anti-
IFN-Á or anti-IL-12 antibodies as well as in mice whose
gene for IFN-Á, IL-12, or both cytokines had been dis-
rupted. To our surprise, we found that the administration
of CpG ODNs was effective in preventing the develop-
ment of both airway inflammation and of bronchial
hyperresponsiveness in the absence of IFN-Á, IL-12, or
both (table 2). When we carried out CpG dose-response
studies, however, we found that there was approximately
a log difference in sensitivity to the protective effects of
CpG ODNs between wild-type inbred mice (C57BL/6)
and mice deficient in either IFN-Á or IL-12 (also on a
C57BL/6 background); the difference was even greater in
double (IFN-Á and IL-12) knockout mice (fig. 3). These
studies suggested to us that, although both of these Th1
cytokines played a role in the protection offered by CpG
ODNs, neither alone nor in combination was essential for
this protection. Undoubtedly there are redundant path-
ways through which these effects are mediated.

It was next important to determine whether CpG
ODNs were effective in modulating attributes of asth-
ma after the establishment of eosinophilic airway inflam-
mation. For these studies, we adopted the schistosome-
egg-induced murine model of asthma and administered
ODNs, alone or in combination with antigen, at various
time points. We first examined the effect of treatment fol-



No treatment

232 Kline/Krieg

Table 3. Effect of CpG treatment after sensitization on SEA-induced
airway eosinophilia

Treatment SEA (inhaled) Harvest BAL eos.
(!106)

weeks 2 and 3 week 3 2.6B0.8
CpG week 1 (+ eggs) weeks 2 and 3 week 3 0.6B0.2
CpG week 2 (– eggs) weeks 3 and 4 week 4 1.9B0.6
CpG week 5 weeks 3, 4, 6, 7 week 7 2.4B0.7
CpG + SEA week 5 weeks 3, 4, 6, 7 week 7 3.2B0.6
Saline (s.c.) weeks 4, 5, 6, 7 weeks 2, 3, 8, 9 week 9 2.9B1.2 
SEA (s.c.) weeks 4, 5, 6, 7 weeks 2, 3, 8, 9 week 9 1.2B0.9
CpG + SEA (s.c.) weeks 4, 5, 6, 7 weeks 2, 3, 8, 9 week 9 0.2B0.3

n = 6/group. All mice sensitized to schistosome eggs (i.p.) on days 0 and 7
(weeks 0 and 1).

lowing sensitization but before airway challenge, and
found that a single administration of CpG ODNs and
SEA, but not CpG ODNs alone, was effective in blocking
the subsequent airway inflammatory response to inhaled
antigen in previously sensitized mice (table 3). We next
evaluated the response to treatment in mice who had been

previously sensitized and challenged with antigen in the
airways. Since a single treatment was ineffective in modu-
lating eosinophilic airway inflammation (table 3), we in-
stituted a course of immunotherapy treatment: 4-weekly
subcutaneous injections of SEA in the presence or absence
of ODNs. Following this therapy, mice were re-exposed to
SEA. Mice treated with SEA injections demonstrated
modest reductions in airway eosinophilia (table 3) com-
pared with control mice (who received saline injections
rather than active immunotherapy). Mice treated with
SEA and CpG ODNs, however, had significant reduc-
tions in both airway eosinophilia (table 3) and bronchial
hyperreactivity (not shown), suggesting that the CpG
ODNs acted as an immunoadjuvant in downregulating
established airway inflammation.

Conclusions
CpG ODNs have exhibited profound Th1-like immu-

nomodulatory effects in both the prevention of antigen-
induced asthma as well as treatment of previously estab-
lished responses. These preclinical data have been repro-
duced by other groups, and there is strong support for the
pursuit of clinical trials.
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Summary
CD8 T cells differentiate to distinct subpopulations with unique

functions. There are clear abnormalities in CD8 T cells both in asth-
ma and in COPD when compared with healthy subjects. It is not
clear whether CD8 T cells are protective or contribute to pathology.
The role of CD8-specific T cell products, such as perforin, if any, in
asthma and COPD is not understood. It is clearly impossible at
present to formulate valid conclusions as to the possible role of CD8
T cell modulation for the therapy of asthma and COPD. A tailored
therapeutic approach in different circumstances might be required.

Functional Spectrum of CD8 T Cells
T lymphocytes, which may be of the CD4 or CD8 phe-

notype in the circulation, regulate antigen-specific im-
mune responses. CD4 T cells recognize antigenic peptides
in the context of MHC class II molecules. CD8 T cells do
so in the context of MHC class I molecules. As a rule, solu-
ble antigens like proteins associate with MHC II and are
handled by CD4 cells; intracellularly synthesized antigens
such as those derived from intracellular microorganisms
associate with MHC I and are handled by CD8 cells
(fig. 1).

CD8 T cells are well known for their cytotoxic func-
tions: they kill malignant-transformed and virus-infected
cells. To this end they are equipped with two types of kill-
ing machinery. One involves Fas-ligand expressed at the
cell surface; the other involves release of perforin and
granzymes from intracellular granules. In addition, these
cells produce high amounts of IFN-Á. These CD8 cells are

Fig.1. CD8 T cells recognize antigen in the context of MHC I, CD4 T
cells in the context of MHC II molecules.

now denoted as type 1, or Tc1. A distinct CD8 T-cell sub-
set, termed Tc2, may have other regulatory functions, in
particular the regulation of function of other immune cells
by cytokine secretion. Tc2 CD8 T cells may produce IL-4
and IL-5. An IL-4 rich environment contributes to the
shift of CD8 T cells from the Tc1 to the Tc2 phenotype
[1].

Both Tc1 and Tc2 CD8 T cells can be functionally
divided as naı̈ve, memory and, at least in the case of Tc1,
‘memory-effector’ cells (fig. 2). These functional subsets
can be discriminated on the basis of the surface marker
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Fig. 2. Scheme of the development and the characteristics of CD8 T
lymphocytes.

Fig. 3. CD8 T lymphocyte subpopulations in 8 patients with mild to
moderate allergic asthma (median age, 25.5; range, 19–30 years) not
using immunosuppressive therapy, and non-allergic healthy subjects
(median age, 27.5; range, 20–39 years). Peripheral blood mononu-
clear cells were analysed by flow cytometry. Circles = asthma; trian-
gles = healthy subjects; open symbols = CD8+CD45RA+; filled sym-
bols = CD8+CD45RO+.

phenotypes CD45RA+CD27+CD28+, CD45RO+CD27+
CD28+ and CD45RA+CD27–CD28–, respectively [2].
The latter population corresponds to the chemokine re-
ceptor CCR7– population that preferentially migrates
into inflammatory tissues [3]. The CD45RA+CD27–
CD28– cells have the same capacity for IFN-Á production
as the CD45RO+ population, but fail to produce IL-4 [2,
3], at least in the peripheral blood. Mediators of cellular
cytotoxicity are mainly expressed in the memory-effector
subset [2, 3]. These cells have been demonstrated to con-
tain antigen-specific cells recognizing among others viral
antigens [2].

CD8 T Cells in Asthma
Activation of CD4 T cells appears to be a universal fea-

ture of asthma. In allergic asthma, these may be allergen-
specific T cells. These cells are of a Th2 phenotype, pro-
ducing relatively high amounts of IL-4 and IL-5, and low

amounts of IFN-Á, and are typically seen in the inflamed
airways of symptomatic asthma patients [4]. Interesting-
ly, CD8, as well as CD4 T cells show expression of IL-4
and IL-5 mRNA and protein in the bronchial mucosa of
both atopic and non-atopic asthmatics [4], suggesting that
CD8 T cells may be a potential source of asthma-promot-
ing cytokines. The activating stimulus for CD8 T cells is
not clear.

In contrast to CD4 T cells, peripheral blood CD8 cells
do not consistently show higher expression of activation
markers such as CD25 in asthmatics than in controls. The
CD8 T cells may show variable Th2 type cytokine expres-
sion [5, 6] and higher expression of perforin [7] as com-
pared with controls. The latter matches with a higher per-
centage of CD8+CD28– [8], which was confirmed by our
own findings, as shown in figure 3. Thus, there appears to
be an increase in the CD8 memory-effector cell popula-
tion in asthma.

Experimental allergen challenge results in significant
increases in both the CD4 and the CD8 T cell populations
in the airways [9, 10], and the numbers of CD8 T cells
were negatively associated with the likelihood of a late-
phase bronchoconstrictor response, suggesting a possible
protective effect of CD8 T cells [9]. On the other hand,
viral infection of the respiratory tract may exacerbate
asthma, possibly by augmenting eosinophilic infiltration.
This may reflect involvement of virus-specific Tc2 CD8 T
cells.
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CD8 T Cells in COPD
Recent studies have characterized the inflammatory

cellular infiltrate in the central and peripheral airways of
smokers with stable, chronic COPD, smokers with nor-
mal lung function and non-smoking controls [11–14].
COPD patients showed higher CD8 T cell numbers [11,
12]. However, it appeared that these findings may be
related to smoking habits of the populations investigated
[13, 14].

Studies in the peripheral blood of COPD patients have
shown increased CD8 T cell numbers [15], which may be
largely memory-effector CD8 cells, as defined by the mem-
brane surface markers CD45RA+CD27–CD28– [16].

If CD8 T cells do contribute to airway inflammation in
COPD, the mechanisms by which they do so, as well as
the mechanisms of their initial activation, remain at
present speculative.

Present Therapy
Drugs. Both CD4 and CD8 T cells are inhibited to a

similar degree by phosphodiesterase inhibitors [17].
Dexamethasone and cyclosporin A inhibit re-expression
of surface CD4, but not CD8, on activated T cells in vitro
[18], which may reflect differential sensitivity of CD4 and
CD8 T cells to these drugs. Further studies of the effects of
glucocorticoids and other drugs on CD8 T cells in a dis-
ease setting in vivo are sorely needed.

Desensitization. Early studies have already suggested a
possible role for CD8 T cells in favourable clinical
responses to allergen immunotherapy [19].

Animal Models
Animal models have suggested prominent roles for

CD8 T cells in the regulation of IgE synthesis. Repeated
challenge of rats with ovalbumin resulted in the activation

of CD8 T cells that could inhibit the development of IgE
responses after adoptive transfer [20]. In virus infection
models, the effects of CD8 T cells critically depended on
the conditions chosen. CD8 T cells were essential in the
induction of airway inflammation and airway hyperres-
ponsiveness in a mouse model of intranasal administra-
tion of respiratory syncytial virus (RSV) [21]. In other
models where the animals were vaccinated with polypep-
tides of RSV before the challenge, the CD8 T cells signifi-
cantly contributed to suppression of airway inflammation
[22]. It is difficult to translate these conditions of acute
antigen challenges and acute infections with the chronic
allergen exposure that underlies much of the pathophysi-
ology in allergic asthma patients. There is no animal mod-
el that mimics the chronic airway inflammation and air-
way destruction with increased numbers of tissue CD8 T
cells as found in COPD.

Anti-CD8 Antibody Therapy in Humans
Treatment with anti-CD8 antibodies has not as yet

acquired a place in experimental or routine clinical prac-
tice. Experimental animal models have shown the poten-
tial of anti-human CD8 antibodies in depleting CD8 T
cells. The humoral immune response and at least some
aspects of cell mediated responses seem not to be affected
by such treatment. In a patient with a chronic hepatitis C
virus infection, CD8 T cell depletion resulted in improve-
ment of the anti-viral immune response and clinical status
[23]. On the other hand, in rhesus macaques, anti-CD8
treatment resulted in rapid emergence of a pathogenic
strain of HIV-1 from an initially non-pathogenic virus
[24].

With current knowledge, it would be difficult to formu-
late a cogent rationale for CD8 T cell depletion in asthma
or COPD.
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Summary
The clinical literature suggests that oral cyclosporin A can be

effective in patients with severe steroid-dependent asthma, improv-
ing their clinical control and allowing a meaningful reduction of their
daily dose of oral steroids. However, the safety profile is problematic,
even in this severely asthmatic population. The development of
locally active macrocyclic immunosuppressants for delivery by inha-
lation, such as IMM125 and MLD987, promises to provide a long-
term therapy of asthma with a significantly improved side effect pro-
file.

Rationale
One of the characteristic features of asthma is a persis-

tent pulmonary inflammation, with increased numbers of
eosinophils and activated T lymphocytes in the airways
[1]. It is becoming increasingly clear that this process is
driven by T cells with a type 2 cytokine phenotype (Th2),
which migrate to the lung after antigen exposure or viral
infection [2]. Th2-cell-derived cytokines play a number of
important roles in the initiation and maintenance of the
inflammatory process in asthma. For example, IL-4 is an
essential cofactor for IgE production, while IL-5 mobilizes
and activates eosinophils. Eosinophil degranulation prod-
ucts and mediators released from mast cells cause muco-
sal damage, mucus hypersecretion and bronchial hyper-
responsiveness. Thus, modulating T cell activity in the
lung with macrocyclic immunosuppressants, such as cy-
closporin A (CsA), FK506, rapamycin or their analogues
(fig. 1) might represent a valid approach for treating respi-
ratory diseases such as chronic asthma.

Fig. 1. Structures of macrocyclic immunosuppressants.

Molecular Mechanism of Action
CsA and FK506 elicit their biological action by binding

to related intracellular receptors, cyclophilin and FKBP12
(collectively called immunophilins). The drug-receptor
complexes then bind to the Ca2+ calmodulin-dependent
protein phosphatase calcineurin (CNA), which results in
allosteric inhibition of its phosphatase activity [3]. As a
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Fig. 2. Inhibition of signal transduction in T cells by CsA (h), FK506
(h) and rapamycin ($). For CsA and FK506 a generic mechanism is
shown (see text and Bonham and Thomson [8]).

consequence, translocation of the transcription factor NF-
AT from the cytoplasm to the nucleus is blocked (fig. 2),
resulting in a failure to activate early genes necessary for T
cell proliferation (e.g. IL-2). IMM125 and MLD987 (see
below) produce their biological effects by the same molec-
ular mechanisms as CsA and FK506, respectively.

Although both rapamycin and FK506 share the same
intracellular target, FKBP12, they affect immunosuppres-
sion through different mechanisms. Whereas CsA and
FK506 block the signal from the T cell receptor, rapamy-
cin blocks/delays G1 cell cycle progression by interrupting
the signal from the IL-2 receptor [4]. In yeast, rapamycin
depletes the pool of polysomes and abolishes protein
translation via inhibition of the targets of rapamycin/
FKBP12, TOR1 and TOR2, which are absolutely re-
quired for G1 progression. The mammalian homologue
mTOR seems to function in a similar way; however, com-
pared to yeast, the mechanistic details seem to be consid-
erably less straightforward. mTOR is a member of a novel
family of phosphatidylinositol-3-kinase-related proteins,
containing a C-terminal kinase domain which is required
for signalling to the downstream targets p70 S6 kinase and

PHAS-I. It is still unclear how mTOR receives upstream
signals and how exactly it transduces them to downstream
signalling molecules [4]. 

Cellular Mechanism of Action
CsA and FK506 are powerful inhibitors of antigen-

stimulated T cell activation and proliferation [5]. In addi-
tion, there is considerable evidence that the two agents
can directly affect certain other cell types, the most impor-
tant examples in the context of asthma being mast cells
and eosinophils [5].

Besides its immunosuppressive properties, the effect of
rapamycin on growth-factor-stimulated proliferation of a
variety of cell types, such as smooth muscle cells and
fibroblasts, has attracted considerable attention [6]. Air-
way remodelling, particularly hypertrophy and hyperpla-
sia of airway smooth muscle and collagen deposition
beneath the basement membrane, is a distinctive patho-
physiological feature of asthma, which may lead to a grad-
ual alteration of the airways and thus contribute to the
decline in pulmonary function [7]. Rapamycin with its
dual mode of action has the potential to affect both
inflammation and the subepithelial fibrosis associated
with chronic asthma.

Animal Models and Route of Administration
Immunosuppressants have been extensively studied in

experimental models of asthma [8]. CsA and FK506
potently reduce antigen-induced pulmonary eosinophilia
and bronchial hyperreactivity in models of allergic asth-
ma in rodents [9]. Qualitatively similar effects were
described for rapamycin, which effectively inhibited both
leukocyte migration into BAL fluid and bronchial hyper-
reactivity in Sephadex-injected guinea pigs [10].

The use of these drugs for the treatment of respiratory
diseases inevitably raises concerns related to systemic
immunosuppression and the side effects associated with
the chronic use of these compounds (see clinical studies).
Local application and metabolic instability (‘soft drugs’)
are strategies which have been used successfully to cir-
cumvent side effects in other drug categories, notably the
inhaled glucocorticosteroids. A similar approach has been
applied for the design of locally active immunosuppres-
sants such as the cyclosporin analogue, IMM125, and
the ‘soft’, metabolically labile ascomycin derivative,
MLD987. Both compounds, when given locally by intra-
tracheal application, dose-dependently inhibit eosinophil
influx into BAL fluid of actively sensitized Brown-Nor-
way rats following antigen challenge (fig. 3). Thus, there is
convincing evidence from models of allergic asthma that
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inhaled immunosuppressants related to CsA, FK506 and
rapamycin have potential as long-term therapy of asthma.
Local application of these drugs should help to signifi-
cantly reduce systemic immunosuppression and its asso-
ciated side effects.

Clinical Studies
The first case report on the effect of oral CsA in clinical

asthma was published in 1991 by Nizankowska et al. [11]
of the University of Cracow, Poland. Low-dose oral CsA
was added to the therapeutic regimen of a 42-year-old
woman with very severe asthma poorly controlled in spite
of a 15-year treatment with 20–30 mg oral prednisone per
day on top of high-dose inhaled beclomethasone, amino-
phylline and fenoterol. Whereas previous attempts to
reduce the dose of oral steroid had failed, 5 weeks after the
addition of CsA, the tapering of oral prednisone was suc-
cessfully started. At the end of the 11-month treatment
period, the daily dose of oral prednisone had been
reduced from 25 mg to 8.5 mg and at the same time the
patient’s asthma control and lung function had improved
considerably. Other single case reports and small uncon-
trolled series followed throughout the 1990s [12–16], sug-
gesting the efficacy of add-on low-dose oral CsA (3.5–5
mg/kg/day) in asthmatic patients in need of high-dose oral
steroids who represent the extreme end of the spectrum of
asthma severity. However, two other less welcome fea-
tures also emerged. First, some patients showed a remark-
able response while others did not respond at all. For
example, in a series of 12 severely asthmatic patients [13],
the dose of oral corticosteroids could be dramatically
reduced in 6 patients, whereas in the remaining 6 all
attempts to reduce oral steroids failed. In another series of
5 children with severe asthma [15], oral steroid reduction
after addition of low-dose CsA was very successful in 3
young patients and a complete failure in 2. The second
aspect which emerged was that even at the relatively low
doses used to treat asthmatic patients, the safety and
tolerability burden of oral CsA was troublesome: in-
creased blood pressure, impaired renal function (elevated
levels of serum creatinine) and hypertricosis were re-
peatedly reported.

Only three controlled clinical trials evaluating oral CsA
in severe oral-steroid-dependent asthma have been pub-
lished [17–19]. In the first [17], a double-blind cross-over
study, CsA (5 mg/kg/day) and placebo were given, each
for 3 months, in random sequence to 33 adults on a con-
stant dose of oral prednisone and high-dose inhaled corti-
costeroids. The addition of CsA resulted in a 12% im-
provement in morning PEFR, an 18% improvement in

Fig. 3. Effect of IMM125 (mg/kg) and MLD987 (mg/kg) on ovalbu-
min (OA)-induced pulmonary leukocyte accumulation (mean B
SEM) in actively sensitized Brown Norway rats. Both compounds
were administered intratracheally (i.t.), 1 h prior to and 24 h after
antigen exposure. * p ! 0.05, ** p ! 0.01, and *** p ! 0.001 indicate
significant difference by comparison with vehicle (veh) and OA-
treated animals.

FEV1 and a 50% reduction in the frequency of asthma
exacerbations. Interestingly, there was no improvement
in symptom scores and rescue medication.

Steroid reduction was the primary objective of the sec-
ond placebo-controlled trial which was a parallel-group
study [18]. A total of 39 patients, all on both oral and high-
dose inhaled corticosteroids received either oral CsA
(5 mg/kg/day) or placebo for 9 months. The CsA group
achieved a significantly greater oral steroid reduction
compared to the placebo group, expressed as the lowest
dose maintained for at least 2 weeks (mean: 3.5 vs. 7.5
mg/day) and the total dose taken during the 9-month
treatment period (mean: F2,500 vs. F3,500 mg). At the
same time, there was a trend toward reduced exacerba-
tions and a significant increase in morning and evening
PEFR. CsA gave no advantage over placebo with regard
to FEV1 and symptom scores. In the third controlled trial
[19], results were less impressive. A total of 34 patients on
oral steroids were randomized in a double-blind parallel
group design to either CsA (starting dose: 2.5 mg/kg/day)
or placebo for 8.5 months. After a 3-month fixed steroid
dose period, steroid reduction was attempted over the last
5½ months. During the stable steroid phase, CsA patients
showed a significant improvement compared to placebo
in symptom scores and intake of rescue ß2-agonists, but
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Table 1. Compounds in the process of development

IMM125 MLD987 Rapamycin

Novartis Novartis American Home Products
Status phase II preclinical not registered for asthma or COPD
Administration inhaled inhaled unknown
Comments cyclosporin derivative soft ascomycin derivative WO-09214476 claims a novel rapamycin-containing

formulation for asthma and COPD

no improvement in lung function. In the subsequent
phase, the steroid reduction with CsA was not significant-
ly greater than with placebo, and lung function worsened
in patients receiving CsA.

The high variability in response between patients was
confirmed in these controlled trials, as was the problemat-
ic safety and tolerability profile of low-dose oral CsA. Fre-
quently documented adverse events in patients receiving
CsA included increased systolic and diastolic blood pres-
sure, increased serum potassium and decreased magne-
sium, increased serum creatinine and lowered glomerular
filtration rate, high alkaline phosphatase and bilirubin
levels, hypertricosis, paraesthesia and tremor. Most ab-
normalities disappeared or improved markedly shortly
after discontinuation of CsA. However, reversibility after
longer-term treatment with CsA remains unknown.

Development Status
Neither CsA nor FK506 are registered for asthma and

there is no indication that they are in development for this
indication either by the oral or the inhaled route. Ameri-
can Home Products patented a special formulation of
rapamycin for use in respiratory diseases in 1992; how-
ever, its development status is unclear (table 1).

Of the two above-mentioned strategies undertaken to
improve the risk-benefit ratio of this class of drugs, name-
ly the development of metabolically labile compounds
(such as the ascomycin derivative MLD987, Novartis),
and the development of locally active drugs to be deliv-
ered in very low doses by inhalation (such as IMM 125,
Novartis), the latter is about to complete a phase II proof-
of-concept clinical trial at the time this chapter is being
written.
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Summary
Cytokines are likely to play important roles in the chronic inflam-

matory processes and airway wall remodelling of asthma and COPD.
They have a wide variety of effects, including cell activation and pro-
liferation, maturation of haematopoietic cells, chemoattraction and
migration, adhesion, immune regulation and cell survival or apopto-
sis. In relation to asthma and COPD, cytokines may induce eosino-
philic or neutrophilic airway inflammation, subepithelial fibrosis,
goblet cell hyperplasia and increases in mucin expression, matrix
metalloproteinases and bronchial hyperresponsiveness. Targetting
specific cytokines may lead to much-needed novel therapies for asth-
ma and COPD.

Cytokines are extracellular signalling proteins, usually
less than 80 kD in size and many are glycosylated. They
are produced by different cell types involved in cell-to-cell
interactions, having an effect on closely adjacent cells,
and therefore function in a predominantly paracrine fash-
ion. They may also act at a distance (endocrine) and may
have effects on the cell of origin (autocrine). A classifica-
tion according to function is proposed in table 1.

The effects of an individual cytokine may be in-
fluenced by other cytokines released simultaneously from
the same cell or from target cells following activation by
the cytokine, and are mediated by binding to cell surface
high-affinity receptors usually present in low numbers,
which can be upregulated with cell activation. The recep-
tors for many cytokines have been grouped into superfam-
ilies based on the presence of common homology regions
(table 1). Cytokines themselves may induce the expres-
sion of receptors which may change the responsiveness of
both source and target cells. Some cytokines may stimu-
late their own production in an autocrine manner, where-

Table 1. Classification of cytokines and cytokine receptors

Cytokines
Pro-inflammatory cytokines IL-1·/ß, TNF·/ß, IL-6, IL-11, IFN-Á
Cytokines involved in atopy IL-4, IL-13 (promoters); IFN-Á,

IL-12 (inhibitors)
Cytokines of eosinophil

chemoattraction and activation
IL-2, IL-3, IL-4, IL-5, GM-CSF,
RANTES, eotaxin, MCP-3, MCP-4

Th2 cytokines IL-4, IL-5, IL-10, IL-13
Cytokines involved in T cell

chemoattraction
IL-16, RANTES, MIP-1·/ß

Cytokines of neutrophil
chemoattraction and activation

IL-8, IL-1·/ß, TNF·/ß

Anti-inflammatory cytokines IL-10, IL-4, IL-13, IL-12, IL-1ra
Growth factors PDGF, TGF-ß, FGF, EGF,

TNF-·, SCF

Cytokine receptors
Cytokine receptor superfamily IL-2Rß- and Á-chains, IL-4R, IL-3R

·- and ß-chains, IL-5·- and ß-chains,
IL-6R, gp130, IL-12R, GM-CSFR;
soluble forms by alternative splicing
(e.g. IL-4R)

Immunoglobulin superfamily IL-1R, IL-6R, PDGFR, M-CSFR
Protein kinase receptor superfamily PDGFR, EGFR, FGFR
Interferon receptor superfamily IFN-·/ß receptor, IFN-Á receptor and

IL-10 receptor
Nerve growth factor superfamily NGFR, TNFR-I (p55), TNFR-II (p75)
Seven-transmembrane G-protein-

coupled receptor superfamily
chemokine receptors

as others stimulate the synthesis of different cytokines
that have a feedback stimulatory effect on the first cyto-
kine, resulting in an increase in its effects. The effects of
cytokines are summarized in table 2, and have been
recently reviewed [1]. This review will concentrate on the
role of cytokines in asthma and COPD.
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Table 2. Summary of effects of cytokines

Cytokine Important cellular and mediator effects

Lymphokines
IL-2 • eosinophilia in vivo

• growth and differentiation of T cells
IL-3 • eosinophilia in vivo

• pluripotent haematopoietic factor
IL-4 • ↑ eosinophil growth

• ↑ Th2; ↓ Th1
• ↑ IgE
• ↑ mucin expression and goblet cells

IL-5 • eosinophil maturation
• ↓ apoptosis
• ↑ Th2 cells
• BHR

IL-13 • activates eosinophils
• ↓ apoptosis
• ↑ IgE
• ↑ mucin expression and goblet cells

IL-15 • as for IL-2
• growth and differentiation of T cells

IL-16 • eosinophil migration
• growth factor and chemotaxis of T cells (CD4+)

IL-17 • T cell proliferation
• activates epithelia, endothelial cells, fibroblasts

Pro-inflammatory
IL-1 • ↑ adhesion to vascular endothelium; eosinophil accumulation

in vivo
• growth factor for Th2 cells
• B cell growth factor; neutrophil chemoattractant; T cell and

epithelial activation
• BHR

TNF-· • activates epithelium, endothelium, antigen-presenting cells;
monocytes/macrophages

• BHR
• ↑ IL-8 from epithelial cells
• ↑ MMPs from macrophages

IL-6 • T-cell growth factor
• B-cell growth factor
• ↑ IgE

IL-9 • ↑ activated T cells and IgE from B cells
• ↑ mast cell growth and differentiation
• ↑ mucin expression and goblet cells
• causes eosinophilic inflammation and BHR

Cytokine Important cellular and mediator effects

Pro-inflammatory
IL-11 • B cell growth factor

• activates fibroblast
• BHR

GM-CSF • eosinophil apoptosis and activation; induces release of
leukotrienes

• proliferation and maturation of haematopoietic cells;
endothelial cell migration

• BHR
SCF • ↑ VCAM-1 on eosinophils

• growth factor for mast cells

Inhibitory cytokines
IL-10 • ↓ eosinophil survival

• ↓ Th1 and Th2
• ↓ monocyte/macrophage activation; ↑ B cell; ↑ mast cell growth
• ↓ BHR

IL-1ra • ↓ Th2 proliferation
• ↓ BHR

IFN-Á • ↓ eosinophil influx after allergen
• ↓ Th2 cells
• activates endothelial cells, epithelial cells, alveolar

macrophages/monocytes
• ↓ IgE
• ↓ BHR

IL-18 • ↓ via IFN-Á release
• releases IFN-Á from Th1 cells
• activates NK cells, monocytes
• ↓ IgE

Growth factors
PDGF • fibroblast and airway smooth muscle proliferation

• release of collagen
TGF-ß • ↓ T-cell proliferation

• blocks IL-2 effects
• fibroblast proliferation
• chemoattractant for monocytes, fibroblasts, mast cells
• ↓ Airway smooth muscle proliferation

Inflammation and Cytokines in Asthma
Asthmatic Inflammation. The chronic airway inflam-

mation of asthma is characterized by an infiltration of T
lymphocytes, eosinophils, macrophages/monocytes and
mast cells, and sometimes neutrophils. An acute or
chronic inflammation may be observed with acute exacer-
bations, with an increase in eosinophils and neutrophils in
the airway submucosa and release of mediators, such as
histamine and cysteinyl-leukotrienes, from eosinophils
and mast cells to induce bronchoconstriction, airway
oedema and mucus secretion. Changes in the resident
cells are also observed, such as an increase in the thickness

of the airway smooth muscle with hypertrophy and hyper-
plasia, more myofibroblasts with an increase in collagen
deposition in the lamina reticularis, more vessels and an
increase in goblet cell numbers in the airway epithelium. 

Cytokines play an integral role in the coordination and
persistence of the inflammatory process in the chronic
inflammation of the airways (table 1).

Th2-Associated Cytokines. CD4+ T lymphocytes of the
asthmatic airways express Th2 cytokines including IL-3,
IL-4, IL-5, IL-10, IL-13 and GM-CSF. The primary sig-
nals that activate Th2 cells may be related to the presenta-
tion of a restricted panel of antigens in the presence of
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Fig. 1. Interactions of cells and cytokines in
airway inflammation of asthma and COPD.
In asthma, antigen presentation by dendritic
cells to T cells with the subsequent polariza-
tion to Th2 cells appears to be an important
initial process, but the roles of other cells
such as airway epithelium, eosinophils, neu-
trophils, macrophages and airway smooth
muscle (ASM) cells, are crucial as well. In
COPD, the initiating factors include ciga-
rette smoke and pollutants, with macro-
phages and airway epithelium inducing the
release of chemotactic factors for neutro-
phils, which in turn are important effector
cells for inflammation, tissue damage and
repair.

appropriate cytokines. Dendritic cells are ideally suited
to being the primary contact between the immune system
and external allergens. Costimulatory molecules on the
surface of antigen-presenting cells, in particular B7.2/
CD28 interaction, may lead to proliferation of Th2 cells
[2]. With the expression of IL-4, synthesis of IgE by B
lymphocytes on immunoglobulin isotype switching oc-
curs [3]. IgE produced in asthmatic airways binds to
FcÂRI receptors (‘high-affinity’ IgE receptors) on mast
cells priming them for activation by antigen. The matura-
tion and expansion of mast cells from bone marrow cells
involve growth factors and cytokines such as SCF and IL-
3 derived from structural cells. Bronchoalveolar mast
cells from asthmatics show enhanced release of media-
tors such as histamine. Mast cells also elaborate IL-4 and
IL-5 [4]. IL-4 also increases the expression of an induci-
ble form of the low-affinity receptor for IgE (FcÂRII or
CD23) on B lymphocytes and macrophages [5]. IL-4
drives the differentiation of CD4+ Th precursors to Th2-
like cells.

Antigen Presentation. Cytokines may play an impor-
tant role in antigen presentation (fig. 1). Airway macro-
phages are usually poor at antigen presentation and sup-
press T-cell-proliferative responses (possibly via release of
cytokines such as IL-1 receptor antagonist), but in asthma
there is reduced suppression after exposure to allergen [6].
Both GM-CSF and IFN-Á increase the ability of macro-

phages to present allergen and express HLA-DR [7]. IL-1
is important in activating T lymphocytes and is an impor-
tant costimulator of the expansion of Th2 cells after anti-
gen presentation [8]. Airway macrophages may be an
important source of ‘first-wave’ cytokines, such as IL-1,
TNF-· and IL-6, which may be released on exposure to
inhaled allergens via FcÂRI receptors. These cytokines
may then act on epithelial cells to release a ‘second wave’
of cytokines, including GM-CSF, IL-8 and RANTES
which then leads to influx of secondary cells, such as
eosinophils, which themselves may release multiple cyto-
kines (fig. 1).

Eosinophil-Associated Cytokines. The differentiation,
migration and pathobiological effects of eosinophils may
occur through the effects of GM-CSF, IL-3, IL-5 and cer-
tain chemokines such as eotaxin [9, 10]. IL-5 and eotaxin
also induce the mobilization of eosinophils and eosino-
phil precursors into the circulation [11]. Mature eosino-
phils may show increased survival in bronchial tissue
[12]. Eosinophils themselves may also generate other
cytokines such as IL-3, IL-5 and GM-CSF [13].

Cytokines such as IL-4 may also exert an important
regulatory effect on the expression of adhesion molecules
such as VCAM-1, both on endothelial cells of the bron-
chial circulation and on airway epithelial cells. IL-1 and
TNF-· increase the expression of ICAM-1 in both vascu-
lar endothelium and airway epithelium [14]. Cytokines
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also play an important role in recruiting inflammatory
cells to the airways.

Airway Wall Remodelling Cytokines. Proliferation of
myofibroblasts and the hyperplasia of airway smooth
muscle may occur through the action of several growth
factors such as PDGF and TGF-ß. They may be released
from inflammatory cells in the airways, such as macro-
phages and eosinophils, but also by structural cells, such
as airway epithelium, endothelial cells and fibroblasts.
These growth factors may stimulate fibrogenesis by re-
cruiting and activating fibroblasts or transforming myofi-
broblasts. Epithelial cells may release growth factors,
since collagen deposition occurs underneath the basement
membrane of the airway epithelium [15]. Growth factors
may also stimulate the proliferation and growth of airway
smooth muscle cells. PDGF and EGF are potent stimu-
lants of human airway smooth muscle proliferation [16],
and these effects are mediated via activation of tyrosine
kinase and protein kinase C. Cytokines, such as TNF-·
and FGF may also play an important role in angiogenesis
of chronic asthma.

Inflammation and Cytokines in COPD
Inflammation in COPD. COPD is characterized by

chronic obstruction of expiratory flow affecting peripher-
al airways, often associated with chronic bronchitis (mu-
cus hypersecretion), and emphysema (destruction of air-
way parenchyma). Fibrosis, tissue damage with airway
wall remodelling, and inflammation in the small airways
appear to play an important role in patients with COPD,
and accompanying emphysema leads to loss of lung elas-
tic recoil, contributing to decreased expiratory flow. In-
creased numbers of neutrophils and macrophages are
usually recovered in BAL fluid and in induced sputum,
while in the small airways there is an increase in mucosal
inflammatory cells comprised of mononuclear cells and
CD8+ T cells, but without prominence of neutrophils
[17]. During acute exacerbations of COPD, there is a
prominence of eosinophils recovered in sputum or in
bronchial biopsies, but without an increased expression of
IL-5 in tissues [18]. Some patients with COPD have a pre-
ponderance of eosinophils in sputum, an observation that
has been associated with significant improvement of
FEV1 with corticosteroid therapy [19].

Neutrophils are more prominent in COPD than in
asthma. They have been implicated in causing tissue
damage in COPD through the release of a number of
mediators, including proteases such as neutrophil elas-
tases and MMPs, oxidants and toxic peptides such as
defensins. A primary role for macrophages is also pro-

posed because of their capacity to produce several MMPs
including MMP-1, MMP-9 and MMP-12 [20]. Expres-
sion of MMP-1 and MMP-9 mRNA was found to be
enhanced in macrophages from patients with COPD [21].
Inhaled cigarette smoke may induce alveolar macro-
phages to produce macrophage metalloelastase which
may induce chemotactic fragments that attract blood
monocytes to the lung parenchyma. The role of the CD8+
T cell remains unclear, but they produce granzymes and
perforin that may contribute to cell damage. One possibil-
ity is that these cells may be induced by certain viral infec-
tions, and virus-specific CD8+ T cells may produce IL-5.

Increased levels of TNF-· and IL-8 have been ob-
served in induced sputum of patients with chronic bron-
chitis. TNF-· is produced by many cells including macro-
phages, T cells, mast cells and epithelial cells, but the prin-
cipal source is the macrophage. The secretion of TNF-·
by monocytes/macrophages is greatly enhanced by other
cytokines, such as IL-1, GM-CSF and IFN-Á. TNF-· acti-
vates NF-ÎB that switches the transcription of the IL-8
gene from the airway epithelium. TNF-· increases the
expression of the adhesion molecule, ICAM-1, which is
increased in COPD [22]. TNF-· may activate macro-
phages to produce MMPs. This effect is inhibited by IL-
10, which also enhances the release of tissue inhibitor of
MMPs. TNF-· also stimulates bronchial epithelial cells to
produce tenascin, an extracellular matrix glycoprotein.

IL-8, a CXC chemokine, is a mainly neutrophil che-
moattractant and activator which induces a transient
shape change, rise in intracellular calcium, exocytosis
with release of enzymes and proteins from intracellular
storage organelles, and respiratory burst. It also upregu-
lates the expression of two integrins (CD11b/CD18 and
CD11c/CD18) during exocytosis of specific granules. IL-8
activates neutrophil 5-LO with the formation of LTB4 and
5-HETE. These properties of IL-8 support its potential
role in COPD. Other CXC chemokines with a predomi-
nant neutrophilic action may also be released in COPD.

An increase in the expression of TGF-ß and also of
EGF in the epithelium and submucosal cells of patients
with chronic bronchitis has been reported [23]; EGF is of
interest since EGFR activation by TNF-· leads to the
expression of mucin genes, in particular MUC5A [24].
These growth factors may be implicated in repair re-
sponses following injury, particularly to the epithelium.
Growth factors such as TGF-ß and EGF may be involved
in fibroblast activation and proliferation leading to peri-
bronchiolar fibrosis.
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Conclusions
Cytokines play important roles in the chronic inflam-

matory processes and airway wall remodelling of asthma
and COPD. They constitute important targets for novel
therapies in these chronic conditions. There are several
potential ways of inhibiting cytokine effects including

blocking antibodies, small-molecule receptor antagonists,
soluble receptors, altering the balance of certain cyto-
kines, and antisense oligonucleotides. Inhibition of cyto-
kines will be a promising way of obtaining efficacious
drugs for asthma and COPD.
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Summary
TNF antagonists such as soluble p75 receptor constructs and anti-

TNF monoclonal antibodies are both currently licensed therapies for
the treatment of rheumatoid arthritis (RA). Based on experimental
studies in animals and the presence of elevated TNF levels in
patients, there is also a strong rationale for TNF antagonism to be
employed in asthma and COPD. In particular, TNF seems to play an
important role in determining the severity of asthma. TNF antago-
nism might therefore be of particular interest for the treatment of
severe persistent asthma as well as acute severe exacerbations. It
might also constitute a novel anti-inflammatory therapy to control
disease progression in COPD.

Rationale: TNF Involvement in Asthma and COPD
TNF is produced primarily by activated monocytes,

macrophages, and lymphocytes as a homotrimer composed
of three 17-kD TNF molecules (fig. 1). TNF is released
from the cell membrane through the activity of the TNF-
converting enzyme. TNF activity is mediated through
binding to membrane-bound TNF receptors (p55 and p75
TNFR) found on a number of different cells, including leu-
kocytes, dendritic cells, vascular endothelial cells and mes-
enchymal cells. One molecule of TNF must engage two or
more TNFRs to initiate intracellular signal transduction.
TNF activity is naturally regulated by the production of sol-
uble TNFRs which render TNF biologically unavailable
by preventing it from activating membrane-bound TNFRs.

TNF was originally described as a factor that induced
necrosis of some tumors. It is now recognized to be an
important proinflammatory cytokine with a large spec-
trum of activities. Ironically, despite its name, the role of
TNF in anti-tumor immune surveillance is far from clear.

The pleiotropic activities of TNF include proinflammato-
ry effects such as leukocyte recruitment through induction
of adhesion molecules on vascular endothelial cells, and
induction of cytokine and chemokine synthesis (fig. 2). Of
special relevance to asthma and COPD is that TNF also
has the potential to stimulate fibroblasts, myofibroblasts
and smooth muscle cells, and to cause the induction and
release of proteases [1, 2]. Through this range of activities,
TNF could substantially contribute to the pathogenesis of
the chronic inflammation and airway remodeling un-
derlying asthma. As a result, TNF probably plays a sub-
stantial role in the pathogenesis of airway hyperreactivity
(AHR). TNF also mediates acute phase responses with
cachexia and pyrexia.

In vivo animal models confirm that exogenous admin-
istration of TNF can cause AHR and airway inflamma-
tion. Pretreatment with anti-TNF antibodies diminishes
AHR and local neutrophilia following inhalation of endo-
toxin [3]. Anti-TNF has also proven efficacy in allergen
challenge models of eosinophilia and AHR as well as
hypersensitivity pneumonitis and pulmonary granuloma
formation. As evidence for a role for TNF in mediating
airway remodeling including fibrosis, it was found that
expression of a TNF-· transgene in murine lung causes
lymphocytic and fibrosing alveolitis [4].

Observations in man further support the hypothesis
that TNF plays a substantial role in the pathophysiology
of asthma and COPD. Elevated levels of TNF have been
detected in sputum [5, 6], BAL fluid [7] and biopsies from
asthmatics [8]. Inhalation of TNF causes AHR and in-
creases sputum neutrophilia in healthy volunteers [9].
Genetic analysis further supports the role of TNF in child-
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Fig. 1. TNF interactions with TNFR. TACE = TNF-converting
enzyme.
Fig. 2. TNF action in asthma and COPD.

hood and adult asthma [10, 11]. The –308 TNF2 promo-
tor polymorphism has been associated with the degree of
AHR [12].

In addition, there is evidence to suggest that TNF
might be an important element in determining the severi-
ty of asthma. Biopsy studies have shown increased num-
bers of neutrophils in the airways of patients with severe
persistent asthma [13]. One of the major stimuli for neu-
trophil recruitment and endogenous TNF release is expo-
sure to endotoxin [14]. The severity of asthma symptoms
has been shown to correlate with endotoxin content of
house dust [15]. Acute severe asthma exacerbations might
also be largely TNF driven. Airways of patients who died
of an asthma attack or who require ventilation due to sta-
tus asthmaticus contain increased numbers of neutrophils
[16–18]. BAL fluid collected from the latter group also
contains increased levels of TNF [19].

Neutrophils have also been implicated in the patho-
genesis of COPD. Sputum from COPD patients contains
higher neutrophil numbers than that of smokers without
airflow limitation [20]. In addition, elevated levels of
TNF have been detected in serum in weight-losing COPD
patients [21], while TNF is higher in sputum from pa-
tients with asthma than in that from smokers without air-
flow obstruction [5]. This elevation is resistant to the
action of steroids [6]. Finally, TNF 5) promotor gene poly-
morphisms also suggest a role for TNF in chronic bronchi-
tis [22].

Table 1. TNF-blocking therapies

Product Enbrel
(etanercept)

Remicade
(infliximab)

D2E7 PEG-TNFRI

Immunex
Wyeth

Centocor
J & J

Knoll
BASF

Amgen

Structure Dimeric p75
TNFR:Fc IgG1 

Chimeric (murine/
human) anti-TNF MoAb

Humanized
anti-TNF MoAb 

PEGylated p55
TNFR monomer

Licensed
Indications

RA
Juvenile RA

RA
Crohn’s disease

(Investigational) (Investigational)

Administration s.c.
twice weekly

2-hour i.v. infusion
monthly to bimonthly

s.c. or i.v. weekly
biweekly

s.c. weekly

Characteristics Fully human,
authentic
glycosylation

Generally administered
with MTX to prevent
antibody formation

Not required to
administer with MTX

Lower affinity for
TNF than dimeric
receptor

PEG = Polyethyleneglycol; MTX = methotrexate.

1

2
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Therapeutic Approaches : Soluble TNFRs and
Monoclonal Antibodies
To date, two general strategies have been employed to

regulate TNF activity clinically: recombinant soluble
TNFRs and monoclonal antibodies against TNF (table 1).
Recombinant soluble TNFRs mimic the activity of natu-
rally occurring soluble TNFRs, by binding to the receptor-
binding domains of TNF and preventing interaction with
membrane-bound TNFR. Etanercept (Enbrel®, Immun-
ex) is a dimeric fusion molecule composed of two p75
TNFR moieties bound to the Fc portion of human IgG1.
Etanercept has been shown to be effective in both adult
[23, 24] and juvenile [25] rheumatoid arthritis (RA), has
been shown to have disease-modifying activity in adult
RA, and has shown preliminary activity in numerous oth-
er disease states including psoriatic arthritis and chronic
heart failure. The dimeric structure of etanercept prolongs
its pharmacokinetic half-life and improves its binding
affinity and TNF-neutralizing capacity compared to mo-
nomeric p75 TNFR. Etanercept has the advantage of
being fully human and thus relatively nonimmunogenic.
A monomeric p55 TNFR fused to polyethylene glycol that
also appears to be relatively nonimmunogenic has recent-
ly begun clinical development.

The second general strategy for TNF regulation has
employed monoclonal antibodies against TNF. De-
creased immunogenicity of murine monoclonal anti-
bodies is achieved by creating a chimeric antibody, with a
human Fc region and a murine Fab region, or by creating
a humanized monoclonal antibody using a phage library.
Infliximab (Remicade®, Centocor) is a chimeric anti-
TNF antibody that retains some murine amino acid
sequences. When given chronically, infliximab is typically
administered with methotrexate to prevent development
of human anti-chimeric antibodies. A fully human anti-
TNF antibody, D2E7 (Knoll), is currently being studied
in RA and appears to be effective in RA without requiring
methotrexate.

Route of Administration
Current TNF inhibitors are given parenterally. Etaner-

cept is administered subcutaneously twice weekly. Inflixi-
mab is administered via a 3-hour intravenous infusion
every 4–8 weeks. The search continues for an orally bioav-
ailable small molecule that specifically antagonizes TNF
activity.

Clinical Experience in RA
The majority of the clinical experience obtained to

date with TNF antagonists has been in patients with RA.

Both etanercept and infliximab have shown encouraging
efficacy in controlling signs and symptoms of RA and are
important new treatments for this disease. In a random-
ized, double-blind, placebo-controlled trial, 59% of pa-
tients who had previously failed disease-modifying antir-
heumatic drugs responded to etanercept [23]. In patients
with an inadequate response to methotrexate, 71% of
those receiving etanercept + methotrexate responded
[24]. Infliximab in combination with methotrexate has
also shown activity in RA, with response rates ranging
from 52 to 58% [27, 28]. Recent data have shown that
both etanercept and the combination of infliximab and
methotrexate have disease-modifying activity in RA, evi-
dent in the slowing of X-ray evidence of joint damage in
patients receiving these agents [26, 29]. The substantial
clinical efficacy and disease-modifying activity of etaner-
cept and infliximab are powerful proofs of principle that
these agents are viable means by which TNF-mediated
diseases may be controlled.

Adverse Events
In controlled trials of etanercept, the only adverse events

occurring more frequently in etanercept-treated patients
than in placebo-treated patients were mild to moderate
injection site reactions. In patients receiving infliximab,
upper respiratory tract infections and headache are the
most commonly reported adverse events. Occasionally,
patients receiving infliximab experience infusion reactions
consisting of headache, nausea, and rarely, hypotension
and dyspnea. Because of the importance of TNF in host
defense, both etanercept and infliximab are used with cau-
tion, if at all, in patients with active infection.

Clinical Studies in Asthma and COPD
To our knowledge, clinical studies have not been car-

ried out in asthma or COPD with specific TNF-inhibiting
therapies. As was explained above, TNF could contribute
to the severity of persistent asthma and might play a key
role in the mechanisms underlying acute severe exacerba-
tions. It would therefore be of interest to focus initial
proof-of-concept studies on a more severe spectrum of the
disease.

COPD is also an attractive target for inhibitory therapy
directed against TNF. In a proof-of-concept study, blood
and sputum analysis could be used to monitor TNF levels
and neutrophil numbers as a pharmacodynamic endpoint.
In addition, as for any anti-inflammatory therapy against
COPD, there is the need for longer-term studies to demon-
strate effects on the exacerbation rate and decline in FEV1,
as part of the natural history of the disease.
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Conclusions
TNF antagonism has proven to be remarkably effec-

tive in RA, and this provides a major impetus for this
therapy to enter clinical studies in asthma and COPD. In
addition, there are strong preclinical and clinical data to

suggest that TNF could be an important mediator in both
asthma and COPD. There is the urgent need to proceed to
reliable exploratory proof of concept studies with TNF-
directed therapy in both asthma and COPD.
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Summary
GM-CSF is an important growth factor which shares many of the

properties of cytokines and chemokines. GM-CSF is currently used
therapeutically as a recombinant protein given parenterally to en-
hance the function and maturation of myeloid cells. GM-CSF has
also been linked to a number of disease states characterized by hyper-
activity of myeloid cells. In this review, the receptor interactions of
GM-CSF will be described as well as the bioactivity of GM-CSF and
its role in disease.

GM-CSF Receptor Interactions
GM-CSF is one of a group of prototypic 4-helix bundle

cytokines which include IL-2, IL-3, IL-5, G-CSF, growth
hormone, and many others. These 4-helix bundle cyto-
kines exert their biological activity by binding to surface
receptors and inducing receptor oligomerization with sub-
sequent signal transduction. GM-CSF exists as a mono-
mer in solution and appears to remain as a monomer
upon receptor binding. The GM-CSF receptor (GMR) is
comprised of an ·-chain (GMR·), which is specific for
GM-CSF [1], and a ß-chain (ßc), which can also associate
with the IL-3 and IL-5 receptor ·-chains [2]. GMR·,
when expressed without ßc, is able to bind GM-CSF with
low affinity (KDF2–3 nM) while the heterodimeric re-
ceptor binds with much higher affinity (KDF40 nM) [1].
The high-affinity receptor (GMR· and ßc) is the signal-
transducing unit [3].

Signal transduction following GM-CSF binding to the
heterodimeric GMR includes rapid phosphorylation of
the Jak2 kinase via the cytosolic portion of the ßc subunit
[4]. Jak2 subsequently induces tyrosine phosphorylation
of p95Vav [5]. Ras, Raf-1, MAP kinase, and S6 kinase are
also activated via a distinct region of the cytosolic portion
of ßc [6]. Subsequent events lead to the activation of tran-

scription factors including c-fos and c-jun, which asso-
ciate to form the AP-1 enhancer complex, c-myc and
Egr-1 [6]. AP-1 activation induces transcription of a num-
ber of cell growth genes, while Egr-1 is implicated in mac-
rophage lineage commitment of hematopoietic precursor
cells. One consequence of GM-CSF signal transduction is
inhibition of apoptosis, and this is related to induction of
AP-1 activity.

The GMR· exists in both membrane-bound and solu-
ble forms [7]. The soluble form (sGMR·) is created via
alternative splicing of GM· mRNA, which creates a
receptor lacking the transmembrane region and possess-
ing an altered carboxy terminus. Prior studies utilizing
biosensors have shown that a soluble GMR·-Fc fusion
protein binds GM-CSF with a rapid on rate and a relative-
ly rapid off rate [8]. This would imply a need for high local
concentrations of sGMR· for biological inhibitory func-
tion. The sGMR· is produced by a variety of cell types
and tissues [7], most of which also produce the transmem-
brane form of sGMR·. Transcripts for tmGMR· pre-
dominate in the myelomonocytic cell lines, corneal fibro-
blasts, and unfractionated peripheral blood mononuclear
cells. The tmGMR·/sGMR· transcript ratio appears
roughly equal in human monocytes, T cells, bone marrow,
and rheumatoid synovial tissue; while sGMR· transcripts
predominate in synovial fibroblasts and osteoarthritis
synovial tissue. While the biological function of sGMR·
remains speculative in vivo, local production and inhibi-
tion of GM-CSF activity seem likely. The interaction of
GM-CSF with its receptor is summarized in figure 1.

GM-CSF Bioactivity and Role in Disease
GM-CSF is produced by a variety of cell types, includ-

ing macrophages, T cells, fibroblasts, and endothelial cells
(table 1). The GMR is expressed predominately on cells of
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Fig. 1. Interaction of GM-CSF with its receptor. GM-CSF binds to a
heterodimeric receptor comprised of an ·-chain (GMR·) and a ß-
chain (ßc). Signal transduction occurs via the ßc chain and includes
activation of a variety of intracellular kinases and other signaling
molecules. The GMR· provides the major recognition site for GM-
CSF and provides specificity for the interaction (ßc is shared by the
IL-3 and IL-5 receptors). A soluble form of the GMR· (sGMR·) is
made by alternative splicing of the transcript, which lacks the trans-
membrane region and has an altered cytosolic domain. This may
function as a local inhibitor of GM-CSF by binding it and competi-
tively inhibiting cellular receptor binding.

the myeloid lineage (table 1), including monocytes, tissue
macrophages, dendritic cells, and granulocytes. Certain
other cell types express the GMR·, such as T cells and
fibroblasts, but in some cases this is predominately the
sGMR· [7]. Thus, the predominant effects of GM-CSF
occur in tissues with high expression of granulocytes and
macrophages, such as the spleen, lymph nodes and liver.
In disease states, this would include granulomas, inflam-
matory exudates, and immunologically active tissues such
as rheumatoid synovium.

GM-CSF has a variety of biological functions (table 2).
These have led to its use in patients with spontaneous or
chemotherapy-induced leukopenia and aplastic anemia
and as adjunct therapy in bone marrow transplantation.
GM-CSF also has been used experimentally as a molecu-
lar adjuvant based on its ability to stimulate antigen pre-
sentation by macrophages and dendritic cells [10, 11].
Some of these effects are mediated by cell types other than
granulocytes and macrophages, as eosinophil recruitment
into areas of immune activation has been shown to be a
key feature in some cases.

Table 1. GM-CSF and GMR expression

Cell types which produce GM-CSF
E Macrophages, T cells, fibroblasts, endothelial cells

Cell types which express GMR and respond to GM-CSF
E Monocytes, tissue macrophages, dendritic cells, granulocytes

Cell types which express the soluble GMR·
E T cells, fibroblasts

Table 2. GM-CSF bioactivity

E Stimulation of granulocyte and macrophage differentiation
E Prevention of apoptosis of mature monocytes and tissue macro-

phages
E Induction of proliferation of mature monocytes and tissue

macrophages
E Dendritic cell differentiation, survival and proliferation
E Activation of mature granulocytes and macrophages
E Increasing phagocytic and lytic activity
E Increasing class II MHC expression
E Enhancing antigen presentation
E Enhancing IL-1 production
E Stimulating macrophage tumoricidal activity
E Regulation of neutrophil adhesion and migration
E Induction of endothelial cell to migration and proliferation

From von Feldt et al. [9].

GM-CSF plays a significant role in pulmonary homeo-
stasis. Mice which lack the GM-CSF gene (GM-CSF –/–)
do not have any myelopoietic defects, presumably due to
the redundancy of other growth factors which can take its
place, but do develop a pulmonary pathology similar to
human pulmonary alveolar proteinosis (PAP) [12, 13].
This defect is reversed by aerosolized GM-CSF [14], indi-
cating the potential for therapeutic application if a similar
defect is present in human PAP. GM-CSF-deficient mice
are also susceptible to pulmonary group B streptococcal
infection [15] with diminished production of superoxide
radicals, hydrogen peroxide and lipid peroxidation, al-
though phagocytosis is unaltered. PAP is also seen in mice
with targeted deletion of ßc, as well as a decrease in eosino-
phils (but not other myeloid cells) and increased suscepti-
bility to parasitic infection [16]. These studies suggest an
important role for GM-CSF in macrophage clearance of
surfactant proteins in maintaining pulmonary homeosta-
sis, as well as in parasitic and bacterial infections.

In human disease, a role for GM-CSF has been de-
scribed in patients with PAP. This includes diminished
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Fig. 2. Beneficial and deleterious effects of
GM-CSF. The reported beneficial effects of
GM-CSF are listed on the right side, with the
deleterious effects shown on the left. In the
middle, the properties of GM-CSF which
induce these effects are listed (CSF, cyto-
kine, chemokine).

production of GM-CSF [17], diminished responses to
GM-CSF [18], and the presence of neutralizing antibodies
to GM-CSF [19]. A defect in the expression of ßc has been
linked to certain cases of neonatal PAP [20].

These and other observations have led to the use of
GM-CSF in the treatment of idiopathic PAP [21]. In this
pilot study, 4 patients with PAP were treated with subcu-
taneous GM-CSF over 12 weeks, with escalating doses.
Three of 4 patients showed improvement in symptoms,
oxygenation, pulmonary function tests, and radiographi-
cally.

GM-CSF is also proposed to be important in the patho-
genesis of several autoimmune and inflammatory condi-
tions [reviewed in ref. 9]. Transgenic mice which overex-
press the GM-CSF gene develop a wasting syndrome
accompanied by neutrophil accumulation in the eye or
within the abdomen. GM-CSF has been demonstrated to
be the major cytokine responsible for induction of HLA-
DR expression in the joints of rheumatoid arthritis (RA)
patients. In addition, GM-CSF augments neutrophil-me-
diated cartilage degradation. The pathogenic role of GM-
CSF in rheumatoid arthritis (RA) synovitis has been con-
firmed clinically. A subgroup of RA patients with Felty’s
syndrome (RA, neutropenia and splenomegaly) have been
treated with GM-CSF [22]. This induces a flare-up of
their arthritis, indicating that GM-CSF induces increased
joint inflammation in RA, supporting its pathogenic role.

Studies with GM-CSF –/– mice indicate that they are
nearly completely protected from the development of col-
lagen-induced arthritis [23]. In this system, mice are
immunized with xenogeneic type II collagen, inducing a
cellular immune response against cartilage (where type II
collagen is expressed). These mice subsequently develop a

chronic arthritis pathologically and immunogenetically
similar to human RA. The GM-CSF –/– mice immunized
in this way only rarely develop arthritis, suggesting a key
role of GM-CSF in the pathogenesis of inflammatory dis-
eases.

GM-CSF Antagonist Development
These observations indicate potential clinical utility

for GM-CSF agonists in developing immune responses,
and GM-CSF antagonists in inhibiting autoimmune/
inflammatory diseases. Development of agonists would
be expected to be aided by antagonist development as a
way to understand intermolecular interactions critical for
receptor binding. To date, antagonist development has
been more successful, and will be summarized here.

The role of GM-CSF in the pathogenesis of autoim-
mune and inflammatory diseases suggests that inhibition
of GM-CSF bioactivity may ameliorate some of the
aspects of these diseases. Several approaches exist for the
development of GM-CSF antagonists, including the use
of blocking antibodies or soluble receptors, using GM-
CSF mutants with dominant negative activity, and the
development of smaller pharmacophores with antagonist
activity. Both soluble receptors and neutralizing mono-
clonal antibodies against TNF-· have been successfully
used to treat RA and Crohn’s disease, indicating that such
an approach is feasible. Soluble GMR· is unlikely to be
useful therapeutically due to its rapid dissociation rate [8],
and construction of a stable high-affinity GMR·/ßc con-
struct has not yet been accomplished. Several neutralizing
monoclonal antibodies against GM-CSF have been devel-
oped and could potentially be humanized for clinical use.
This interesting approach has not yet been pursued.
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Fig. 3. GM-CSF antagonists. GM-CSF antagonists have been devel-
oped by several methods. a The structure of GM-CSF is shown using
a ribbon for the GM-CSF backbone. The location of Glu21 on the A
helix is shown with a CPK (ball) representation of the glutamic acid
residue. Mutation of this residue produces biological antagonists.
The locations of residues which have been used to develop antagonist
peptides are shown, including those from the A helix (residues 17–31
in green) and the B and C helices (residues 54–78 in red). b A recom-
binant anti-GMR antibody light chain developed as described in the
text is shown. The location of the inhibitory first hypervariable loop
peptide is shown in yellow. c The predicted structure of the inhibito-
ry peptide derived from the recombinant anti-GMR antibody light
chain is shown.

The ability to develop GM-CSF analogs which act as
antagonists or pharmacophores which interact with the
GMR depends on understanding the geometry of the
binding interaction of GM-CSF to the receptor. There
have been two interaction sites on GM-CSF postulated,
one for the GMR· and one for ßc. The ßc interaction site
has been investigated by several groups, and appears to
center on a glutamic acid residue on the ‘A’ helix, Glu21
(fig. 3a). Mutants of Glu21 inhibit binding of native GM-
CSF to the low-affinity receptor but not to the high-affini-
ty receptor and act either as partial agonists or full antago-
nists [24]. Such antagonists could have therapeutic poten-
tial, but have not yet been investigated clinically. It is pos-
sible that Glu21 interacts directly with His367 in the B)-
C) loop of ßc, which has been shown to be essential for
high-affinity GM-CSF binding [25]. Tyr365 and Ile368
on the same loop are also implicated, as is Tyr421 on the
F)-G) loop. Interestingly, synthetic peptides derived from
the sequence of the GM-CSF A helix abolish the high
affinity site on cells while leaving intact the low affinity
site and act as biological antagonists (fig. 3a) [26]. While
such small peptides have low affinity and are unlikely to
be useful clinically, they do suggest the ability to develop
small-molecular-weight analogs of this site, which could
function as leads for structure-based drug design.

The GMR· interaction site is somewhat more contro-
versial. By analogy with the growth hormone-receptor
interaction, the D helix has been proposed as the interac-
tion site with GMR·. However, studies using GM-CSF
truncations, mutagenesis studies, mapping of neutralizing
monoclonal antibodies, and synthetic peptide studies, as
well as studies of cross-species hybrid molecules and stud-
ies with cells which express only GMR· to map binding
epitopes with monoclonal antibodies, all suggest a central
role for the C helix [reviewed in ref. 9]. Studies of a syn-
thetic peptide derived from the B and C helices (fig. 3a)
show biological inhibitory function, including blockade of
receptor binding, and suggest that inhibition occurs via
interaction with the GMR· [26].

An important role for residues on the C helix in GMR·
recognition is supported by studies of GM-CSF mimics
[27]. These include antibody and peptide mimics. An
antibody mimic was developed by an anti-idiotype ap-
proach, utilizing polyclonal mouse anti-human GM-CSF
as an immunogen in syngeneic mice to elicit anti-anti-
GM-CSF which blocked the growth-promoting effects of
GM-CSF. The lymphocytes from mice producing anti-
anti-GM-CSF were used to develop a recombinant anti-
body library which expressed isolated kappa light chains.
(Light chains were chosen as they are able to exist as stable
homodimers, and eliminated the need for making sepa-
rate libraries of heavy and light chains with linkers.) This
library was probed with a neutralizing anti-GM-CSF
monoclonal antibody, and a clone was selected which
blocked GM-CSF binding and bioactivity (fig. 3b). Se-
quence and structural analysis of this clone showed that it
mimicked the positioning of residues on the B and C
helices of GM-CSF, predominately with residues from the
first hypervariable loop of the recombinant light chain. A
synthetic peptide from this first hypervariable loop was
able to block GM-CSF binding and bioactivity (fig. 3b, c).
While this peptide had low affinity, this approach suggests
that it is possible to make small-molecular-weight antago-
nists of GM-CSF via binding to the receptor.

Together, these studies suggest several approaches for
the development of GM-CSF antagonists. The applica-
tion of this information to the development of small, high-
affinity antagonists, or the use of biological agents which
block GM-CSF activity will better define the role of GM-
CSF in the pathogenesis of autoimmune and inflammato-
ry diseases.
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Summary
IL-4 receptor (IL-4R) is potentially a safe and effective treat-

ment for asthma without the use of corticosteroids. Once-weekly
inhaled dosing targeting the lungs will likely improve patient com-
pliance, one of the greatest challenges facing the effective treatment
of asthma. By inhibiting inflammation at a key central regulatory
point and by treating the underlying cause of asthma, IL-4R may
influence long-term disease progression. Additional studies of
IL-4R are ongoing. Soluble IL-4R therapy revolutionizes our under-
standing of asthma and represents the next generation of asthma
therapy.

IL-4 is critically important for the development of
allergic inflammation. It is associated with induction of
IgE secretion by B lymphocytes [1]. IgE-mediated im-
mune responses are further enhanced by IL-4 through its
ability to upregulate IgE receptors: the low-affinity IgE
receptor (CD23) on B lymphocytes and monocytes and
the high-affinity IgE receptor on mast cells and basophils
[2]. IgE-dependent mast cell activation thereby induced
by IL-4 plays a pivotal role in the development of imme-
diate allergic reactions.

One of the most important activities of IL-4 in promot-
ing cellular inflammation is its induction of VCAM-1
expression on vascular endothelium. Through the interac-
tion of VCAM-1 with VLA-4, IL-4 is able to direct the
migration of T lymphocytes, monocytes, basophils, and
especially eosinophils to inflammatory loci [3]. IL-4 fur-
ther promotes eosinophilic inflammation in asthma by

increasing eotaxin expression and inhibiting eosinophil
apoptosis. An additional mechanism of IL-4-induced air-
way obstruction is via mucus gene expression and hyper-
secretion [4].

A biological activity of IL-4 essential to allergic inflam-
mation is its ability to drive the differentiation of Th0
lymphocytes into Th2 lymphocytes [5, 6]. These Th2 lym-
phocytes then secrete IL-4, IL-5, IL-9, and IL-13 and lose
their capacity to produce IFN-Á. IL-4 knockout mice are
unable to produce Th2 lymphocytes [7]. Mice which lack
Stat6, a component of the IL-4 receptor (IL-4R) signaling
pathway, also lack Th2 lymphocytes. In human studies,
administration of IL-4 is associated with the generation of
Th2 lymphocyte clones, whereas anti-IL-4 inhibits this
effect. In contrast to IgE production and induction of
VCAM-1, activities shared with the related cytokine IL-
13, induction of Th2 lymphocytes is a unique biological
activity of IL-4, since T lymphocytes only express IL-4
receptors and not IL-13 receptors.

IL-4 is also important in allergic immune responses
because of its ability to prevent apoptosis of T lympho-
cytes. Activated T helper lymphocytes rapidly become
apoptotic and are eliminated (activation-induced cell
death). Several cytokines, including IL-2, IL-4, IL-7, and
IL-15 are effective in preventing death of activated T cells
[8]. Inhibition of apoptosis by IL-4 may be partially
mediated by the ability of this cytokine to maintain levels
of the survival-promoting protein Bcl-2 [8]. Apoptosis of
T lymphocytes can be induced through signals mediated
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by FasL through the Fas receptor expressed on these cells.
IL-4 downregulates cell surface Fas expression and this
may explain persistence of inflammation in asthma. IL-4
blockade could promote apoptosis of Th2 lymphocytes
and produce clinical benefits in asthma. Corticosteroids
normally cause apoptosis in mature T helper cells and
their induction of cell death is prevented by IL-4 [9]. IL-4
and IL-2 synergize to render lymphocytes refractory to the
anti-inflammatory influences of corticosteroids. Through
these mechanisms, the autocrine production of IL-4 by
Th2 cells in the asthmatic lung may render these cells
refractory to the beneficial influences of corticosteroids.

Clinical Observations of IL-4 in Allergic Disease
IL-4 is increased in the serum and BAL fluid of allergic

individuals [10, 11] and IL-4 production by peripheral
blood mononuclear cells in response to dust mite antigen
is significantly increased in atopic asthmatics [12]. Aero-
sol administration of IL-4 to patients with mild asthma
produced a significant increase in AHR that was associat-
ed with an elevation in sputum eosinophils [13]. There are
a variety of findings that suggest that atopic individuals
have altered regulation in their IL-4 production. CD4+ T
cell clones from atopics produce IL-4 and IL-5 in response
to antigens that normally produce Th1 cytokines [14].
Atopic subjects have a higher frequency of IL-4-produc-
ing T cells [15].

Genetic Evidence for a Role for IL-4 in Asthma
Inherited abnormal production of IL-4 or hyperres-

ponsiveness to this cytokine may further contribute to the
pathophysiology of asthma. Genome searches and candi-
date gene approaches have linked atopy and asthma to
both IL-4 and the IL-4R (table 1). Individuals genetically
programmed to be hyperresponsive to IL-4 may be partic-
ularly responsive to treatment with an IL-4 antagonist.

Preclinical Studies Demonstrating the Role of IL-4
in Asthma
Neutralizing IL-4 with anti-IL-4 antibodies in mice

prevents the development of allergen-specific IgE [21],
and reduces eosinophilic inflammation [21] and airway
reactivity [22]. Similarly, studies using IL-4 knockout
mice have confirmed that IL-4 is necessary for allergen-
specific IgE, pulmonary eosinophilia, and AHR. By inhib-
iting Th2 lymphocyte differentiation and promoting
apoptosis of Th2 cells, IL-4 blockade inhibited the biolog-
ical activities of IL-4 and reduced IL-5 production. Re-
combinant soluble IL-4R, which acts as a decoy for IL-4
binding and neutralizes IL-4 activity, has also been shown

Table 1. Gene associated with IL-4 and IL-4 signaling linked to asth-
ma and allergies

Gene Polymorphism Location Reference

A to G
C to T
C to T

–81
–285

16
16
17, 18

IL-4R Ile to Val
Arg to Gln
Ser to Pro

+50
+551
+503

19
20

in murine models to block allergen-specific IgE produc-
tion, AHR, and allergen-specific delayed-type hypersensi-
tivity [23] and to inhibit VCAM-1 expression, eosinophil
influx, and excessive mucus production [24]. These obser-
vations support important influences of IL-4, not only on
allergen-specific IgE production, but also on the produc-
tion of IL-5, eosinophilia, and AHR.

Approaches to Neutralizing IL-4 in Asthma
Several approaches are available to neutralize IL-4 in

asthma. These include soluble IL-4R (fig. 1) and mutated
IL-4 (IL-4 mutein). In addition, IL-4 protein can be inhib-
ited using humanized rodent antibodies. A theoretical
alternative approach would be to decrease IL-4 gene tran-
scription with respirable anti-sense oligonucleotides (RA-
SONs).

Soluble Cytokine Receptors as Therapeutic Agents
The IL-4R on the cell surface is a heterodimeric com-

plex consisting of a specific high-affinity ·-chain that
binds to IL-4 and a second chain that can be either the
common Á-chain shared with multiple cytokine receptors
or the IL-13 receptor ·-chain. Soluble forms of ·-chain
IL-4R occur naturally in patients with allergic inflamma-
tion and may represent an autoregulatory pathway for IL-
4 inhibition [25]. Soluble IL-4R lacks the transmembrane
and cytoplasmic domains so it cannot induce cellular acti-
vation (fig. 1). By acting as a decoy to bind to circulating
IL-4 and neutralize its activity, its high specificity and
affinity make it ideal as an IL-4 antagonist. Soluble
recombinant human IL-4R (NuvanceTM, Immunex Cor-
poration) is the extracellular portion of the ·-chain of the
human receptor for IL-4, which is produced in a mamma-
lian expression system. Since the amino acid sequences
are identical to human sequences, soluble receptors are
generally nonimmunogenic, unlike monoclonal anti-
bodies, even chimerized or humanized monoclonal anti-
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Fig. 1. Soluble IL-4R for the treatment of
asthma.

bodies, which retain some murine sequences, or muteins
which are mutated proteins. Another soluble receptor,
Enbrel®, which is soluble TNF receptor, has been demon-
strated to be safe and highly effective for long-term treat-
ment of rheumatoid arthritis in adults and children.

Clinical Studies with Soluble IL-4R (Nuvance)
The promising data in preclinical studies led to prelim-

inary investigations where IL-4R proved safe and effec-
tive in the treatment of patients with asthma [26, 27]. In
the phase I study, 25 subjects with mild or moderate per-
sistent asthma were withdrawn from their inhaled cortico-
steroids and randomized to placebo or IL-4R at 0.5 or
1.5 mg once by nebulizer [26]. There were no significant
adverse events related to study drug. No patient devel-
oped antibodies to IL-4. Treatment with 1.5 mg IL-4R
resulted in significantly better FEV1 at 2 h after treatment
and on days 2, 4 and 15 (p ! 0.05). IL-4R was associated
with statistically significant improvement in asthma
symptom score (p ! 0.05) and ß2-agonist use (p ! 0.05).
Scores on the third section of the AQLQ (patient’s percep-
tion of general health and physical functioning) worsened
in the placebo group and improved in the IL-4R 1.5-mg
group (p ! 0.05). Methacholine testing showed decreased
sensitivity in 6 out of 8 patients tested in the 1.5-mg
group. Exhaled NO scores were significantly improved
among patients receiving IL-4R (p ! 0.05), demonstrating
an anti-inflammatory effect.

Fig. 2. FEV1 (PM) percent change from baseline. FEV1 (PM) was
measured with Air WatchTM monitor at bedtime daily. Treatment
with IL-4R 3.0 mg following discontinuation of inhaled corticoste-
roids prevented decline in FEV1 (PM) (+3% IL-4R 3.0 mg versus
–16% placebo; * p = 0.01) over the 3-month treatment period. * p !
0.05, ** p ! 0.01 vs. placebo.

In the phase I/II randomized, double-blind, placebo-
controlled study, 62 patients with moderate persistent
asthma were randomized to twelve weekly nebulizations
of 0.75, 1.5, or 3.0 mg of IL-4R (Nuvance) or placebo [27].
Before the study, patients documented dependence on
inhaled corticosteroids by an exacerbation in asthma
induced by one or two 50% reductions in inhaled cortico-
steroid dose at 2-week intervals. After the patients were
restabilized on inhaled corticosteroids for 2 weeks, the
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inhaled corticosteroids were discontinued at the time that
study medication was begun. IL-4R was safe and well tol-
erated. Antibodies to IL-4R occurred in !3%, which were
nonneutralizing and resulted in no symptoms. Efficacy
was demonstrated by a significant decline in FEV1 ob-
served in the placebo group (–0.4 liters; –13% predicted),
which did not occur in the 3.0-mg treatment group
(–0.1 liter; –2% predicted; p = 0.05 over the 3-month
treatment period). Daily patient-measured FEV1 (AM)

also demonstrated a significant decline in the placebo
group (–0.5 liter; –18% predicted), which did not occur in
the 3.0-mg treatment group (–0.1 liter; p = 0.02 over the
3-month treatment period; –4% predicted). The FEV1

(PM) also significantly improved and at high dose was 19%
better than placebo (fig. 2). The efficacy of IL-4R was fur-
ther confirmed by the absence of increase in asthma symp-
tom score (¢0.1) in the 3.0 mg treatment group compared
to the placebo group (¢1.4 over 1 month; p = 0.08).
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Summary
The importance of IL-13 in the induction of AHR, mucus forma-

tion and airway remodeling in animal models of pulmonary disease
is now well documented. Recent human genetic data associating
genes of the IL-13 signaling pathway to allergic disease and data asso-
ciating IL-13 with asthma confirm the animal model predictions.
Together, these findings provide a compelling rationale for IL-13
antagonism as a therapeutic approach for the treatment of asthma
and other inflammatory respiratory diseases.

Molecular Mechanism of Action
The interaction of cytokines with their receptors plays

a pivotal role in induction and maintenance of inflamma-
tion [1]. Realizing the therapeutic potential of cytokine
antagonism in asthma and COPD depends on under-
standing the contribution of particular cytokines in vivo
to respiratory inflammation. For example, while the asso-
ciation of Th2 inflammation with the pathogenesis of
asthma is well accepted, the exact role of particular Th2
cytokines and different subsets of inflammatory cells in
this pathology is less clear [2, 3].

Human IL-13 is a 17-kD glycoprotein and is produced
by Th2 T cells, macrophages, dendritic cells, NK2 cells,
mast cells and basophils [4, 5]. Biologically active recom-
binant human IL-13 binds specifically to a low-affinity
binding chain, IL-13R·1, as well as to a high-affinity mul-
timeric complex composed of IL-13R·1 and IL-4R [4].
The high-affinity complex is expressed on a wide variety
of hematopoietic and nonhematopoietic cell types. The

participation of the IL-4R in both IL-4 and IL-13 receptor
complexes explains some of the similarities in the func-
tions of these cytokines [4] (fig. 1). Binding of IL-13 to
IL-13R·1 and IL-4R results in phosphorylation-depen-
dent activation of JAK1 and JAK2 or TYK2, STAT6, and
IRS1/2 proteins [6]. IL-13, and only IL-13, also binds an
additional receptor chain, IL-13R·2, which has not been
shown to contribute to IL-13 signaling and may function
specifically to attenuate the activity of IL-13 [5]. A soluble
form of this receptor, which binds IL-13 with 100! high-
er affinity than IL-13R·1, has been identified in mouse
serum [B. Jacobson, unpubl. obs.] and urine, suggesting
that the natural form of this receptor may regulate IL-13
activity in vivo [5]. Potential roles for the IL-13R·2
receptor in regulating IL-13 signaling are currently under
study in IL-13R·2-deficient mice (fig. 2).

Cellular Mechanism of Action
Many inflammatory cell types associated with the asth-

matic phenotype, including Th2 T cells, synthesize and
secrete IL-13. CD4+, CD8+, Th1, Th2, Th0 and naive
CD45RA+ T cells have all been reported as sources of IL-
13 following stimulation [4]. Many of these cells produce
IL-4, however, CD45RA+ T cells and TH1 cells produce
IL-13 but not IL-4. B cell tumors also secrete IL-13. For
example, Hodgkin and Reed-Sternberg tumor cells, which
may arise from germinal center B cells, secrete IL-13
which stimulates their growth in an autocrine fashion [7].
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Fig. 1. Models for attenuation of IL-13 sig-
naling via IL-13R·2. A Competitive antago-
nist. B Sequester signaling chain. C Send a
negative signal.

Fig. 2. IL-13: A central effector of allergic
asthma.

IL-13 has been shown to regulate human B cell func-
tion and IgE synthesis in vitro in both normal individuals
and patients with severe combined immunodeficiency
[4]. The recent demonstration that IL-13 but not IL-4 con-
tributes to isotype switching and IgM secretion from

CD40-activated IgD+/CD38– naive B lymphocytes sug-
gests that IL-13 may act earlier in B cell development than
previously appreciated [8]. Interestingly, IL-4-indepen-
dent induction of IgE has also recently been shown in
transgenic mice expressing IL-13 [5]. A number of activi-
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Fig. 3. IL-13 and IL-4 activate an IL-13
recepter complex.

ties of IL-13 on macrophages have been reported, includ-
ing modulation of many cell surface proteins, inhibition
of IL-12 secretion, calcium mobilization, and stimulation
of giant cell formation [4, 9]. IL-13 has not been shown to
act on T cells directly. However, IL-13 may impact T cell
development indirectly through effects on monocyte/
macrophages.

IL-13 has also been shown to regulate enzymes of the
arachidonic acid pathway, NO production, VCAM ex-
pression, chemokine secretion and collagen production in
fibroblasts, endothelial cells, smooth muscle cells and epi-
thelial cells [4, 10] (fig. 3). These activities on nonhemato-
poietic cells likely contribute to the asthma-like pheno-
type seen when IL-13 is administered to the lung in vivo.
More recent studies have demonstrated that IL-13 is also
a potent stimulator of a variety of respiratory matrix
metalloproteinases and cathepsins [T. Zheng, Z. Zhu, J.A.
Elias, unpubl. obs.]. This provides mechanistic insights
into pathways IL-13 could use in tissue remodeling in
asthma and COPD.

Role for IL-13 in Animal Models of Allergy and
Inflammation and Efficacy of sIL-13R
The potential role for IL-13 in vivo in airway disease

has been studied by chronic or transient administration of
IL-13 to the lung in murine and guinea pig models. Intra-
nasal administration of recombinant IL-13, adenovirus
expressing IL-13 and lung specific transgenic expression
of IL-13 have been utilized in mice [6, 11; C. DeClercq
and J. Sypek, unpubl. obs.]. Examination of these animals
revealed pulmonary inflammation with mononuclear in-
flammatory cells and eosinophils, mucus formation, en-
hancement of IgE production and when measured, AHR.
Of special interest, in a model of chronic lung-specific

transgenic expression of IL-13, additional phenotypic
changes relevant to asthma were also revealed. These
changes included deposition of Charcot-Leyden-like crys-
tals with airway obstruction, subepithelial fibrosis and
induction of the eosinophil recruiting chemokine, eotaxin
[11]. We have recently shown that intranasal administra-
tion of IL-13 to guinea pig induces a phenotype similar to
that seen in mice. Tracheal nebulization of recombinant
murine IL-13 resulted in a substantial increase in sensitiv-
ity to histamine stimulation of the airways with increased
BAL neutrophil and eosinophil recovery [C. Lilly, and J.
Sypek, unpubl. obs.]. Together, these studies demonstrate
that IL-13 administration evoked most of the pathologic
features of asthma and induced an inflammatory response
similar to that associated with the asthmatic phenotype.

The impact of endogenous IL-13 production on animal
models of inflammatory disease has been evaluated in IL-
13-deficient mice, with antibodies to IL-13, and with high
affinity soluble receptors [10, 12, 13]. IL-13-deficient
mice have altered immune systems with impaired Th2
responses characterized by reduced production of Th2
cytokines in vitro and altered susceptibility to infections
such as Nippostrongylus [5]. The effects of IL-13 deficien-
cy in murine infectious disease models have been remark-
ably similar to studies in which IL-13 has been depleted
with soluble receptor or antibodies to IL-13 [5].

The precise role of IL-13 in vivo has been well studied
in normal animals where the impact of gene deficiency on
immune development is not a variable. To this end, we
have created a soluble form of the murine and human IL-
13R·2R, sIL-13R, by fusing the extracellular domain of
the receptor to the Fc portion of human IgG1 [5]. In vitro,
sIL-13R interferes with IL-13 binding to its signaling
receptor and functions as a high-affinity antagonist. In
vivo, administration of sIL-13R has been shown to com-
pletely block the expulsion of the intestinal nematode,
Nippostrongylus brasiliensis [5]. Physiological responses
within the gut which correlate with expulsion of parasites,
such as goblet cell hyperplasia and mucus production
have been shown to be IL-13 dependent and, are reminis-
cent of airway responses to airborne antigen in asthma,
suggesting a common mediator [5].

Consistent with the hypothesis that IL-13 is a pivotal
mediator of the asthmatic phenotype, sIL-13R has been
shown to be highly efficacious in a number of murine
asthma models. For example, sIL-13R administered ther-
apeutically, prior to a second antigen challenge, complete-
ly blocked AHR to methylcholine, goblet cell hyperplasia,
and mucus formation [5]. Systemic and intranasal routes
of administration are equally effective. The effect of
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administration of sIL-13R has also been studied in schis-
tosomiasis-induced liver fibrosis. Liver fibrosis associated
with active hepatic egg deposition was significantly re-
duced by sIL-13R, suggesting a potential impact of IL-13
antagonism on remodeling in asthma and COPD [10, 14].
Taken together, these studies predict that disruption of
IL-13 signaling may have significant therapeutic potential
in asthma and other allergic diseases. In addition, the
effects on mucus production and fibrosis suggest that IL-
13 may be important in the pathogenesis of other inflam-
matory respiratory diseases as well.

Rationale for IL-13 Involvement in Human Asthma
The association of increased production of IL-13 has

been well documented in atopic and nonatopic asthma,
atopic dermatitis, allergic rhinitis and chronic sinusitis
[1]. Decreased IL-13 expression following effective ste-
roid therapy in rhinitis has also been reported. Variants in
the IL-4R/STAT6 signaling pathway have been shown to
genetically associate with asthma [15, 16]. Some variants
may account for previously detected asthma susceptibility
loci and showed functional effects in vitro.

Recently, a number of groups have described allelic
variants in the IL-13 gene, upstream of the coding region,
within the coding region and in the 3) untranslated region
of the message [17, 18]. These variants showed a strong
association with asthma, elevated IL-13 levels or elevated
IgE. Of particular interest is the Arg130/Gln substitution
in the coding region of IL-13 noted by two groups and
detected across multiple ethnic boundaries. Molecular
modeling suggests potential biological impacts of this
change including enhanced receptor binding and activa-
tion. Variants in the putative upstream promoter region
of the gene or the 3) untranslated region of the message
could lead to higher steady-state transcript levels which
could result in elevated serum IL-13 levels. Effects on gly-
cosylation of this glycoprotein should also be considered
in terms of its impact on specific activity and serum half-
life of IL-13 [19]. Further functional studies are antici-
pated but the current data strongly support IL-13 as an
atopy locus on 5q31.

Therapeutic Approach
A number of protein therapeutics might be employed

to antagonize IL-13 or its receptor including administra-
tion of soluble receptors, anti-IL-13 monoclonal anti-
bodies, antagonistic muteins, and anti-receptor anti-
bodies [20, 21]. Potential advantages of dimeric sIL-13R
include extended half-life in vivo and high-affinity bind-
ing to IL-13 with a fully human peptide sequence. Recent

advances in particle formulation for large molecules and
dry aerosol delivery systems may further enhance the val-
ue of sIL-13R and other large-molecule therapeutics [22,
23]. Reproducible, noninvasive, efficient pulmonary de-
livery of sIL-13R may allow treatment of a broad patient
population with few side effects.

Suitable targets for small molecule antagonists of IL-13
include the IL-13 signaling receptor complex and signal-
ing molecules such as STAT6. Identification of additional
genes regulated by IL-13 and validation of their participa-
tion in pulmonary inflammation may provide further
therapeutic opportunities for development of small mole-
cules.

Conclusions
Results from recent in vivo studies and newly deter-

mined genetic associations have illuminated the role of
IL-13 as a major mediator of the asthmatic response [24].
The ability of IL-13 administration to recapitulate all
three aspects of the asthmatic triad, AHR, mucus produc-
tion and remodeling, coupled with the efficacy of IL-13
antagonism in animal models is particularly exciting. The
role of IL-13 in other types of respiratory disease and the
potential of sIL-13R as a disease-modifying anti-asthmat-
ic drug are currently under study in animal models.
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Fig. 1. IL-5-producing cells and IL-5 effector functions on eosino-
phils.
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Summary
IL-5 inhibitors are being developed as specific anti-eosinophil

directed therapies for the treatment of asthma and other allergic dis-
eases. Strategies include blocking receptor binding, inhibiting release
of cytokines from T cells, and using blocking monoclonal antibodies
directed against IL-5. Several preclinical studies have been com-
pleted using monoclonal antibodies directed against IL-5, with prom-
ising results in terms of beneficial effects on airways hyperrespon-
siveness (AHR) and tissue eosinophilia. More recently, anti-IL-5
monoclonal antibodies have been administered to patients with mild
allergic asthma using an allergen challenge model. Anti-IL-5 causes
clear and long-term reduction in both blood and sputum eosinophils
with no significant effect on either AHR or the late asthmatic reac-
tion to inhaled allergen. Thus, IL-5 is an attractive target for anti-
eosinophil-directed therapy, and further studies are ongoing to assess
the efficacy of anti-IL-5 monoclonal antibodies in asthma.

Eosinophils are implicated in the pathology of asthma
and other allergic disorders [1, 2]. There is eosinophilic
infiltration of the airways in patients with asthma, with a
correlation between eosinophil number and activation
state and severity of asthma, the late asthmatic reaction
(LAR) and airways hyperresponsiveness (AHR). Airway
wall remodelling is related to degranulation of eosinophils
with the release of highly toxic granules, such as major
basic protein. In addition, eosinophils are capable of
inducing inflammation by both responding to and pro-
ducing cytokines.

Thus, the prevention of eosinophil differentiation
from progenitors in the bone marrow and the inhibition
of tissue infiltration, activation and degranulation of
these cells are currently regarded as promising therapeutic
targets for the development of potential novel anti-asth-
ma drugs. IL-5, amongst other cytokines, plays a key role
in the development and activation of eosinophils. IL-5 is a

haematopoietic growth factor composed of a dimeric core
of two four-helix bundles formed by two identical poly-
peptide chains joined covalently by disulphide bonds [3].
A variety of cells produce IL-5 (fig. 1), the principal source
of which is the Th2 cell [4]. IL-5 acts through a heterodi-
meric receptor composed of a cytokine-binding, ligand-
specific ·-chain (IL-5R·) and a non-ligand-binding, high-
affinity-receptor-forming and signal-transducing ß-sub-
unit (ß-common) that is shared by the ·-chains of the IL-3
and GM-CSF receptors [5].

Experiments in vivo clearly demonstrate the central
role of IL-5 and indicate this cytokine as the major and
possibly the only cytokine involved in the production of
specific eosinophilia (table 1). Intravenous injection of
recombinant IL-5 into mice or guinea pigs resulted in
eosinophil production in the bone marrow and blood
eosinophilia [6]. Similar results were found in mice over-
expressing IL-5 which develop a long-lasting and selective
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Fig. 2. Potential target sites to interfere
with IL-5 production and effector function.
LMW = Low-molecular-weight compound.

Table 1. Eosinophilia regulation by IL-5 in vivo

Experiment Results

IL-5 administration animals models selective blood and tissue eosinophilia
E IL-5 knock-out mouse no eosinophilia in response to antigens
E IL-5R· knock-out mouse no eosinophilia in response to antigens
E IL-5 transgenic mouse selective blood eosinophilia
E Neutralizing anti-IL-5 antibodies suppression of antigen-induced eosinophil infiltration and bronchial hyperreactivity
E IL-5 in asthma patients increased expression of mRNA and proteins for IL-5 in bronchial mucosal biopsies, BAL

and sputum, correlation with eosinophil number and clinical severity
E Inhalation of IL-5 in asthmatics sputum eosinophilia, induction of bronchial hyperreactivity

blood eosinophilia [7]. In contrast, IL-5- and IL-5R·-defi-
cient mice are unable to produce increased numbers of
eosinophils in response to specific antigens [8, 9]. More-
over, inhibition of the IL-5 response by using neutralizing
antibodies prevents the terminal differentiation of eosino-
phils, suppresses the infiltration of mature eosinophils
into inflamed tissues and reduces the induction of AHR
in response to allergen exposure in actively allergen-sensi-
tized animals [10, 11].

In humans, IL-5 is expressed during allergen-induced
cutaneous late-phase reaction and is detectable in bron-
chial mucosal biopsies and BAL fluid of patients with
asthma [4, 12]. Moreover, inhalation of IL-5 by asthmat-
ics causes AHR and sputum eosinophilia [13]. All of these
observations are consistent with a unique role of IL-5 in
the production, activation and localization of eosinophils
in allergic conditions. This cytokine is therefore consid-
ered as the prime target for therapeutic intervention in
allergy and asthma.

Therapeutic Approaches (fig. 2)
IL-5 Production Inhibitors. Cytokines. The production

of IL-5 may be inhibited by modulating the immune
response to allergens by cytokines, such as IFN-·, IFN-Á,
IL-12 or IL-10, creating a Th1 lymphocyte response [14].
However, none of these cytokines specifically target IL-5
and it is highly questionable whether cytokines them-
selves are useful drugs for the treatment of asthma due to
their size, short half-life and potential side effect profile.

Low-Molecular-Weight IL-5 Production Inhibitors.
The only IL-5-specific low-molecular-weight inhibitor de-
scribed to date is OM-01 [15]. This synthetic compound
efficiently suppresses IL-5 production without affecting
the synthesis of IL-2 or IL-4. Moreover, OM-01 adminis-
tered in vivo inhibits the late-phase eosinophil infiltration
in a murine model of asthma.

Transcription Factors. Transcription factors exclusive-
ly expressed in IL-4- and IL-5-producing T-helper cells
can be targeted. To date, several transcription factors
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(such as STAT6, GATA-3) have been implicated in Th2
cell differentiation or Th2 cell cytokine production, but
none of these were found to selectively regulate IL-5 pro-
duction [16]. A unique retarded complex binding to the
so-called IL-5PRE site of the IL-5 promoter has been
identified [17], and may be a useful target.

Antisense Oligonucleotides. Modified antisense oligo-
nucleotides that are complementary to the mRNA encod-
ing a specific protein have been developed and can be
used therapeutically to inhibit its synthesis. This ap-
proach has been successfully applied using A1 adenosine
receptors in an asthma model in rabbits, which resulted in
beneficial therapeutic effects [18]. A similar strategy
could therefore be used to block the synthesis of IL-5 or its
receptor. Indeed, IL-5- and IL-5R·-specific antisense oli-
gonucleotides have been identified which selectively sup-
press the production of IL-5 and the expression of IL-5R·,
both in vitro and in vivo [J. Karras et al., and E. Trifilieff
et al., unpubl. obs]. However, several issues such as deliv-
ery, cost, sequence specificity, cell uptake and cellular
localization of antisense oligonucleotides may limit the
use of these compounds as therapeutics.

IL-5 and IL-5 Receptor Antagonists. Low-Molecular-
Weight IL-5R Antagonists. Inhibition of protein-protein
interaction, such as binding of IL-5 to its receptor, present
a difficult challenge to find or design low-molecular-
weight inhibitors to interfere with the interaction, since
there is usually a large area of contact involved. So far,
only one study reported the identification of low-molecu-
lar-weight IL-5R antagonists [19]. However, the selective
inhibition of IL-5 binding to its receptors by these isothia-
zolone derivatives was shown to involve the covalent
modification of the sulphhydryl group of free cysteine res-
idues in IL-5R·, resulting in a decrease of the affinity for
IL-5 and were therefore not progressed further.

Anti-IL-5 Antibodies. As already described above, ani-
mal models have shown that monoclonal antibodies di-
rected against IL-5 can reduce eosinophilia, AHR and
lung damage in response to a variety of antigens [10, 11].

Soluble IL-5R·. Another approach to block the inter-
action of IL-5 with its receptor is the use of soluble IL-5R.
This soluble protein binds IL-5 with only slightly reduced
affinity compared to the membrane form of IL-5R. It acts
as a selective IL-5 antagonist in vitro and suppresses the
antigen induced infiltration of eosionophils into the bron-
chial lumen suggesting that sIL-5R· may also exert IL-5
antagonizing activities in vivo [20].

Mutant IL-5. More recently, a single point mutant of
IL-5 was identified, E12K, which binds IL-5R with
almost wild-type affinity and is a potent antagonist in

Fig. 3. Blood eosinophils following treatment anti-IL-5 monoclonal
antibody. Ac = Allergen challenge; B/L = baseline. Time in hours (h),
days (d) and weeks (w).

IL-5-induced proliferation and adhesion assays [21]. In
contrast, E12K still mediates eosinophil survival, although
with reduced potency compared to the wild-type protein.

Clinical Studies
There is limited experience with anti-IL-5 monoclonal

antibody treatment in humans. Both SmithKline Bee-
cham and Schering Plough have compounds which have
completed early clinical trials. A single intravenous infu-
sion of SB 240563, anti-IL-5 antibody (10 mg/kg) admin-
istered to 8 subjects with mild allergic asthma caused sig-
nificant reduction in circulating eosinophil numbers
which lasted for up to 16 weeks. This has clear implica-
tions for diseases associated with eosinophilia, such as
atopic asthma, seasonal rhinitis and eczema. In addition,
there was inhibition of the blood eosinophilia, which nor-
mally occurs following allergen challenge (fig. 3) and a
marked reduction in sputum eosinophils for up to 30 days
following treatment. Anti-IL-5 monoclonal antibody
treatment does not completely ablate blood and tissue
eosinophils; nevertheless, there is a theoretical risk that
therapy may still impair host response to certain parasites
and malignancies.

Despite significant reductions in blood and sputum
eosinophils, there was no detectable effect on the allergen-
induced LAR or AHR to histamine [22]. This provides
the novel insight that eosinophils may not be a prerequi-
site for the LAR and AHR, and has relevance to the
pathogenesis and treatment of asthma. The limited effects
on the LAR and AHR following anti-IL-5 treatment may
be due to the involvement of residual eosinophils as well
as a number of other cell types such as allergen-specific T
cells and mast cells. This has led to a questioning of the
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role of the eosinophil in human allergen challenge models
of asthma, and in clinical asthma. A large-scale clinical
study on the effect of multiple doses of anti-IL-5 on bone
marrow, blood, skin and lung tissue eosinophils will pro-
vide further insight into the role of eosinophils in the clin-
ical pathogenesis of allergy and asthma.

Conclusions
The unique role of IL-5 in eosinophil production, acti-

vation and localization makes this cytokine a prime target
for therapeutic intervention in diseases characterized by

eosinophilia and the development of drugs to neutralize
the effect of IL-5 might represent a novel therapeutic
approach in allergic diseases such as asthma.

Both preclinical and clinical studies using monoclonal
antibodies have shown encouraging results in terms of
effect on blood eosinophil numbers following allergen
challenge. However, the lack of effect on either AHR or
LAR to allergen in the clinical study questions the role of
the eosinophil in the allergen challenge model of asthma,
and the positive predictive value of preclinical studies.
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Summary
Accumulating data suggest that several inflammatory respiratory

diseases, such as asthma and cystic fibrosis, are associated with IL-10
deficiency. There is strong evidence from animal studies that endoge-
nous IL-10 has an important immunoregulatory role in suppressing
excessive inflammation in the lung. Regardless of the etiological role
of IL-10 deficiency, there is little question that production of proin-
flammatory cytokines, such as IL-1, TNF, IL-6 and IL-8 is directly
related to acute and chronic morbidity in many lung diseases. Thus,
the effects of IL-10 may provide a physiological form of anti-inflam-
matory therapy which may ameliorate the morbidity of respiratory
disease. Other activities of IL-10, particularly its potential anti-
fibrotic effect, may offer other long term benefits. It is possible that
local administration of IL-10 to the lung will be required for its full
effectiveness.

IL-10 is a pleotrophic cytokine that inhibits a number
of T cell, monocyte and macrophage functions leading to
anti-inflammatory and immuno-suppressive effects in
vivo. These biological activities have a number of poten-
tial therapeutic benefits, but this review will concentrate
on the potential of IL-10 in respiratory diseases.

Discovery of and Physiochemical Characterization
of IL-10
IL-10 was initially identified from mouse T helper sub-

set 2 (Th2) clones as a factor inhibiting the production of
IFN-Á by mouse T helper subset 1 clones (Th1) [1]. Initial-
ly named cytokine synthesis inhibitory factor to reflect
this activity, murine IL-10 was cloned in 1990, followed
by human IL-10 in 1991 [2, 3]. Murine and human IL-10
are similar in size (18.4 and 18.5 kD, respectively) and

exist in solution as homodimers. They share an 81%
homology at the nucleotide sequence and 73% homology
in their amino acid sequence. Human IL-10 also has a
strong homology to an open reading frame (BCRF1) in
the genome of the Epstein-Barr virus (EBV) [3]. This may
represent an early example of an infectious agent hijack-
ing a cellular gene to evade host defenses.

IL-10 Synthesis. IL-10 is produced by a large array of
cell types. Besides the CD4+ Th2 clones, IL-10 is pro-
duced by normal B cells and B cell lymphomas [4], Ly-1 B
cells [5], activated mast cells [6], activated monocytes/
macrophages [7], keratinocytes [8] and bronchial epithe-
lium. Human IL-10 is produced by the CD45RA+ (naive)
and CD45RO+ (memory) CD4+ T cell subsets as well as
by CD8+ T cells [9].

IL-10 Receptor. IL-10 and its receptor fall within the
IFN receptor family. Human IL-10 receptor was origi-
nally identified by cross-linking studies on human and
murine cells [10]. Subsequently, both the mouse and
human IL-10 receptor cDNA clones were identified [11,
12]. They share 70% sequence homology at the nucleotide
level and 60% at the amino acid level. Both receptors can
interact with EBV BCRF1 (viral IL-10) and while the
mouse receptor can tolerate both the human and mouse
ligand, this is not true of the human receptor which binds
only human IL-10 and viral IL-10. CRFB4, a previously
orphan member of the IFN receptor family has been iden-
tified as the second subunit of the IL-10 receptor complex
[13]. The signaling pathway of IL-10 is typical of a cyto-
kine, involving the JAK/STAT pathway [14–19]. IL-10
binding to its cognate receptor activates STAT1a, STAT3,
JAK1 and Tyk2 [17, 19].
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Fig. 1. Biological functions of IL-10.

Biological Characterization of IL-10
Effect of IL-10 on Various Cell Types. IL-10 is a very

pleiotropic cytokine, having various effects on many cell
types (fig. 1). Initially the primary activities of IL-10 were
described as immunosuppressive and anti-inflammatory,
but more recently in vitro studies indicate that IL-10 has
the potential to be stimulatory in certain instances. The
major effect of IL-10, clearly demonstrated both in vitro
and in vivo, is its ability to downregulate macrophage
activation. This includes inhibition of proinflammatory
molecules, such as TNF, IL-1 and IL-6 and upregulation
of anti-inflammatory regulators, such as IL-1 receptor
antagonist and soluble TNF receptors [20–25]. Addition-
ally, IL-10 downregulates MHC class II expression on
antigen-presenting cells [26], thereby reducing antigen
presentation and dampening T cell activation. Synthesis
and release of IL-8 by polymorphonuclear cells is also
inhibited by IL-10 [27–29]. B cells are also significantly
responsive to IL-10, which enhances proliferation of acti-
vated B cells, resulting, in vitro, in increased secretion of
IgM, IgG and IgA [30]. The stimulatory activity of IL-10
includes its ability to enhance pre-CTL proliferation and
CTL activation [31]. It is also a chemotactic factor for
CD8+ cells [32] and enhances the activation of natural
killer cells and lymphokine-activated killer cells [33, 34].

IL-10 Knockout Mice. The fundamental role of IL-10
in modulating inflammatory responses was first suggested
in studies of IL-10 (IL-10–/–) knockout mice [35]. Some
of these mice are runted and anemic, and close investiga-
tion shows them to have chronic inflammatory bowel dis-

ease (IBD). The disease starts in the cecum of 3-week-old
mice, progresses to involve the ascending and transverse
colon, and finally even the small intestine of some aged
IL-10–/– mice (animals kept in a pathogen-free environ-
ment do not get IBD, suggesting that IL-10 is functioning
as an immunomodulator, suppressing pathogen-induced
inflammation in the gastrointestinal tract) [36, 37]. Wean-
ling mice treated with IL-10 fail to develop disease while
adult IL-10–/– mice treated with IL-10 have a much
reduced disease index [37]. Treatment of these mice with
anti-IFN-Á antibody resulted in a marked reduction of the
inflammation, confirming the role of Th1 responses in the
pathogenesis of this disease. Additionally, transfer of
IL-10–/– lamina propria lymphocytes and intraepithelial
lymphocytes into Rag 2–/– mice transfers the disease,
thus confirming the central role of T cells in disease
pathogenesis [38, 39]. IL-10 has been shown to have a pro-
tective role in several other immunological models of
IBD.

Subsequent studies have shown antigen-induced pul-
monary inflammation to be more severe in IL-10–/– mice
than in wild-type mice. IL-10–/– mice showed increased
cell counts and eosinophilia in BAL fluid, again suggest-
ing an endogenous immunosuppressive role for IL-10
[40]. Similarly, in a murine model of bronchopulmonary
aspergillosis [41], with features of both IgE-mediated lung
disease and hypersensitivity pneumonitis, Il-10–/– mice
had exaggerated pulmonary inflammation and mortality
compared to wild-type controls. In this study, both Th1
and Th2 responses appear to be suppressed by IL-10.
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IL-10–/– mice infected chronically with Pseudomonas
show many of the features of cystic fibrosis (CF) in
humans. In three different studies, IL-10 deficiency re-
sulted in severer inflammation and/or increased mortality
[42–44] mimicking the differences between CF and wild-
type mice with the same infection [45]. In each case,
IL-10–/– mice had an equal or greater burden of bacteria
than IL-10-sufficient animals, suggesting that higher
IL-10 levels are not necessarily associated with poorer
functioning of anti-bacterial defenses. Administration of
IL-10 protein (rhIL-10) to mice with chronic Pseudomo-
nas infection resulted in better weight retention, better
survival and decreased lung inflammation, again with no
increase in bacterial burden [44]. These data suggest that
IL-10 may have a role in ameliorating the effects of
chronic lung infection characteristic of CF.

Effects in Humans – Clinical Studies
IL-10 has been administered to over 1,000 human sub-

jects and is generally well tolerated. Early studies were
carried out in healthy human volunteers and reproduced
the effects of IL-10 seen with human cells in vitro and
mouse models in vivo. Administration of a single intrave-
nous dose of IL-10 had a marked effect on circulating
white blood cells over several hours, with values returning
to baseline levels within 24–48 h [46]. The half-life of IL-
10 in the circulation was approximately 2 h [47]. There
was marked neutrophilia and lymphocytopenia, with
both the CD4+ and CD8+ T cells decreasing in numbers
[48]. Stimulation of cytokine production by LPS from ex
vivo white blood cells was much reduced after IL-10
administration. TNF-· and IL-1ß production were re-
duced and concentrations of IL-1RA were increased [46,
47, 49]. Neutrophil function was unaltered.

Rationale of IL-10 in Respiratory Disease
Asthma. Borish et al. [50] showed that constitutive

IL-10 protein concentrations were reduced in BAL fluid
from asthmatic compared to normal subjects and that IL-
10 production from ex vivo monocytes, both constitutive
and stimulated, was reduced in asthmatic subjects.
Another study on monocyte differentiation in vitro sug-
gests that IL-10 is required to obtain a ‘suppressive’ phe-
notype of macrophage and this macrophage population
appears to be reduced in asthma [51]. John et al. [52]
showed reduced basal IL-10 production in asthmatic sub-
jects, but with a considerable increase in IL-10 after treat-
ment with inhaled corticosteroids. These authors specu-
late that some of the therapeutic effects of corticosteroids
in asthma may be due to stimulation of IL-10. Genotyp-

ing of asthmatic patients has suggested that there are poly-
morphisms in the promoter region of the IL-10 gene
showing an association of low IL-10 haplotype and greater
asthma severity [53] and increased IgE production [54].

In sensitized mice, exogenous administration of rIL-10
protein [55] or the IL-10 gene [56] can attenuate antigen-
induced lung inflammation. A single intranasal adminis-
tration of rmIL-10, concurrent to antigen challenge, signif-
icantly reduced eosinophil and neutrophil accumulation in
the lung and TNF release from BAL fluid [55]. IL-10 gene
therapy attenuated both cellular and physiological re-
sponses and reduced expression of inflammation cytokines
such as TNF, IL-4 and IL-5, in the BAL fluid [56]. This
effect was independent of Th1 cytokines such as IFN-Á.

Administration of antigen to allergic asthmatic subjects
leads to bronchoconstriction, increased bronchial respon-
siveness and pulmonary inflammation. Inhibition of one
or more of these effects by an investigational drug may
indicate potential utility in clinical asthma, although ab-
sence of effect may not necessarily be predictive of lack of
efficacy. In a recent double-blind study of a single parenter-
al dose of IL-10 there was no significant effect on the early
or late bronchoconstrictor responses, on bronchial hyper-
responsiveness or on inflammatory cells in BAL fluid [S.
Lim and P. Barnes, pers. commun.]. It is possible that a
higher single dose, multiple doses or local administration
of IL-10 as used in the animal studies may be needed to
show activity in humans. An accurate assessment of the
effects of IL-10 awaits studies in clinical asthma.

Cystic Fibrosis. BAL fluid from subjects with CF con-
tains less IL-10 than that of normal subjects, and bron-
chial epithelial cells from CF subjects secrete less IL-10 in
vitro than those from normal donors [57–59]. Similarly,
bronchial epithelial cells from uninfected CF mice also
secrete less IL-10 in vitro than do cells from wild type
mice, suggesting that decreased IL-10 production may be
linked directly to defective CF transmembrane conduc-
tance regulator expression and/or function. IL-8 is an
important, if not the major proinflammatory neutrophil
chemoattractant in the CF lung [60, 61]. IL-8 and the oth-
er proinflammatory cytokines (IL-1, IL-6 and TNF) are
greatly elevated in CF BAL fluid and are believed to be
largely responsible for many manifestations of CF lung
disease [58]. IL-10 inhibits production of all of these
proinflammatory cytokines and, importantly, it inhibits
all known sources of IL-8 production including epithelial
cells, neutrophils and macrophages [62, 63]. It thus seems
likely that decreased IL-10 production, especially by the
bronchial epithelium, could contribute directly to the
excessive pro-inflammatory cytokine and IL-8 produc-
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tion, accounting for the excessive inflammation in the CF
lung.

COPD. In COPD, like other respiratory diseases, IL-10
levels in the airway are significantly reduced compared to
normal controls [64]. Smokers also have lower concentra-
tions than nonsmokers [64]. Pulmonary neutrophilic in-
flammation is a particularly prominent feature of COPD,
and chemotactic cytokines secreted by neutrophils, such as
IL-8, are important in maintaining the inflammation [61].
In vitro IL-10 is a potent inhibitor of neutrophil activation
and release of proinflammatory cytokines and chemokines
from neutrophils [62] and bronchial epithelium [63].

Following LPS administration to normal human vol-
unteers there is a significant increase in proinflammatory
cytokines and sequestration of neutrophils in the lungs as
measured by granuloscintigraphy [49]. Granulocyte de-

granulation, as measured by plasma elastase/·1-antitryp-
sin complexes, also occurs. Pretreatment with IL-10
shows a considerable reduction in all these parameters
[49]. Administration of IL-10 1 h after LPS showed much
more limited effects.

Recent data from a pilot study of IL-10 in patients with
hepatitis C virus (HCV) infection suggest that IL-10 may
also have anti-fibrotic effects. Patients with proven HCV
infection, liver inflammation and fibrosis unresponsive to
·-IFN, were treated with IL-10. Some showed significant
improvements in liver fibrosis without effects on viremia
[65]. If such an effect is confirmed, then IL-10 could have
beneficial effects in conditions such as idiopathic pulmo-
nary fibrosis where fibrosis is prominent or in other
chronic lung diseases where airway remodeling may con-
tribute to the long term outcome of the disease.
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Summary
IL-12 has been shown to be instrumental in the development of

T-helper type 1 (Th1) responses while inhibiting the generation of
T-helper type 2 (Th2) responses that are thought to contribute to the
inflammation present in asthma and allergy. This mechanism of
action is largely due to its ability to induce Th1 cytokine production,
namely interferon (IFN)-Á, from T cells and natural killer (NK) cells.
IL-18 does not drive Th1 development independently, but rather
potentiates IL-12-induced Th1 development and synergizes with IL-
12 to induce maximal production of IFN-Á from T cells and NK cells.
However, depending on the local milieu of IL-4 or IL-12, IL-18 can
augment both Th1 and Th2 pathways. IFN-Á inhibits Th2 responses
thereby decreasing inflammatory cytokine production. Therefore IL-
12, IL-18 and IFN-Á have potential for therapeutic utilization in
allergy and asthma, by promoting Th1 responses and suppressing
Th2 responses which are believed to contribute to the pathogenesis of
the disease.

Molecular Mechanisms of Action
IL-12 is a heterodimeric cytokine that binds with high

affinity to its receptor expressed on T cells and natural
killer (NK) cells, causing activation of tyrosine kinases
JAK2 and TYK2, as well as nuclear translocation of signal
transducers and activators of transcription (STAT) 3 and
4 that trigger the promoter regions for the interferon
(IFN)-Á gene [1] (fig. 1). It has been shown that mice defi-
cient in STAT4 produce reduced amounts of IFN-Á in
response to IL-12 and have impaired Th1 activity, indi-
cating that STAT4 is essential for IL-12 responses [2].
IFN-Á upregulates expression of the high-affinity IL-12

receptor, which is downregulated by the Th2 cytokine IL-
4 [3].

IL-18 is a recently cloned cytokine synthesized by
murine macrophages [4] and is a member of the IL-1
family. It is synthesized as a biologically inactive precur-
sor molecule (pro-IL-18) and requires cleavage into an
active molecule by the intracellular cysteine protease IL-
1ß-converting enzyme (ICE) or caspase-1. IL-18 signals
through IL-1R-activating kinase (IRAK) and induces nu-
clear translocation of nuclear factor (NF)-ÎB [5] (fig. 1). It
acts through an IL-18 receptor (IL-18R) complex which
has been shown to be expressed selectively on murine Th1
cells but not on Th2 cells [6]. IL-12 upregulates the expres-
sion of the IL-18 receptor in both T and NK cells. 

IFN-Á is produced by CD4+ and CD8+ T cells as well
as NK cells and its receptor is expressed on T cells, B cells,
monocytes/macrophages, dendritic cells, platelets and
granulocytes as well as epithelial and endothelial cells.
Binding of IFN-Á to the receptor activates STAT1 and
induces a variety of genes in many cell types including T
cells, NK cells and antigen-presenting cells (APCs). Inhib-
itory effects of IFN-Á are specific to Th2 cells and not Th1
cells, which do not express its receptor.

Cellular Mechanisms of Action (fig. 2)
Bacteria, bacterial products, intracellular pathogens

and viruses rapidly induce IL-12 production by APCs,
such as monocytes/macrophages, B lymphocytes and den-
dritic cells (fig. 2). IL-12 enhances the functions of acti-
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Fig. 1. IL-12 and IL-18 signalling pathways
producing IFN-Á via activation of STAT4
and NF-ÎB.

Fig. 2. Th1 and Th2 cell regulation, cytokine
production and cellular effects.

vated T cells and NK cells, such as proliferation, cytotoxic
activity and cytokine production. In particular, it stimu-
lates both T cells and NK cells to secrete IFN-Á. IFN-Á
then activates APCs, enhances IL-12 production, causes
naı̈ve T cells to differentiate into Th1 cells and inhibits
Th2 responses [7, 8]. It primes T cells early to release

IFN-Á, therefore regulating Th1 differentiation and sup-
pressing Th2 responses.

IL-18 or IFN-Á-inducing factor (IGIF) can be synthe-
sized by Kupffer cells and activated macrophages. This
cytokine synergizes with IL-12 to induce IFN-Á produc-
tion from Th1 cells, NK cells and B cells [9]. Together
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with IL-12, IL-18 induces anti-CD40-activated B cells to
produce IFN-Á, which inhibits IL-4-dependent IgE pro-
duction. IL-18 and IL-12 have synergistic effects on Th1
development, which is in part due to reciprocal upregula-
tion of their receptors [9]. 

IFN-Á is able to activate APCs, T cells and NK cells
and potentiate Th1 responses while suppressing Th2
responses. T cells from asthmatic subjects have been
shown to produce reduced quantities of IFN-Á [10].

Animal Models
Intraperitoneal administration of IL-12 has been

shown to suppress antigen-induced airway eosinophilia in
sensitized mice [11]. Intranasal IL-12 administered to
sensitized mice prevented airway hyperresponsiveness
(AHR) and reduced airway eosinophilia after allergen
challenge without systemic effects [12]. Doses of IL-12
administered early during allergen sensitization were
found to be more effective in reducing IgE and inflamma-
tory cytokine levels in animals than those given later in
the sensitization process [13]. This finding has implica-
tions for IL-12 as a therapy for allergy or asthma as the
timing relative to allergen exposure is crucial.

IL-18 –/– mice have been shown to have defective
Th1 and NK cell responses suggesting a role for IL-18 in
Th1 responses [14]. Mice deficient in IL-18 have de-
creased INF-Á production even though their levels of IL-
12 are normal. However, in a study where IL-18 was giv-
en to sensitized mice before ovalbumin challenge, there
was increased eosinophil recruitment into the lungs [15].
Similar findings in other studies have shown that IL-18
can induce a Th2 phenotype suggesting it plays a role in
allergic sensitization [16]. Also, IL-18 levels in whole-
lung homogenate from allergic mice have been found to
be higher than those from non-allergic mice [17]. In the
same study, administration of a neutralizing antibody
against IL-18 prior to challenge increased bronchial eo-
sinophilia. Paradoxically, administration of recombinant
IL-18 at the time of allergen challenge also increased
eosinophil numbers in both bronchoalveolar lavage
(BAL) fluid and in the bronchus, and was associated with
an increase in the level of eotaxin in the BAL fluid.
Therefore there is a paradox in the relationship of IL-18
in allergy and asthma and this is yet to be clarified.

In IFN-Á knockout mice, IL-12 is pro-inflammatory,
inducing an eosinophilia and increased serum IgE levels,
indicating that IL-12 inhibits Th2 cells through the pro-
duction of IFN-Á. It has been shown to inhibit eosinophil
accumulation in the trachea of antigen-challenged mice.
However, it also has been shown to exhibit some pro-

inflammatory effects. Over-expression of IFN-Á was
shown to be toxic when IL-12 was administered along
with IL-18 [18] and IL-12 alone induced toxic effects in
primates and mice which were largely due to induction of
IFN-Á production.

Rationale
Cord blood from infants with a family history of atopy

is deficient in IFN-Á production due to impaired IL-12
responses [19]. Reduced levels of IL-12 are found in blood
from adults with allergic asthma [20], resulting in in-
creased IgE and IL-5 production. Furthermore, IL-12
inhibits AHR and airway eosinophilia following antigen
challenge in a number of animal models of allergen sensi-
tization as above. Therefore, IL-12 appears to be a logical
treatment for human allergic asthma.

IL-18 is downregulated in the lungs of asthmatics [21],
but is expressed constitutively in normal lung epithelium.
Since it acts in synergy with IL-12 in up-regulating IFN-Á
production in animal studies, it too may be a possible
therapy in altering the immune response in allergic dis-
ease. But given the above disparity between its anti-
inflammatory and pro-inflammatory effects, it is difficult
to justify its use in asthma until more information be-
comes available.

Clinical Studies in Humans
In a clinical study in patients with mild asthma, subcu-

taneous recombinant IL-12 was assessed for its effect on
the late-phase response after inhaled allergen challenge as
well as on AHR. A gradual dose escalation was carried out
to minimize the side effects. There was no effect on AHR
or the late-phase response. However, subcutaneous IL-12
significantly reduced blood eosinophils and prevented an
increase in blood eosinophils after allergen challenge
(fig. 3). A trend towards reduction in sputum eosinophils
was noted. Side effects such as flu-like symptoms and
raised liver transaminases occurred in some patients
receiving IL-12, and these corresponded with the peak
plasma levels of the drug about 3–4 h after administra-
tion. However, the frequency and severity of the side
effects decreased with repeated administration of IL-12.
Some major side effects were experienced in a few sub-
jects receiving IL-12, for example cardiac arrhythmias,
severe flu-like symptoms and abnormal liver function
tests [unpubl. data]. In previous studies, administration of
higher doses of intravenous IL-12 in the treatment of
renal cancer was associated with severe schedule-depen-
dent toxicity (hepatotoxicity, gastrointestinal bleeding,
fever, chills and death in 2 patients) [22]. Subsequent
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Fig. 3. Peripheral blood eosinophil levels in
asthmatics after administration of systemic
IL-12. AC = Allergen challenge.

studies have shown similar toxicity that is related to dose
level. A further trial using nebulized IL-12 in a dose-rising
study was performed in patients with mild asthma. The
study was terminated after 8 subjects received a single 1-
Ìg dose of inhaled IL-12. Adverse events such as coughing
and wheezing and fluctuations in lung function were
observed. Both placebo-treated and IL-12-treated pa-
tients suffered side effects and therefore the study was
inconclusive, as the side effects could not be attributed to
the nebulized IL-12. The threshold to terminate the study
secondary to side effects was also very low to ensure safe-
ty, and therefore the efficacy of nebulized IL-12 has not
yet been determined [unpubl. data].

To our knowledge, IL-18 has not been tested in human
clinical trials yet.

Subcutaneous recombinant INF-Á was administered to
subjects with ragweed allergy but had no significant
effects on the symptom scores or serum IgE antibody to
ragweed extract, indicating that treatment with IFN-Á is
not useful in ragweed hayfever [23]. Systemic IFN-Á (in-
tramuscular) caused side effects such as nausea, vomiting,
fever and headache; however, nebulized IFN-Á was found
to be well tolerated [24].

Route of Administration
Inhaled IL-12 may be an alternative to subcutaneous

or other forms of systemic delivery of the drug in order to
achieve high levels in the lungs and lower systemic levels,
thus avoiding toxic effects. Nebulized IL-12 has been
investigated in mice [12], which was shown to inhibit

AHR. Further studies looking at mucosal administration
of IL-12 have shown low systemic levels of IL-12 and
good inhibition of airway eosinophilia as well as increas-
ing IFN-Á expression in BAL fluid cells.

Conclusions
From studies that have been conducted in patients

with asthma, it appears that IL-12 administered systemi-
cally at the doses used previously is too toxic for the treat-
ment of mild asthma. However, these trials have been
performed using systemic doses at the maximum tolerat-
ed dose, and the use of low-dose IL-12 has not yet been
fully explored. Although there have been prior reports of
adverse events associated with administration of IL-12,
these have largely been with the use of high doses in the
first studies, and in the more recent studies, lower doses
have been explored. Following the introduction of gradual
incremental dose increases, rh IL-12 has been used to
safely treat several hundred patients. IL-12 may be useful
if administered in nebulized or inhaled formulations at
the same time as allergen sensitization to suppress allergic
responses or to nebulize IL-12 during the allergic seasons
to augment the immunomodulating potential of IL-12.
Thus IL-12 remains a potential treatment for asthma and
allergy if used as a vaccine adjuvant for inducing long-
term immunomodulatory effects, rather than as an alter-
native for other anti-inflammatory drugs already known
to be safe such as corticosteroids.

The role of IL-18 in asthma and allergy is complex, and
more studies are required to assess the involvement of
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this cytokine in allergic inflammation. It appears to act as
a bi-directional adjuvant in that it may synergize with IL-
12 or IL-4, therefore amplifying either Th1 or Th2
responses. The use of IL-18 in conjunction with lower
doses of IL-12 to reduce IL-12 toxicity may be a further
option for using these cytokines to treat allergy.

Systematically administered, IFN-Á is unlikely to be a
useful treatment for asthma or allergy because of its poor
efficacy and significant side effects. However, further
studies are ongoing investigating the use of nebulized
IFN-Á.
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Summary
Chemokines, signalling via specific leukocyte chemokine recep-

tors, are probably the major mediators of selective leukocyte recruit-
ment, and hence must play a major role in inflammatory disease.
Small molecule antagonists of leukocyte chemokine receptors are
now in development and may prove to be effective inhibitors of
recruitment of lymphocytes, monocytes and granulocytes in a wide
variety of settings. Thus, these antagonists may prove to be useful
treatments for diseases such as asthma and COPD.

Chemokines, Chemokine Receptors, and Their
Roles in Leukocyte Recruitment
Inflammatory diseases such as asthma and COPD are

characterized by the recruitment of leukocytes from the
circulation into the lung. In asthma, eosinophils, neutro-
phils and lymphocytes all play a significant role in disease
pathology. Similarly, neutrophil, monocyte and perhaps
eosinophil recruitment are important in the pathology of
COPD.

At sites of inflammation, leukocytes are recruited from
the microcirculation in a three-stage process. The leuko-
cytes initially interact with the vessel wall through selectin
adhesion molecules. Upon encountering chemoattrac-
tants, leukocytes become tightly adherent to the vessel
wall. Leukocyte diapedesis into tissues then follows along
the chemoattractant concentration gradient (fig. 1). Pro-
inflammatory mediators such as C5a, LTB4 and PAF
cause non-selective recruitment of these cells, but cannot
account for the specific patterns of leukocyte infiltration

Fig. 1. Roles of chemokines in leukocyte recruitment.

observed in disease. The discovery in the last 12 years of a
group of proteins capable of causing selective leukocyte
recruitment, the chemoattractant cytokines (chemo-
kines), brought about a major revolution in this field. To
date, 39 chemokines have been identified; these mole-
cules act selectively on specific members of the chemo-
kine receptor family, expressed on leukocytes [1, 2], and
there are further chemokines and receptors whose func-
tion is yet unknown.

Viruses provide further indirect indicators of the im-
portance of chemokines, since several viruses have
evolved techniques of subverting immune regulation
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Table 1. Chemokines in asthma and COPD

Cell type Receptor Ligands Roles

Eosinophil CCR1 MIP-1·, RANTES,
MCP-3

uncertain: may have a
role in eosinophil
recruitment or activation

CCR3 Eotaxin, eotaxin-2,
eotaxin-3, MCP-3,
MCP-4, RANTES,
MCP-2

likely to have major role
in eosinophil recruitment
and perhaps activation,
also a role in eosinophil
trafficking to mucosal
sites

CXCR2 MGSA/Gro-·,
NAP-2, IL-8,
GCP-2

uncertain: may have a
role in eosinophil
recruitment in atopic
individuals

CCR6 MIP-3· uncertain: possible role
in eosinophil recruitment
and activation

T lymphocyte
(Th2 subtype)

CCR3,
CCR4,
CCR8

CCR3: as above
CCR4: MDC,

TARC
CCR8: I-309

probable role
in lymphocyte trafficking
or recruitment to sites of
inflammation

T lymphocyte
(Th1 subtype)

CXCR3,
CCR5,
CCR4

CXCR3: Mig,
IP-10, ITAC

CCR5: RANTES,
MIP-1·, MIP-1ß

CCR4: as above

probable role
in lymphocyte trafficking
or recruitment to sites of
inflammation

Neutrophil CXCR1 IL-8, GCP-2 major roles in neutrophil
recruitment, and
probably in activation

CXCR2 As above probable important role
in neutrophil recruitment

through the production of viral chemokine receptors,
viral chemokines, or chemokine-binding proteins [3, 4].

Chemokines are synthesized by many cell types includ-
ing leukocytes, endothelial cells, epithelial cells, smooth
muscle cells and fibroblasts. These molecules are divided
into four structural groups, based on the organization of
the first two of their four conserved cysteine amino acids.
Two major families exist: CC chemokines, in which the
first two cysteines are adjacent, and CXC chemokines,
where they are separated by a single amino acid. Two oth-
er chemokines have been described: a C chemokine with a
single n-terminal cysteine (lymphotactin), and a CX3C
chemokine (fractalkine) with 3 intervening amino acids.
Chemokine nomenclature has been a haphazard process
based upon considerations of structural homology, func-
tion, or more esoteric notions, however a recent interna-
tional meeting has proposed a more logical nomenclature
that may become generally adopted soon. The receptors
for these chemokines are expressed in specific patterns on

subsets of leukocytes. Each receptor binds selected mem-
bers of one of the family of chemokines, and are named
accordingly as CXCR1 to 5, CCR1 to 11, XCR1 and
CX3CR1 [1, 2] (table 1).

Chemokine receptor expression by leukocytes is not
irreversibly fixed, but may vary under certain stimuli by
processes including internalization or shedding of recep-
tors (after both homologous and heterologous stimula-
tion) or expression of new receptors. Therefore, chemo-
kine functions on leukocytes in tissues may be different
from the more simple experiments examining their roles
in vitro using blood-derived cells [5].

Further Roles of Chemokines
In addition to their major roles in local leukocyte

recruitment from the microcirculation, chemokines also
have distant effects on the bone marrow which enhance
leukocyte recruitment. The systemic administration of
eotaxin mobilizes eosinophils and their progenitors from
the bone marrow [6], whilst IL-8 induces neutrophil
release. Additionally, signalling via chemokine receptors
may cause leukocyte activation as determined by superox-
ide generation or degranulation.

Chemokines and Their Receptors in Asthma
The eosinophil may be a central effector cell in asthma.

Studies have described eosinophil expression of chemo-
kine receptors including CCR1, CCR3 and CXCR2 [7, 8].
The principal eosinophil chemokine receptor is CCR3,
whose ligands include the eotaxin group of chemokines.
The eotaxins are unusual in that they only stimulate cells
via CCR3 and no other chemokine receptor. Eotaxin
causes eosinophil recruitment, superoxide generation and
degranulation. CCR3 is also expressed on other cells with
specific roles in allergic inflammation, including mast
cells and basophils, and is therefore a major drug target. A
cautionary note is sounded by research in man showing
variations between individuals in eosinophil responses to
ligands signalling via CCR1 [8].

Severe asthma is also associated with a marked tissue
recruitment of neutrophils, probably mediated by mem-
bers of the CXC family of chemokines such as IL-8 [9].

Allergic inflammation is regulated by T cells of the Th2
subtype. Much interest has been stimulated by the recent
discovery that T cells differentiated to a Th2 phenotype in
vitro express CCR3, CCR4 and CCR8 [10–12]. Thus,
CCR3 antagonists may modulate the recruitment of Th2
cells and hence the regulation of allergic inflammation in
asthma. (CCR4 is also likely to be expressed on Th1 type
human T cells [13], and the role of CCR8 in vivo has yet
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to be addressed.) There is further evidence that the che-
mokine MCP-1, signalling via the CCR2 receptor, may
also play a significant role in the regulation of Th1/Th2
differentiation [14].

Future innovations in asthma therapy may come from
the modification of sensitization to allergens. Dendritic
cells express selected chemokine receptors that are altered
during maturation and are involved in localization of
dendritic cells to lymph nodes in order to facilitate anti-
gen presentation to T cells [15].

Chemokines and Their Receptors in COPD
The potential role of chemokines in the slowly progres-

sive inflammation of COPD is less well characterized
than that of asthma, although animal models have con-
tributed to our understanding of this condition [16]. Neu-
trophils may have a major role in the pathology of COPD.
These cells express two major receptors, CXCR1 and
CXCR2. In vitro evidence suggests that CXCR2 may be
more relevant in mediating neutrophil recruitment and
CXCR1 in causing neutrophil activation [17]. Neutrophil
chemokine receptor phenotype may also be altered in
inflammation with the expression of CCR1 and CCR3
[18], suggesting that CC chemokines may play a role in
neutrophil function in disease. Other studies have identi-
fied roles for macrophages in the pathology of COPD,

with an emphasis on their generation of matrix metallo-
proteinases [19]. In keeping with this, the expression of
MCP-1, which acts on the receptor CCR2 and has a major
role in monocyte recruitment, is upregulated in COPD
[20]. Regulatory lymphocytes, both CD4+ and CD8+,
may also play a role in COPD, although the chemokine
receptor profile of T cells in COPD has yet to be investi-
gated [21].

Antagonism of Chemokine Function in Human
Disease
Since multiple chemokines are active on each receptor,

the targeting of single chemokine ligands, by neutralizing
humanized antibodies or similar strategies, is unlikely to
be effective. In contrast, the selective expression patterns
of chemokine receptors suggests that antagonism of these
receptors is a feasible therapeutic strategy. These recep-
tors are of the 7-transmembrane, G-protein coupled class,
whose historical antagonism (ß-blockers, H2-receptor an-
tagonists) is well established. Small molecule antagonists
of CCR1, CCR2, and CXCR2 have been published [22–
24], and antagonists of CCR3 have been identified in the
patent literature. The plethora of roles of chemokines in
the regulation of inflammation suggests that chemokine
receptor antagonists may be significant additions to our
pharmacological armamentarium.
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Summary
CD4+ Th1 and Th2 cells are critical mediators of inflammatory

diseases. In the lung, Th1-dominated responses are associated with
the presence of a large number of macrophages and neutrophils. By
contrast, eosinophilic inflammation associated with mucus hyperse-
cretion is dependent on the presence of Th2 cells. Here we review the
traffic signals that enable the differential recruitment of Th1 and Th2
cells for the inflammatory response in the lung.

The four most important chronic inflammatory dis-
eases of the airways are COPD, asthma, cystic fibrosis
and bronchiectasis. Although all of them are character-
ized by a persistent infiltrate of the airway mucosa by
mononuclear cells, particularly T cells, the characteristics
of T cells and other inflammatory cells are clearly distinct.
In COPD, a disease characterized by chronic airway
obstruction mainly due to cigarette smoking, the intralu-
minal airway inflammation is predominantly neutro-
philic associated with increased levels of IL-8, and the
mononuclear cells infiltrating the airway mucosa are pre-
dominantly macrophages and CD8+ T cells [1], possibly
of the Tc1 type [2]. The CD8+ T cells correlate with the
severity of airflow limitation. In asthma, a disease charac-
terized by reversible airway obstruction mainly due to
allergen sensitization in genetically predisposed subjects,
the airway inflammation is dominated by eosinophils and
mast cells. It is associated with increased levels of IL-4,
IL-5, and IL-13, and the mononuclear cells infiltrating the

airway mucosa are predominantly CD4+ T cells, of the
Th2 type [3]. In addition, unique to asthma is an
increased thickness of the reticular layer of the epithelial
basement membrane, a phenomenon that might be relat-
ed to a Th2 pattern of inflammation [4]. In cystic fibrosis,
a disease caused by a mutation in a gene located in the
long arm of chromosome 7 which encodes for the trans-
membrane chloride conductance regulatory protein, the
chronic airway inflammation is due to chronic bacterial
infections and it is dominated by neutrophils and in-
creased levels of IL-8 [5, 6]. The type of mononuclear cells
infiltrating the airway mucosa has not been sufficiently
characterized. Bronchiectasis is an airway disease charac-
terized by irreversible dilatation of the bronchi and per-
sistent purulent sputum. The chronic airway inflamma-
tion is due to chronic bacterial infections and is domi-
nated by neutrophils and, to a lesser extent, eosinophils,
and increased levels of IL-8. The mononuclear cells infil-
trating the airway mucosa are predominantly CD4+ T
cells rather than CD8+ T and macrophages [7].

Mechanisms for Recruitment of Effector T Helper
Cells into the Lungs
Localization of inflammatory cells into the lung re-

quires specific interactions with the vascular endothelium
and subsequent migration of cells through the vessel wall
and within the tissue. Leukocyte extravasation is a multi-
step process mediated by the interplay of adhesion mole-
cules, chemokines and chemokine receptors which in-
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Fig. 1. Coordinated localization of inflammatory cells to the lung.
The characteristic leukocytes involved in Th1- or Th2-types immune
responses are shown. The major chemokine receptors and their
ligands that facilitate the co-localization of these leukocytes are listed
below.

volves rolling, firm adhesion, diapedesis and migration
within interstitial tissues [8]. Recent studies from our
group and others have pointed out that among trafficking
signals, chemokines and their receptors provide a central
paradigm for understanding the mechanisms that regulate
the tissue-specific recruitment of Th1 and Th2 cells [9–
11]. Chemokines are members of a large, growing family
of small cytokines, which play a key role in the leukocyte
recruitment process. There are 140 chemokines identi-
fied to date, and these can be classified according to the
configuration of cysteine residues near the N-terminus in
four major families: CXC, CC, C and CX3C. These mole-
cules exert most of their biological effects by binding to a
large family of G-protein-coupled seven-transmembrane
receptors (10 CCR, 5 CXCR, 1 CX3CR and 1 CR) lead-
ing to activation of multiple intracellular signalling path-
ways [12]. Given the elevated number of ligands and
receptors, the chemokine system is well suited to provid-
ing the diversity of signals needed for the exquisite speci-
ficity of the recruitment process. As leukocytes roll along
blood endothelium, certain chemokine receptors signal a
change in integrin conformation and affinity, which leads
to firm arrest of the cells. Other chemokines are more
important for subsequent steps, such as guiding the leuko-
cytes through the tissue interstitium. Because chemokine

receptors are fundamental to leukocyte migration, their
expression regulates which subsets of cells are recruited to
particular tissues. Blocking chemoattractants or their re-
ceptors is thus a logical approach to interfering with
harmful inflammatory responses in the lung as well as in
other tissues.

Chemokine and Their Receptors for Th1/Th2
Responses
We and others have reported differential expression of

several chemokine receptors on either Th1 or Th2 cells
[10, 11, 13, 14]. The receptors preferentially expressed on
Th1 cells are CCR5 and CXCR3. In addition to these
receptors, we have recently shown that CCR1 is also tight-
ly linked to the Th1 program being upregulated in Th1
cells by IL-12 [15, 16]. Selective expression of chemokine
receptors results in differential chemotactic responsive-
ness of Th cells. MIP-1ß (CCR5 ligand) and interferon-
inducible protein 10 (IP-10) (CXCR3 ligand) preferen-
tially attract Th1 cells. An analysis of lung T cells in sar-
coidosis confirmed our in vitro findings. Virtually all the
lung T cells expressed CXCR3 [17], thus suggesting that
CXCR3 expression may confer on Th1 cells a selective
ability to penetrate and localize in the site of granuloma
formation. In addition to relying on chemokine receptors,
the accumulation of Th1 cells in the lung tissues must also
rely on adhesion molecules such as E- and P-selectin
ligands [18], as well as on certain integrins which operate
for Th1 but not for Th2 cells [15, 19].

In contrast to Th1, Th2 lymphocytes have significantly
higher expression of CCR3, CCR4 and CCR8. Interest-
ingly, while levels of CCR3 have been shown to be low
and variable in a number of studies, CCR4 is strongly
expressed on in-vitro-activated Th2 cells [20]. Further-
more two recent studies have documented CCR4 expres-
sion on lung-infiltrating Th2 cells after allergen challenge
of asthmatic individuals [M. Mariani et al., in prepara-
tion], and an increase of CCR4+ peripheral blood mono-
nuclear cells in atopic dermatitis patients as compared to
normal controls [21].

Coordinated Localization of Inflammatory Cells to
the Lung: A Central Role for Chemokines?
A fundamental feature of Th1 and Th2 type inflamma-

tory responses is the coordinated involvement of multiple
and distinct types of leukocyte subsets, which can be
thought of as ‘immune functional units’ (fig. 1). It is com-
mon knowledge that Th1 cells are often found to co-local-
ize with macrophages and neutrophils at peripheral in-
flammatory sites, whereas eosinophils and basophils are
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found together with Th2 cells. By producing their mutual-
ly exclusive pattern of cytokines, Th1 and Th2 cells
influence the activity of other leukocyte subsets as well as
that of tissue-resident cells. For instance, bronchial hyper-
responsiveness and mucus overproduction in asthma ap-
pear to be directly linked to the effects of Th2 cytokines,
particularly IL-13, on the resident cells of the lung [22].
Extravascular localization of blood-borne leukocytes re-
quires the expression of currently ill-defined trafficking
signals by the target tissue. However, thanks to a series of
recent studies, chemokines are emerging as an important
means of tissue-specific localization of the Th1 and Th2
‘immune functional unit’. Expression of CCR3 by eosino-
phils, Th2 cells, basophils and even mast cells has been
reported and CCR4 expression has been shown on Th2
cells as well as on basophils. The ligands for both recep-
tors, eotaxin for CCR3 and macrophage-derived chemo-
kine (MDC) for CCR4, have been documented in the
asthmatic lung and implicated in the pathogenesis of air-
way hyperactivity. Interestingly, a novel chemokine re-
ceptor named CRTH2 has been reported to be highly and
selectively expressed on Th2 cells and eosinophils, and
even though its ligands are unknown, an agonistic activity
appears to be produced by FcÁRI-triggered human mast
cells [23]. In the case of Th1 cells, CCR1 and CCR5 which
are the receptors for several inflammatory chemokines
often associated with Th1-type immunity, are shared with
monocytes and macrophages. These findings strongly
support the theory that certain chemokines may have a
critical role in co-localizing several leukocyte subsets to
the inflammatory microenvironment. The role of chemo-
kines may not be limited to simply recruiting the right
combination of inflammatory cells within the inflamma-
tory microenvironment, but they may also have an active
role in determining the morphological characteristics of
the inflammatory infiltrate. Indeed, a critical role for cer-
tain chemokines in the formation and structural organiza-
tion of lymphoid organs is already well documented.
Thus, it is not difficult to envision a role for chemokines
in granuloma formation and in the neogenesis of lym-
phoid structures that become apparent at sites of chronic
inflammation. In asthma, multiple chemokines have been
found to participate in orchestrating the different stages
of the inflammatory response in the lung, consistent with
the idea that these molecules coordinate the migration
and the interaction of different leukocyte subsets during
an inflammatory response.

Chemokine Receptor Regulation in Th1 and Th2
Cells: A Tool for the Multistep Navigation of
Activated T Cells
As discussed in the previous section, a large number of

chemokines and their receptors have been involved in
regulating the recruitment of the Th1 or Th2 immune
functional units. The multiplicity of chemotactic signals
acting on a certain type of immune effector cell seems to
underline an apparent redundancy in the system. In the
case of phagocytes, this redundancy has been proposed as
a basis for the required robustness of the inflammatory
chemotactic signals. Thus, even though some chemotactic
signals may be redundant and dispensable, the overall
redundancy of the system may actually be a critical and
indispensable feature. Similar considerations may also
apply to the Th1 and Th2 immune functional units. How-
ever, redundancy in the mechanisms of T cell recruitment
may be less than anticipated. Recent findings suggest that
distinct chemokine-receptor axes may act at distinct
stages of the T cell localization process. For instance, sev-
eral receptors for inflammatory chemokines, such as
CCR1, CCR2, CCR3, CCR5 and CXCR3, are downregu-
lated following TCR triggering of Th1 and Th2 cells. In
marked contrast, CCR7, CCR4 and CCR8 are strongly
upregulated upon TCR-mediated activation [20]. These
changes in chemokine receptor expression may serve to
modify the migratory behaviour of activated Th1 and
Th2 cells and establish a hierarchy of action among dis-
tinct chemokine-receptor axes. Thus, it is conceivable
that CCR3, CCR4 and CCR8 may regulate the extravasa-
tion of circulating Th2 cells and, upon activation, their
re-localization in the tissue microenvironment. On this
subject, it is noteworthy that in the study by Gonzalo et al.
[24] the MDC-CCR4 axis was shown to act specifically by
retaining inflammatory cells within the lung interstitial
tissues. In further support of this concept, the reported
modulation of chemokine receptor expression in response
to a variety of cytokines may be another way to target spe-
cialized Th cell subsets to specific microenvironments.
Notably, IL-4 upregulates CXCR4 expression on T cells,
whereas IL-12 upregulates CCR1 and downregulates
CXCR4 expression. Similarly, Th1 and Th2 cytokines
have been found to modulate, often in opposite direc-
tions, the expression of several chemokine receptors on
distinct leukocyte subsets. This extreme plasticity of ex-
pression suggests on the one hand, that inhibiting the
action of these chemokine receptors may be useful in mul-
tiple pathological settings. On the other hand, it also
makes these receptors unlikely to serve as selective mark-
ers of disease.
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Summary
Eosinophils are thought to play a role in many inflammatory dis-

eases, in particular allergy and asthma. Primarily tissue resident cells,
eosinophils constitute only about 2–5% of peripheral blood leuko-
cytes. Their selective recruitment into tissues from the blood is large-
ly dependent on chemokines, or ‘chemotactic cytokines’. Various
functions have been ascribed to chemokines, including many pro-
inflammatory activities, such as chemotaxis, integrin activation, and
degranulation, which are mediated by receptors differentially ex-
pressed on leukocyte subsets. Experimental data from several animal
models have demonstrated that the C-C chemokine eotaxin plays an
important role in the recruitment of eosinophils into areas of allergic
inflammation through its specific interaction with C-C chemokine
receptor-3, CCR-3, which is highly expressed on these cells. In addi-
tion, accumulating evidence suggests that eotaxin plays a role in the
trafficking of other CCR-3-bearing effector cells, such as basophils
and alveolar macrophages. It is also implicated in the recruitment of
CCR-3-bearing Th2 cells, a key regulator of allergic inflammatory
reactions, in part through the allergen driven production of IL-4 and
IL-5, which prime and activate basophils and eosinophils. Blockade
of CCR-3, therefore, may reduce the level of both effector and regula-
tory cell infiltrates at sites of allergic inflammation and hence, CCR-3
has recently emerged as an exciting new therapeutic target for allergy
and asthma.

Molecular Mechanisms of Action
CCR-3 is a seven-transmembrane-spanning, pertussis

toxin-sensitive G-protein coupled receptor (GPCR) [1, 2]
which binds several chemokine ligands (functional recep-
tor agonists) including eotaxin, eotaxin-2, eotaxin-3,
RANTES, MCP-3, and MCP-4 among others (table 1).
While the eotaxins appear to utilize CCR-3 exclusively,
RANTES, MCP-3, and MCP-4 have a more promiscuous
binding nature and are ligands for additional chemokine
receptors [3]. Ligand binding and activation of chemo-

Table 1. Sites of CCR-3 expression and ligand production

Cellular expression
of CCR-3

CCR-3
ligands

Known sites of CCR-3
ligand production

Th2 cells
Basophils
Alveolar macrophages

Eotaxin Airway epithelium
Airway smooth muscle cells
Alveolar macrophages
Vascular endothelium
Nasal polyp epithelium
Eosinophils
T cells

Eotaxin-2 Airway epithelium
Eotaxin-3 Vascular endothelium
MCP-2 Monocytes

Osteosarcoma cells
MCP-3 Osteosarcoma cells
MCP-4 Airway epithelial cells
RANTES T cells

Eosinophils
Macrophages
Fibroblasts
Airway epithelium
Airway smooth muscle cells
Renal epithelium
Mesangial cells

kine receptors stimulates the release of GDP from the
·-subunit of the heterotrimeric G protein, and its subse-
quent replacement with GTP results in dissociation of the
monomeric G· subunit from the GßÁ heterodimer. The
free GßÁ subunit activates phospholipase C that in turn
leads to the activation of protein kinase C via diacylglyce-
rol and to the release of intracellular calcium stores via
inositol triphosphate. The subsequent activation of MAP
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Fig. 1. Sites of eotaxin activity during eosino-
phil migration: eotaxin synergizes with IL-5
to release eosinophils and their precursors
from the bone marrow into the circulation.
Chemotactic gradients set up by chemokines
bound to glycosaminoglycans (GAGs) on the
endothelial surface direct the migration of
eosinophils into the tissues to areas of in-
flammation. Once in the tissues, eosinophils
release their granules containing major basic
protein (MBP) and eosinophil cationic pro-
tein (ECP) resulting in fibrosis and epithelial
denudation.

kinases via tyrosine kinase is required for cytoskeletal
reorganization, chemotaxis and degranulation [4, 5]. The
small GTP-binding proteins, Rac and Rho, are also acti-
vated and play a role in actin polymerization, leading to
membrane ruffling and pseudopod formation [5]. Chemo-
kine receptor activation is followed by internalization of
the receptor via an endocytic pathway, which is shared
with the receptor for transferrin [6].

Cellular Mechanisms of Action (fig. 1)
CCR-3 is predominately expressed on eosinophils

(40,000–60,000 receptors per cell [4]) and has been shown
to be the principal chemokine receptor on these cells [7].
Th2 cells [8], basophils [9], and alveolar macrophages [10]
have also been shown to express CCR-3, although these
cells express several other additional chemokine recep-
tors. Under the influence of IL-5 and eotaxin [11], eosino-
phils migrate from the bone marrow into the peripheral
circulation where they tether and roll along the vascular
endothelium sampling for chemokine via a selectin de-
pendent process. CCR-3 engagement of eotaxin (or other
CCR-3 ligands) bound to glycosaminoglycans present on
the endothelium, triggers integrin activation, resulting in
arrest and firm adhesion of the eosinophil followed by
diapedesis and migration within tissue along a chemokine
gradient. Upon activation or stimulation by various fac-
tors in the tissues, eosinophils may release cytoplasmic

components such as cytotoxic granule proteins, lipid me-
diators and cytokines that cause tissue destruction and
recruit additional inflammatory cells to the site [12]. Incu-
bation of Th2 cells with TGF-ß or IFN-Á causes a down-
regulation of CCR-3 expression [13, 14]. This suggests
that chemokines and their receptors may also play a role
in T cell inflammatory response.

CCR-3 Inhibition
The rationale for targeting of CCR-3 is supported by

both human and rodent studies. Both CCR-3 and eotaxin
are elevated in the bronchial mucosa of atopic asthmatics,
and this elevation seems to correlate with disease severity
[15]. Neutralization of murine chemokine ligands, such as
eotaxin, RANTES, MCP-3, MCP-5, and MIP-1· (murine
MIP-1· is a potent ligand for murine MIP-1·, however,
human MIP-1· does not bind to human CCR-3) with
monoclonal or polyclonal antibodies has proven effica-
cious in several rodent models of inflammatory disease
including antigen-specific airway inflammation [16]. Be-
cause these chemokines bind multiple receptors, however,
it remains unclear which receptor/ligand pair play key
roles in the disease process. In contrast, a neutralizing
antibody to murine eotaxin that binds CCR-3 only has
been reported to reduce the accumulation of lung eosino-
phils in an ovalbumin-challenged mouse by 60–70% as
well as reducing antigen-induced airway hyperreactivity
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Fig. 2. Snake-plot of the CCR-3 receptor
showing the presumed transmembrane re-
gions (TM).
Fig. 3. Structure of the CCR-3 receptor
showing 7-transmembrane helical bundles.

by 50% [17]. In addition, depletion of eotaxin using tar-
geted gene disruption in mice has been shown to decrease
eosinophil numbers in the BAL fluid 18 h after inhaled
allergen challenge when compared to eotaxin +/+ mice,
although eotaxin –/– mice still mounted an eosinophil
response when compared to unsensitized control mice
[18]. Together, these studies indicate that eotaxin, and
thus CCR-3, plays a role in eosinophil recruitment, but
that additional chemokines or other chemoattractants are
able to recruit eosinophils in the absence of eotaxin. To
address this issue further and to examine the role of CCR-

3, receptor-blocking monoclonal antibodies have been
developed against guinea pig and mouse CCR-3 [19, 20],
and these have been shown to inhibit infiltration of eosin-
ophils into guinea pig and mouse lungs, respectively. Fur-
thermore, a monoclonal antibody specific for human
CCR-3 has been developed (7B11, Leukosite Inc.) [7] and
in vitro antagonism of the receptor was demonstrated
with this antibody [21] on both eosinophils and basophils
[9], resulting in decreased chemotaxis and a decrease in
histamine release from basophils.

2

3
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Receptor Structure (fig. 2, 3)
The chemokine receptors share identity with other

GPCRs as evidenced by conservation of amino acids at
particular loci within the transmembrane helices. Com-
mon residues in the GPCR family are the glycine (G) and
asparagine (N) in TM-1, aspartic acid (D) in TM-2, tryp-
tophan (W) in TM-4, and tyrosine (Y) in TM-5. The sig-
nature region for all chemokine receptors is found in TM-
7 where the glutamic acid is separated by six amino acids
from a cystein/cystein motif (CC), which in turn, is spaced
one amino acid distant from an asparagine/proline motif
(NP). It is interesting to consider that these conserved
amino acids may be critical for ligand binding and recep-
tor activation, and depending on accessibility, may also
serve as potential recognition sites for designed antago-
nists. Whereas the biogenic amine receptors are typically
characterised by a glutamic acid or aspartic acid in TM-3,
this site is a tyrosine in CCR-3; a glutamic acid is found
instead in TM-7. The 7-transmembrane-spanning helical
bundle of CCR-3 forms a channel that presumably plays a
role in coordinating the chemokine for activation of the
receptor.

CCR-3 Antagonists
Inspection of the general chemokine patent literature

suggests a pharmacophore similar to antagonists of bio-
genic amine receptors. A basic nitrogen within the frame-
work of the antagonist seems to be an important element,
which upon protonation at physiologic pH, probably
binds to an anionic residue within the receptor. This
seems to hold true for CCR-3 antagonists as well. Several
companies have filed patents on CCR-3 small molecule
antagonists [22]. Unfortunately, very little information is
provided in terms of intrinsic potency, selectivity, or effi-
cacy within an animal model.

Compound 1 (fig. 4) was reported by LeukoSite as hav-
ing dual activity for CCR-3 (100% inhibition at 3 ÌM
with eotaxin-stimulated chemotaxis of eosinophils) and
CCR-1 (66% inhibition at 10 ÌM with RANTES-induced
chemotaxis of HL60 cells). Compound 2 was described in
a Banyu Pharmaceutical patent as having very impressive
intrinsic activity on both CCR-3 (IC50 = 0.74 nM) and
CCR-1 (IC50 = 1.8 nM). However, the ethyl quat salt
probably imparts vulnerability in terms of variable ab-
sorption and therefore, it is not a likely drug candidate via
the oral route. Piperazine analogues have also been de-
scribed by Roche Bioscience and Merck. Compound 3 is
reported to inhibit CCR-3 (IC50 = 400 nM). Compound 4
was described in a Merck patent that made broad claims
as antagonists of multiple chemokine receptors.

Fig. 4. Chemical structures of CCR-3 antagonists: 1: Leukosite Inc.;
2: Banyu Pharmaceuticals; 3: Roche Bioscience; 4: Merck; 5, 6:
SmithKline Beecham.

More recently, SmithKline Beecham claimed the utili-
ty of compounds 5 and 6 as CCR-3 antagonists. These
compounds are notable due to the absence of a basic
nitrogen, and it remains to be seen what activity they
demonstrate and whether they antagonize in some unique
way.

Outside of the patent literature, efficacy in a murine
model of asthma has been reported [23] for a putative
CCR-3 antagonist (structure not revealed). The com-
pound was reported to have an effect in an ovalbumin-
challenged mouse, reducing BAL eosinophils to baseline
at 30 mg/kg when administered subcutaneously.
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Conclusions
Although there are few data as yet that support the use

of CCR-3 antagonists in allergic diseases, this therapeutic
approach seems a reasonable means to deplete the se-
lective migration of inflammatory cells (eosinophils, baso-
phils and Th2 cells). Since this is a selective inhibition,

there may be fewer side effects such as those seen with
broad-spectrum anti-inflammatory drugs like corticoste-
roids. Since chemokines may bind to more than one che-
mokine receptor, blocking cell-specific receptors appears
to be a more useful target.
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Summary
There is general agreement for a key role of airway inflammation

in the establishment and progression of several lung diseases. In
many of these diseases, neutrophils and their products may play an
important role in the pathophysiology. Neutrophils migrate into the
lung in response to various chemoattractants, including the CXC
chemokine, IL-8. The majority of these chemotactic agents interact
with cell surface 7-transmembrane receptors, such as IL-8 activating
CXCR1 and CXCR2 on neutrophils. There is evidence for a role of
IL-8 in lung disease, including COPD. We have recently identified a
class of compounds that are selective CXCR2 antagonists. In the
present study the in vitro and in vivo pharmacology of SB 265610, a
prototype compound from this series, is described. The results indi-
cate that antagonists, like SB 265610, may be useful for defining the
role of neutrophils and CXCR2 in lung inflammation.

Inflammation of the airways is a feature of a variety of
lung diseases, including COPD [1], acute respiratory dis-
tress syndrome [2], asthma [1, 3], chronic bronchitis [4],
pulmonary fibrosis [5] and cystic fibrosis [6]. The inflam-
matory process is complex involving the release of many
mediators, including chemoattractants that recruit in-
flammatory cells into the site of tissue damage. This is a
normal physiological response to fight infection, but ex-
cessive recruitment and activation of these cells mediate
tissue damage and slow healing. Therefore, inhibition of
inflammatory cell recruitment may be an appropriate
therapeutic strategy for several pulmonary diseases.

A key event in many lung diseases is the recruitment of
neutrophils from the blood stream to the site of inflamma-
tion with the subsequent release of degradative enzymes
and pro-inflammatory mediators. Neutrophils are present

in large numbers in the lungs of patients with chronic air-
way disease, including COPD [1]. The increased percent-
age of neutrophils in sputum of COPD patients correlates
negatively with a measure of pulmonary function, forced
expiratory volume in 1s (FEV1). The concentration of the
CXC chemokine, IL-8, was also increased and correlated
with neutrophil numbers, suggesting a direct cause and
effect relationship [1].

Recruitment of neutrophils depends on their attach-
ment to the endothelium through upregulation of ICAM-
1/E-selectin on endothelial cells and CD11b/CD18 on
PMNs. The regulation of CD11b/CD18 may be mediated
via IL-8 interaction with cell surface receptors. In human
neutrophils, IL-8 binds to two distinct receptors with sim-
ilar affinity (CXCR1 and CXCR2). Several closely related
chemokines containing a common amino terminal Glu4-
Leu5-Arg6 (ELR) sequence, including GRO-·, GRO-ß,
GRO-Á, NAP-2 and ENA-78, bind only to CXCR2 [7]. It
remains unclear whether human neutrophil chemotaxis
in vivo is mediated by one or both receptors, but in vitro
studies with a selective CXCR2 antagonist, SB 225002,
indicate the importance of this receptor for chemotactic
activity [8].

In this report we describe evidence for a role of IL-8 in
lung disease and the in vitro and in vivo characterization
of SB 265610 (fig. 1), a potent and selective CXCR2
antagonist. The results demonstrate that inhibition of
CXCR2 alone is sufficient to inhibit human neutrophil
chemotaxis in vitro, and that oral administration of SB
265610 inhibits neutrophil recruitment in a rabbit model
of lung inflammation.



294 Sarau/Widdowson/Palovich/White/
Underwood/Griswold

Fig. 1. Structure of SB 265610.

Role of IL-8 and Its Receptors in Lung
Inflammation
IL-8 is a member of the large proinflammatory chemo-

kine family that affects immune and inflammatory cells.
IL-8, a CXC chemokine, is a 72-amino-acid protein that is
produced by many cells including neutrophils, mono-
cytes, stromal cells, epithelial cells, dermal fibroblasts,
keratinocytes, vascular endothelial cells, large granular
lymphocytes and human gastric cancer cells [9, 10]. IL-8
activates human neutrophils, T cells, B cells, basophils,
IL-2 activated natural killer cells and IL-3- or GM-CSF-
stimulated eosinophils [11, 12]. IL-8 and GRO-· upregu-
late functional responses for other chemoattractants, e.g.,
fMLP receptor expression on human neutrophils [13].
There is growing evidence that IL-8 is a major player in
neutrophil trafficking [9].

CXCR1 and CXCR2 share 77% amino acid identity
[14, 15]. CXCR1 and CXCR2 are present on human neu-
trophils with different distribution patterns [16]. CXCR2
is expressed on subsets of T cells, including CD4+, CD8+
and CD56+NK, and it is this receptor, rather than
CXCR1, which is key for chemotaxis of these cells [8, 17,
18]. Thus, CXCR2 is strategically positioned to regulate
the entry of neutrophils and T cells into sites of inflamma-
tion.

In chronic inflammatory diseases, including COPD,
several immune and inflammatory cells, including neu-
trophils, T cells and macrophages are believed to contrib-
ute to the underlying pathophysiology [19, 20]. Neutro-
phil activation results in the release of a number of
inflammatory mediators and proteinases, including elas-
tase and matrix metalloproteinases which may contribute
to progressive fibrosis, airway stenosis and destruction of
lung parenchyma, leading to an accelerated decline in air-
way function [21]. In animal models of acute lung injury,
administration of neutralizing monoclonal antibodies to
IL-8 reduces neutrophil infiltration and tissue damage

[22]. In the present study we demonstrate the inhibition
of neutrophil recruitment into the inflamed lung with a
small molecule antagonist of CXCR2, providing addi-
tional evidence for a pathophysiological role for IL-8 in
lung inflammation.

SB 265610: In vitro Pharmacology
A series of diphenylureas were identified using a high

throughput screen as selective inhibitors of CXCR2 [23].
A prototype, SB 225002, was recently reported [8], but the
utility of the compound was limited by its lack of oral
activity in animal models. Affinity for the IL-8 receptors
was determined using [125I]-IL-8 binding to membranes of
CHO cells stably expressing either CXCR1 (CHO-
CXCR1) or CXCR2 (CHO-CXCR2). SB 265610 was
evaluated in this assay and competed for IL-8 binding to
CHO-CXCR2 membranes with an IC50 = 39.1 B 11.0
nM (n = 3) and CHO-CXCR1 with an IC50 = 7,400 B
2,400 nM (n = 3) (fig. 2A). When tested for functional
activity in human neutrophils, which express both
CXCR1 and CXCR2, SB 265610 inhibited GRO-·-
induced Ca2+ mobilization (CXCR2 mediated) with an
IC50 of 5.2 B 1.5 nM (n = 10). The compound was consid-
erably weaker as an inhibitor of IL-8-induced Ca2+ mobi-
lization (CXCR1- and CXCR2-mediated) with an IC50 of
426 nM (n = 2) (fig. 2B). Additionally, the compound
inhibited IL-8-induced Ca2+ mobilization in RBL 2H3
cells stably expressing CXCR1 with an IC50 of 453 B 177
nM (n = 3), confirming its lower affinity for this receptor
(data not shown).

SB 265610 was evaluated for inhibition of human neu-
trophil chemotaxis in response to maximally effective
concentrations of GRO-·, IL-8 and C5a. Using freshly
isolated peripheral blood neutrophils from 3 individuals,
SB 265610 inhibited GRO-· or IL-8-induced chemotaxis
with similar IC50s of 4.5 nM and 7.6 nM (n = 3), respec-
tively (fig. 3). There was no inhibition by SB 265610 of
C5a-induced chemotaxis in concentrations up to 330 nM,
suggesting the activity against IL-8- or GRO-·-induced
chemotaxis was specific and not the result of effects on
general cell mobility. These data indicate that inhibition
of CXCR2 alone is sufficient to inhibit IL-8-induced che-
motaxis of human neutrophils, at least in vitro.

Effects of SB 265610 of LPS-Induced Airway
Neutrophilia
To assess the activity of SB 265610 in an animal mod-

el, rabbits were chosen because they, like humans, express
both CXCR1 and CXCR2 on peripheral blood neutro-
phils [24]. Aerosol LPS administration to rabbits pro-
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Fig. 2. A Inhibition of 250 pM [125I]-IL-8 binding in CXCR1-CHO and CXCR2-CHO
cell membranes by SB 265610. Results are expressed as percent inhibition of specific
binding defined in the presence of 1 ÌM cold IL-8. B Inhibition of IL-8- and GRO-
·-induced Ca2+ mobilization in human PMNs by SB 265610. Results are expressed as
percent inhibition of 1 nM IL-8 or GRO-·-induced Ca2+ mobilization in vehicle treated
controls. Values are the mean of 3 individual experiments.

Fig. 3. Inhibition by SB 265610 of IL-8-, GRO-·-
and C5a-induced chemotaxis of human PMNs.
Results are presented as percent inhibition of
vehicle-treated control cells. Values are the mean
of 3 individual experiments.

Fig. 4. Effect of SB 265610 on LPS-induced lung neutrophil infiltra-
tion in rabbits. SB 265610 (5–25 mg/kg or vehicle, 20 ml of PEG
400/H2O: 50/50) was administered to conscious rabbits 1 h prior to
and 4 h after challenge with an aerosol of LPS (30 Ìg/ml for 15 min).
At 24 h after challenge, rabbits underwent BAL, cells were stained
and neutrophils counted. Data are expressed as percent of at least
100 leukocytes counted; * p ! 0.05 versus vehicle-treated group.

duced profound airway neutrophilia, assessed by BAL. In
this rabbit model of airway inflammation, SB 265610 (5–
25 mg/kg, p.o., 1 h before and 4 h after aerosol LPS chal-
lenge), produced significant inhibition of neutrophilia
induced by 30 Ìg/ml LPS with an ID50 of 10.5 mg/kg,
(fig. 4).

Conclusions
There is accumulating evidence for a role of IL-8 and

inflammatory cells, including neutrophils and T cells in
lung diseases. SB 265610 is a potent, competitive and
reversible CXCR2 antagonist. The in vitro evaluation of
SB 265610 demonstrates that it has 100-fold lower affini-
ty for CXCR1 relative to CXCR2 but inhibits both IL-8-
and GRO-·-induced human neutrophil chemotaxis with
similar potency, suggesting that CXCR2 is the relevant
receptor for this activity. Additionally, the compound
demonstrated oral activity in a rabbit airway neutrophilia
model, supporting a role for CXCR2 in neutrophil traf-
ficking in vivo. The pathophysiological significance of
IL-8 and CXCR2 in lung diseases awaits clinical evalua-
tion with CXCR2 antagonists like SB 265610.
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Summary
Leukocyte subtypes express different sets of cell adhesion mole-

cules. They interact with various combinations of counterligands on
vascular endothelium, respiratory epithelium, matrix proteins and
other tissue structures at distinct steps of the inflammatory cascade.
Not only are these molecules necessary for recruitment into sites of
inflammation, but the pattern and level of expression on a given cell
will determine which leukocytes get recruited. Because these critical
events occur locally at a site of inflammation, a variety of strategies
are being used to generate pharmacologic antagonists of adhesion
molecules. Many are entering clinical trials, and some may prove use-
ful for local or systemic treatment of diseases including asthma, aller-
gy and COPD.

Leukocyte Adhesion Molecules
Leukocytes constitutively express many different types

of adhesion molecules (fig. 1, 2). The patterns and levels
of expression vary widely. L-selectin is found exclusively
on leukocytes. It functions as an adhesion molecule for
lymph node and vascular endothelium, especially under
conditions of blood flow [1]. The N-terminal lectin region
is directly responsible for adhesion. Leukocytes also ex-
press a variety of glycosylated selectin ligands. The levels
and patterns of selectin ligand expression also differ
among leukocyte subtypes [1, 2]. Biosynthesis of many
selectin ligands results from the sequential activity of spe-
cific sialyl- and fucosyl-transferases [3].

Several ligands for selectins have been identified [1]
(fig. 1). Virtually all leukocytes constitutively express P-
selectin glycoprotein ligand-1 (PSGL-1). Murine leuko-
cytes express E-selectin ligand-1 (ESL-1), a molecule with
as yet no human homologue. Memory skin-homing lym-
phocytes express the cutaneous lymphocyte antigen

(CLA) [4]. Glycolipid ligands for E-selectin, termed my-
eloglycans, have been described on neutrophils.

Integrins are molecules with · and ß subunits [5]. Sub-
units combine to form approximately 25 different hete-
rodimers [1]. Integrin expression on leukocytes is quite
varied. For example, ß1 and ß3 integrins are expressed on
leukocytes, endothelium, and epithelium, while ß2 inte-
grin expression is restricted to leukocytes. Within the ·
subunit, there is often an inserted or ‘I’ domain, that
mediates adhesion. Also, conformational changes in inte-
grins regulate integrin avidity [5].

Endothelial and Epithelial Adhesion Molecules
Endothelial cells express many types of adhesion mole-

cules. P-selectin exists preformed and is expressed within
minutes of stimulation with agents such as histamine or
LTC4 [1]. Unlike P-selectin, E-selectin expression re-
quires new mRNA and protein synthesis initiated in
response to cytokines (table 1). Expression is transient,
declining over 24–48 h towards undetectable levels.

Two members of the immunoglobulin superfamily, the
intracellular adhesion molecules ICAM-1 and ICAM-2,
are implicated in leukocyte-endothelial interactions. Both
are constitutively expressed on endothelial cells, but cyto-
kines can enhance ICAM-1 expression (table 1). Ligands
include the integrins ·Lß2 (LFA-1) and ·Mß2 (Mac-1)
(fig. 1). Another important immunoglobulin superfamily
molecule is vascular cell adhesion molecule-1 (VCAM-1)
[1]. Like E-selectin, its expression is induced de novo by
interleukin-1 (IL-1) or tumor necrosis factor (TNF). Un-
like E-selectin, expression is maximal by 24–48 h, and
VCAM-1 can be selectively upregulated by IL-4 or IL-13
[6]. The combination of IL-4 or IL-13 with TNF or IL-1 is
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Fig. 1. Examples of families of adhesion molecule ligands on leuko-
cytes and endothelial cells. Note that some adhesion molecules are
missing (e.g., L-selectin) and that no single leukocyte expresses all of
these structures (e.g., CLA is found on memory T cells, while ·4 inte-
grins are not expressed by neutrophils).

Fig. 2. Adhesion molecules on leukocytes and endothelium and their
role during various steps in cell recruitment. Integrins are designated
using common names for their · and ß subunits. PSGL-1 = P-selectin
glycoprotein-1; ESL-1 = E-selectin ligand-1; CLA = cutaneous lym-
phocyte antigen; PECAM = platelet endothelial cell adhesion mole-
cule; VCAM = vascular cell adhesion molecule; ICAM = intercellular
adhesion molecule.

Table 1. Regulation of endothelial and epithelial adhesion molecule expression by cytokines1

Stimulus ICAM-1

endothelial epithelial

VCAM-1

endothelial epithelial

E-selectin

endothelial epithelial

3+ 3+ 0 0 0 0
IL-1 or TNF 4+ 4+ 3+ 2+ 4+ 4+
IL-4 or IL-13 3+ 3+ 2+ 1+ 0 0
IFN-Á 4+ 4+ 0 0 0 0
IL-1 or TNF2 and

IL-4 or IL-13 3+ 3+ 4+ 4+ 0 0

1 Based on data using human umbilical vein endothelium and respiratory epithelial cell lines.
2 Concentrations just below those that by themselves will induce adhesion molecule expression.

particularly synergistic (table 1). Ligands for VCAM-1
include the integrins ·4ß1 (or VLA-4), ·4ß7 and ·dß2
(fig. 1) [1, 7].

One additional member of the immunoglobulin super-
family implicated in leukocyte recruitment is platelet-
endothelial cell adhesion molecule-1 (PECAM-1). It is
constitutively expressed on endothelial cells and most leu-
kocytes. PECAM-1 may function during transendothelial
migration [8], but because its intracellular portion con-
tains immunoreceptor tyrosine-based inhibitory motifs
(ITIMs), its primary function may instead be cell signal-
ing [9].

Epithelial cells resemble endothelial cells in their ex-
pression of ICAM-1, but are not capable of expressing any
of the selectins. Induction of both ICAM-1 and VCAM-1
in epithelial cell lines by cytokines has been reported (ta-
ble 1) [10]. Additionally, epithelial and endothelial cells
express their own unique patterns of integrins that they
use primarily for interactions with tissue matrix [11, 12].

Due to their prominent expression on eosinophils,
basophils, and T lymphocytes, and their absence on neu-
trophils, ·4ß1 and its ligands are believed to play a promi-
nent role in allergic inflammation. They recognize the
amino acid sequence IDS in VCAM-1 and a related ami-
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no acid sequence, LDV, in fibronectin [4]. Like ·4ß1,
·4ß7 binds to fibronectin and VCAM-1, but it also binds
mucosal addressin cell adhesion molecule-1 (MAdCAM-
1) found in the gut [4]. The ß7 subunit can pair with
another subunit, ·E, on lymphocytes where it functions as
a ligand for E-cadherin found on the basolateral surface of
epithelial cells [13].

Endothelial and Epithelial Interactions
Leukocyte emigration from the intravascular compart-

ment into extravascular sites is a multistep process,
divided into distinct but overlapping stages (fig. 2). Under
the forces of blood flow, cells initially undergo the process
of tethering and rolling. This is mediated primarily by
selectins and their counterligands [14], although the inte-
grins ·4ß1 and ·dß2, via interactions with VCAM-1, can
also participate [15, 16]. The next step involves firm leu-
kocyte adhesion to the endothelial surface. This integrin-
dependent event probably requires leukocyte activation,
resulting from exposure of leukocytes to factors produced
by and/or displayed on the surface of endothelial cells
[14]. This rapid activation increases the avidity and
expression of integrins on the leukocyte surface, leading to
enhanced binding to immunoglobulin superfamily mole-
cules such as ICAM-1, ICAM-2 and VCAM-1. Together,
these first two steps are termed ‘margination’. Subsequent
transendothelial migration is mediated primarily by
ICAM-1 and ß2 integrins, but VCAM-1, PECAM-1 and
their ligands also can participate [8, 17]. Pathways regu-
lating the ensuing migration through the tissue matrix,
and transepithelial migration into the epithelium and air-
way lumens, are less well understood. In vitro and in vivo,
transepithelial leukocyte migration, like transendothelial
migration, appears to be primarily mediated by ICAM-1
and ß2 integrins [18], but this cannot explain the entire
pathway [11, 17]. Studies with knockout or hypomorphic
mice also implicate ICAM-2 [19], VCAM-1 [18], CD34 (a
ligand for L-selectin) [20] and ·Eß7 [21] in this process.

Selective Leukocyte Accumulation
Models of selective leukocyte recruitment suggest that

adhesion molecules work in concert with cytokines, che-
mokines, and other activating factors, to influence leuko-
cyte migration [14]. For instance, tissue accumulation of
subsets of leukocytes, especially eosinophils, basophils,
and Th2 lymphocytes, is a hallmark of chronic allergic
inflammation. One such paradigm by which adhesion
molecules might facilitate allergic cell recruitment is
shown in figure 3. A variety of studies in both animals and
humans provide support for this paradigm [1].

Fig. 3. Proposed sequence of cytokine production and endothelial
adhesion molecule induction during allergic inflammation. Initial
antigen exposure leads to the local release of IL-1 and TNF from
mast cells and dendritic cells, resulting in endothelial expression of
ICAM-1, E-selectin, and VCAM-1. Other more rapidly acting media-
tors, such as histamine and sulfidopeptide leukotrienes, induce P-
selectin. This pattern of endothelial cell activation facilitates the ear-
ly adhesion and transendothelial migration of many different leuko-
cyte types. The subsequent production of IL-4 and IL-13 by lympho-
cytes, basophils and other cells, either alone or in synergy with IL-1
and TNF, may lead to augmented preferential VCAM-1 expression,
favoring further recruitment of cells bearing ·4ß1 integrins, such as
eosinophils, basophils and lymphocytes.

Table 2. Therapeutic strategies for antagonizing adhesion molecules

Block cell surface expression
Cytokine and cytokine receptor antagonists
Antisense nucleotides
Fucosyl- or sialyl-transferase inhibitors
Metalloprotease inhibitors

Block function
Low molecular weight competitive antagonists
Oligosaccharides and glycomimetics
Linear and cyclic peptides
Monoclonal antibodies
Soluble adhesion molecule constructs
Integrin ‘activation’ inhibitors

From Bochner [22] with permission.

Blocking Cell Adhesion Molecules
Novel therapies that target adhesion molecules (ta-

ble 2) [3, 22] may soon provide not only the pharmaco-
logic verification of their importance in inflammatory dis-
eases but also an alternative approach to the treatment of
airway diseases.
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Summary
The ·4 integrins, ·4ß1 (VLA-4) and ·4ß7, are heterodimeric cell-

surface proteins involved in both cell-cell and cell-matrix interac-
tions. Widely expressed on leukocytes, these integrins are critical reg-
ulators of pathophysiologic responses in inflammation and autoim-
mune disease. The central role of integrin ·4ß1 in animal models of
inflammatory disease has been extensively documented using ·4-
specific monoclonal antibodies (mAbs). Important advances have
been made in identifying potent and selective small-molecule inhibi-
tors for further development, strongly suggesting that ·4ß1 should be
an accessible small-molecule target. Moreover, biological evaluation
of advanced compounds suggests that efficacy comparable to that
achieved with mAbs is possible which, based on clinical results with
an mAb, augurs well for eventual success with this target. Here we
summarize recent advances in ·4ß1 research with particular empha-
sis on the chemistry of small molecule antagonists, and on asthma as
a clinical target.

Molecular and Cellular Mechanisms of Action
The ·4ß1 integrin is expressed at high levels on mono-

nuclear leukocytes, mast cells, macrophages, basophils,
and eosinophils [1–3]. Although originally thought not to
be expressed on neutrophils (PMNs), recent studies sug-
gest ·4ß1 can also be expressed on this cell type at low but
functionally significant levels [4].

Vascular cell adhesion molecule-1 (VCAM-1) and the
alternatively spliced type III connecting segment-1 (CS-1)
of fibronectin are the only ligands for ·4ß1 well character-
ized to date. Recent work suggests ·4ß1 also binds anoth-
er matrix ligand, osteopontin, a secreted phosphoprotein
with multiple functions [5]. The possible role of osteopon-
tin as an ·4ß1 ligand is intriguing as it is strongly upregu-
lated in many disease states, including the inflamed lung
[6].

Numerous studies have demonstrated a critical role for
·4ß1 in leukocyte recruitment, and in particular the role
of this integrin in eosinophil function has been well docu-
mented [1, 2]. More recently, it has become clear that the
interaction of ·4ß1 and other leukocyte integrins on emi-
grated cells with matrix molecules within the inflamed tis-
sue plays a critical role in their priming, activation and
survival [2, 7]. In this light, extensive in vitro studies show
that ·4 may play a particularly important role in PMN
function following emigration into tissues [4]. The patho-
physiological significance of these results in human asth-
ma requires further study, since PMNs are recruited into
the lung in animal models of allergic lung disease and in
human asthma [8, 9]. However, the critical ability of this
integrin to modulate the function of the multiple leuko-
cyte cell types involved in allergic responses has made it a
particularly attractive intervention point for drug devel-
opment.

·4 Integrins and Asthma: In vivo Data
The role of ·4 integrins in allergic lung inflammation

has been extensively studied using mAbs. The in vitro and
in vivo effects of these mAbs have been reviewed recently
[2, 4] and can be summarized as follows (table 1). In five
animal species sensitized to one of three different anti-
gens, three distinct blocking mAbs to ·4 profoundly
inhibit allergic lung inflammation. Importantly, in three
of three models tested, local delivery to the lung is effica-
cious. In one murine model, systemic and local delivery
were carefully compared. While both delivery modes fully
blocked eosinophil recruitment into the lung, only local
delivery blocked cytokine release in the lung, mucus
secretion, and airway hyperresponsiveness. Other recent
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Table 1. Validation of integrin ·4ß1 in animal models of airway dis-
ease

Species Antigen mAb Route of
administration

Refer-
ence

ovalbumin PS/2 i.n. 10
Rat ovalbumin TA-2 i.v. 11
Guinea pig ovalbumin HP1/2 i.v., i.p. 12
Rabbit dust mite PS/2 Aerosol 13
Sheep Ascaris suum HP1/2 i.v., aerosol 14

studies implicate ·4 integrins in mast cell function and
extend their role in the recruitment of leukocyte subsets to
the lung, particularly eosinophils [15]. Taken jointly,
these data strongly suggest that ·4 integrins expressed on
cells within the inflamed lung are the therapeutic target.
Finally, support for a role for ·4 integrins in other allergic
conditions, such as allergic conjunctivitis, continues to
emerge [16]. 

Biochemical Properties of ·4ß1
On resting cells, integrin ·4ß1 binds soluble ligands

with low affinity. However, a continuum of high affinity
states is observed when cells, or purified receptor, are
exposed to different divalent metal ion conditions or acti-
vating mAbs specific to the ß1 subunit [17]. Additionally,
receptor activation leads to increased avidity in static cell
adhesion assays and causes immediate firm arrest of Jur-
kat cells rolling on VCAM-1 under flow [18]. While high-
affinity states have not been observed directly in vivo,
·4ß1 inhibitors that bind selectively to the high-affinity
receptor prevent arrest and firm adhesion of cells under
flow conditions without inhibiting initial tethering and
rolling, a function dependent on low affinity receptor [19].
These results suggest that the detailed interplay between
low and high receptor affinity states may orchestrate key
cell adhesion phenomena essential for cell trafficking in
vivo. To the extent that ·4ß1-mediated pathology is
induced by discrete activation states of the receptor, it
may be desirable to identify therapeutic agents selective
for these receptor forms.

Therapeutic Approaches
Monoclonal Antibodies. As noted above, mAbs to ·4

that block ligand binding have been employed extensively
to validate the role of ·4 in animal disease models. These
mAbs bind to complex epitopes adjacent to the ligand

binding site and prevent macromolecular ligands from
binding to resting as well as activated receptor forms. On
the other hand, they do not inhibit the binding of small
molecule ligand mimics [17]. A humanized mAb based on
the IgG4 framework has been developed through phase II
clinical trials in multiple sclerosis (table 2) [21].

Peptide Analogs. Several groups have developed pep-
tide inhibitors of ·4ß1 based on the Leu-Asp-Val se-
quence from CS-1 recognized by the receptor [28]. These
peptides competitively inhibit the binding of natural
ligands and stimulate the appearance of ligand-induced
epitopes, properties consistent with ligand mimics. Gen-
erally, these peptide analogs bind preferentially to acti-
vated receptor, and to varying degrees they exhibit selec-
tivity for ·4ß1 compared to ·4ß7 [22]. BIO-1211, an
·4ß1-selective tight-binding peptide analog selective for
activated receptor, inhibits early and late airway re-
sponses following antigen exposure in a sheep model of
allergic airway disease, and it also reverses established
antigen-induced hyper-responsiveness [23]. Additionally,
administration of the compound for several days prior to
antigen exposure blocks infiltration of ·4ß1-bearing cells,
including eosinophils, suggesting that ·4ß1 inhibition
may provide an important anti-inflammatory profile in
allergic disease. An aerosol formulation of BIO-1211 has
progressed to phase II clinical trials in patients with mild
to moderately severe asthma.

A cyclic peptide inhibitor, ZD-7349, administered by
minipump, inhibits murine collagen-induced arthritis as
well as other lymphocyte-mediated allergic pathologies
[25]. Development of a slow-release depot formulation of
this compound for treatment of autoimmune and allergic
diseases has begun.

Small-Molecule Inhibitors. Encouraging medicinal
chemistry efforts, apparent in the recent patent literature,
have independently identified a number of related chemi-
cal series. Some of these compounds appear to exhibit
desirable pharmaceutical properties; however, the rela-
tive lack of detailed information from peer-reviewed
sources prevents any firm conclusions on the overall
attractiveness of these series. An early orally bioavailable
agent, TR-14035, which binds to both ·4 integrins, has
entered phase I trials slated for inflammatory bowel dis-
ease.

Overall, results obtained to date testify to the power of
medicinal chemistry coupled with modern target-based
screening methods in the discovery of potent integrin
antagonists. While the conversion of peptide lead mole-
cules to viable, orally bioavailable mimetics is a frequent-
ly difficult challenge, it is increasingly apparent that inte-
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Table 2. Advanced inhibitors of integrin ·4ß1

Structure Company Properties and activity Development
stage

Reference

Natalizumab, AntegrenTM
Elan two doses of drug 4 weeks apart ↓ new active

and gadolinium enhancing lesions by 50% over
12 weeks; MRI assessment; no effect on clinical
relapse rate

phase II
MS

20, 21

BIO-1211

Biogen binding: KD = 0.07 nM
adhesion: IC50 = 1 nM
sheep airways model: effective at 0.1 mg/kg (aer)

phase II
asthma

22, 23

TR-14035

Tanabe binding: IC50 = 1 nM
adhesion (·4ß1): IC50 = 46 nM

(·4ß7): IC50 = 5 nM
oral bioavailability: 60% (rat), 20% (dog)
DNFB-induced DTH: ED50 = 30 mg/kg (oral)
DSS colitis: ED50 = 10 mg/kg (oral)

phase I
IBD

24

Cyclo(MePhe-Leu-Asp-Val-D-Arg-D-Arg)
ZD-7349

Zeneca adhesion: IC50 = 0.3 ÌM
OVA-induced DTH: ED50 = 0.1 mg/kg
CIA: effective at 10 mg/kg/day by minipump

development 25

Roche binding: IC50 = 0.2 nM
adhesion: IC50 = 9 nM

preclinical 26

Genentech adhesion: IC50 = 0.5 nM preclinical 27

grin targets are accessible by this approach. The results
bode well for the eventual identification of effective thera-
peutic agents against ·4 integrins.

Clinical Experience with Monoclonal Antibodies:
Multiple Sclerosis
One humanized anti-·4 integrin antibody (natalizu-

mab; Antegren™) is currently in clinical trials and pub-
lished data are available [21]. Following an initial safety
and pharmacokinetic study, the effect of Antegren on
lesion activity was assessed by magnetic resonance imag-
ing (MRI) in a randomized, double-blind, placebo-con-
trolled trial in 72 patients with active relapsing-remitting
and secondary progressive MS. Patients received two

intravenous infusions of mAb or placebo 4 weeks apart,
and they were monitored over 24 weeks with serial MRI
and clinical assessment. The treated group exhibited sig-
nificantly fewer new active lesions (mean 1.8 versus 3.6
per patient) and new enhancing lesions (mean 1.6 versus
3.3 per patient) than the placebo group over the first 12
weeks, while there was no significant difference in the
number of new active or enhancing lesions in the second
12 weeks of the study. The treatment showed that mAb
against ·4 integrin results in a significant reduction in the
number of new active lesions on MRI. Importantly, these
data suggest that ·4 integrin blockade in man is safe, at
least for a period of about 2 months, and may have anti-
inflammatory potential.
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Conclusions
Small molecule antagonists of ·4 integrins are not par-

ticularly difficult to generate, and orally active inhibitors
with suitable pharmacokinetic and pharmacodynamic
properties should soon follow. The role of receptor activa-

tion in disease settings and the importance of compart-
mentalization of the ·4ß1 target remain as major open
questions that may require clinical evaluation of parenter-
al and orally active agents with a spectrum of properties to
achieve satisfactory answers.
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Summary
The role of adhesion molecules in the maintenance of persistent

inflammation in asthma and chronic obstructive pulmonary disease
is accepted, albeit incompletely understood. The selectin family of
adhesion molecules mediates primary events in a complex cascade
leading to the tissue localization and activation of inflammatory cells
in many diseases. Blockade of selectins represents a novel therapeut-
ic approach to interrupt the inflammatory cycle by inhibiting the
extravasation of leukocytes at the earliest opportunity in the recruit-
ment process.

The Selectin Family
The selectin (CD62) family of adhesion molecules is

comprised of three members and their nomenclature is
based on their original source of identification and their
primary biologic localization. E-selectin (endothelial), P-
selectin (platelet) and L-selectin (leukocyte) are structur-
ally similar with high homology in humans and structural
conservation across species [1]. The selectins are proteins
with an N-terminal C-type lectin domain, an epidermal-
growth-factor-like domain, a variable number of consen-
sus repeats similar to complement-receptor-binding re-
gions, with a membrane spanning component and a short
cytoplasmic tail [2]. The selectins interact with various
counter-ligands to mediate leukocyte cell rolling and these
are summarized in table 1.

Role of Selectins in Inflammation
The selectins interact with their counter-ligands to ini-

tiate cell rolling along the vascular endothelium. The roll-
ing of leukocytes allows for subsequent interaction with

the integrin family of adhesion molecules, the latter me-
diating capture and firm adhesion (fig. 1). Selectins are
either constitutively expressed and/or inducible by var-
ious stimuli. P-selectin is preformed in platelets and
stored for rapid mobilization in the Weibel-Palade bod-
ies. E-selectin expression can be induced by tumor necro-
sis factor-· (TNF-·), interleukin-1 (IL-1) and lipopolysac-
charide, with maximal expression approximately 4 h after
stimulation. L-selectin is constitutively expressed on the
surface of most leukocytes and is rapidly shed in response
to an inflammatory stimulus. The biologic consequence of
L-selectin shedding is unknown, although it may be relat-
ed to downstream cell signaling events [2].

Table 1. Selectins and their counter-ligands

Selectin Localization Ligands

E-selectin
(CD62E)

Activated endothelium ESL-1
PSGL-1 (CD162)
sialyl Lewisx (CD15s)
sialyl Lewis a
L-selectin

P-selectin
(CD62P)

Platelets, endothelium PSGL-1 (CD162)
sialyl Lewisx (CD15s)
sialyl Lewisa

L-selectin
L-selectin
(CD62L)

Most unactivated
leukocytes

E- and P-selectin
sialyl Lewisx (CD15s)
PSGL-1 (CD162)
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Fig. 1. Leukocyte rolling-adhesion paradigm.

Fig. 2. Structural comparison of sLex and TBC1269.

Rationale for Selectin Antagonist Development
All three selectins have been implicated in the develop-

ment of airway inflammation in animal models of asthma
[3–5]. In a primate model of asthma, administration of a
monoclonal antibody to E-selectin significantly improved
airway mechanics during the late-phase response and
reduced the number of neutrophils in bronchoalveolar
lavage (BAL) fluid [3]. Upon allergen challenge, P-
selectin-deficient mice contained far fewer eosinophils in
BAL fluid and demonstrated a significantly reduced air-
way hyperresponsiveness (AHR) as compared to wild-
type mice [4]. In a sheep model of allergic asthma, pre-
treatment with an L-selectin monoclonal antibody signifi-
cantly reduced both the early and late airway response
(EAR, LAR) and eliminated 24-hour AHR [5]. These data
would suggest that selectin blockade may prove a viable
treatment for inflammatory diseases of the airways.

Consequence of Selectin Inhibition
Immunosuppression is a potential side effect of

chronic blockade of selectins. A human example has been
identified in an extremely rare human syndrome known
as leukocyte adhesion deficiency type II (LAD II) [6]. A
defect in fucose metabolism in these patients results in
improper biosynthesis of selectin ligands and presents
biologically as a unique immunosupression. LAD II pa-
tients have chronic opportunistic infections of the mucosa
and gingiva. Mice made deficient in various selectins by
targeted gene deletion have yielded some useful informa-
tion regarding the anticipated effects of chronic selectin
blockade in humans. Deficiency in a single selectin is gen-
erally well tolerated. Mice deficient in both E- and P-
selectin are associated with more deleterious effects. Mice
deficient in all three selectins show a more severe pheno-
type compared to mice with a single selectin deficiency or
a combined deficiency of two selectins [7]. The signifi-

cance of this remains unclear since the relevance of these
models to the scenario of chronic selectin blockade in
humans has not yet been established.

Therapeutic Approaches
Glycomimetics, recombinant soluble ligands and

small-molecule inhibitors are in various stages of develop-
ment as potential therapeutic agents. Examples of each
class are given below.

Cylexin®. Cylexin is a complex carbohydrate with
structural similarity to sialyl Lewis x (sLex), a natural car-
bohydrate ligand for the selectins. Cylexin® has been
shown to significantly reduce the degree of injury in a
canine myocardial ischemia-reperfusion model [8] and to
be effective as an adjunct therapy to tissue plasminogen
activator in reducing myocardial infarct size in an electro-
lytic canine model [9]. Cylexin® has also proved effective
in reducing the degree of restenosis following ballon inju-
ry in New Zealand White rabbits [10]. Other sLex mimet-
ics have been reported in the literature, although these
compounds are still early in development [11, 12]. 

Recombinant Soluble P-Selectin Glycoprotein Ligand-1.
As with Cylexin, recombinant soluble P-selectin glyco-
protein ligand-1 (rsPSGL-1) has been determined to be
efficacious in models of ischemia-reperfusion injury [13,
14] and as an adjunct to tissue plasminogen activator in a
porcine thrombosis model [15]. rsPSGL-1 has also dem-
onstrated striking synergistic effects with low doses of
cyclosporine in prolonging kidney allograft survival in a
rat model [16].
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TBC1269. TBC1269 is a small molecule selectin antag-
onist that inhibits all three selectins in vitro [17]. A dimer-
ic form of sLex, sialyl di-Lewis x, inspired the design of
TBC1269 (fig. 2).

Although proven effective in animal models of isch-
emia-reperfusion injury [18], TBC1269 is perhaps unique
in that it has been evaluated in several animal models of
asthma and lung injury as well [5, 19]. To date, the com-
pound has proven efficacious in mouse, rat, rabbit, guinea
pig and sheep models of allergic asthma. In the sheep
model, pretreatment with aerosolized TBC1269 at 0.3
mg/kg resulted in a reduction of the EAR and elimination
of the LAR and AHR [5]. The reduction in EAR was asso-
ciated with an inhibition of histamine release from mast
cells suggesting the compound may be disrupting key sig-
nal transduction pathways of the inflammatory response.
Consistent with the mechanism of a selectin antagonist,
the blockade in LAR and AHR was associated with a sig-
nificant reduction in neutrophils in BAL. TBC1269 was
also effective in preventing the LAR and AHR if dosed
90 min, but not 4 h, following antigen challenge [5]. This
result was consistent with the predicted time course of
selectin involvement in the inflammation cascade.

Route of Administration
In the sheep model discussed above, TBC1269 had

similar effects on EAR, LAR, and AHR when dosed eith-
er by aerosol or intravenously although a higher dose was
required intravenously [5]. Classically, selectin antago-
nists would be anticipated to work in the vascular com-
partment since this is the site where their function is most
prolific. Interestingly, recent studies have demonstrated
that cell adhesion antagonists may offer greater protection
in an asthma setting when administered locally as op-
posed to systemically [20]. The mechanism of action

when administered via the airway is unknown, but may
involve alteration of signaling pathways of resident in-
flammatory cells in the lung.

Clinical Experience
The most advanced selectin antagonist is TBC1269,

which has been tested intravenously in asthmatics in an
allergen challenge phase II clinical trial. In this random-
ized, double-blind, placebo-controlled study, a single
30 mg/kg intravenous dose significantly reduced the air-
way recruitment of eosinophils compared to placebo con-
trols [21]. Trends toward improvements in airway me-
chanics (FEV1) were observed in the per-protocol group of
TBC1269-treated patients, but the differences were not
statistically significant in this pilot study of 21 patients.
Another selectin antagonist to reach clinical develop-
ment, Cylexin, has not been tested in humans with asth-
ma. Cylexin showed no benefit over placebo in a 138-
patient trial for the treatment of reperfusion injury in
infants undergoing cardiopulmonary bypass to facilitate
the surgical repair of life threatening heart defects. Based
on the results from this and another phase III trial which
did not meet the primary endpoint, the development of
Cylexin has been halted [22].

Conclusions
Selectin antagonists represent an opportunity to miti-

gate inflammation at one of the earliest points in the
inflammatory cycle [23]. By blocking the activity of the
selectins, leukocyte rolling is significantly impaired and
subsequent tissue extravasation is markedly diminished.
Diseases such as asthma and COPD manifest an inflam-
matory component which is substantial and persistent,
and these diseases may be ideally managed with a selectin
antagonist in combination with bronchodilator therapy.
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Summary
The accumulation and activation of inflammatory cells in the

respiratory tract in asthma and COPD is critically dependent on the
ordered expression of specific adhesion molecules on subsets of leu-
kocytes, and the expression of counter-receptors, such as intercellular
adhesion molecule-1 (ICAM-1; CD54) and vascular cell adhesion
molecule-1 (VCAM-1; CD106) on endothelial cells. ICAM-1 and
VCAM-1 can also be selectively expressed on other cell types in the
lungs, e.g. epithelial cells (ICAM-1), fibroblasts (ICAM-1 and
VCAM-1) and T lymphocytes (ICAM-1). Products of activated
eosinophils and neutrophils within the airway wall cause epithelial
damage which results in airway hyperresponsiveness. Some known
anti-inflammatory agents such as glucocorticoids have been shown to
inhibit the expression of VCAM-1 and ICAM-1 in the lungs and
respiratory tract. Novel agents directed towards blocking VCAM-1 or
ICAM-1 specifically, and currently in preclinical and clinical devel-
opment, have been described and include monoclonal antibodies,
soluble forms of ICAM-1 and VCAM-1, oligonucleotides (antisense)
and small molecules. However, to date none of these approaches
have yielded an agent in late stage clinical development.

Rationale
Inhibition of VCAM-1 and/or ICAM-1 will prevent the

accumulation of inflammatory cells within the airway
wall and reduce their capacity to damage airway epithe-
lium and promote nonspecific airway hyperresponsive-
ness (AHR), a characteristic feature of both asthma and
COPD.

Role of ICAM-1 and VCAM-1
Nonspecific AHR is a hallmark of asthma in man [1]

and can also be demonstrated in patients with COPD [2].
AHR is believed by many investigators to be caused by
epithelial damage arising from the accumulation of acti-
vated leukocytes in the airway wall. Although inflamma-
tion is a characteristic of both diseases, inflammation in
the peripheral airways predominates in COPD, and in-

flammation in the central airways predominates in asth-
ma. Changes in lung mechanics correspond to the ana-
tomical sites of inflammation; COPD is characterized by
reduced maximum expiratory flow and slow forced
emptying of the lungs whilst asthma is characterized by
variable and reversible airflow limitation. There are also
major differences in the nature of the inflammatory cell
populations involved in the two diseases and these can be
closely correlated with appropriate differences in adhe-
sion molecule expression. Asthma is associated with an
eosinophil and lymphocyte-rich airway inflammation
whilst in COPD neutrophils predominate [3]. Although
inflammatory leukocytes are the primary effector cells
which cause epithelial damage, their recruitment, activa-
tion and survival in the airways are thought to be orches-
trated by cytokines released by subsets of T cells. In asth-
ma, CD4+ T cells predominate while in COPD CD8+ T
cells play a more significant role [4]. The recruitment of
inflammatory cells into the airway wall is critically depen-
dent on the ordered expression of adhesion molecules on
the leukocyte surface and the expression of counter-recep-
tors on endothelial cells or in tissues. Cytokines play a
critical role in upregulating adhesion molecules on leuko-
cytes or endothelial cells. An essential first step in the
recruitment of leukocytes from the circulation into the tis-
sues is adhesion to the blood vessel wall. A rolling phe-
nomenon mediated by the selectin family of molecules
(reviewed by Dixon and McKinney [5] in this volume)
precedes firm adhesion and transmigration of leukocytes.
Firm adhesion occurs via binding of ß2 integrins on neu-
trophils with ICAM-1 on endothelial cells, while binding
of VLA-4 on the surface of eosinophils and lymphocytes
with upregulated VCAM-1 on endothelial cells is critically
important for adhesion of the latter cell types in allergic
tissue injury (fig. 1). The targeted disruption of the inter-
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action betweenVCAM-1 and the ß1 integrin, VLA-4, or
ICAM-1 and ß2 integrins, is an attractive approach for
preventing the accumulation of eosinophils or neutro-
phils, respectively, into the lungs and respiratory tract.

Fig. 1. VCAM-1 and ICAM-1 are expressed on activated endothelial
cells. VLA-4 (CD49d), a ligand for VCAM-1 is expressed on eosino-
phils, monocytes, T and B lymphocytes but not neutrophils allowing
for the selective recruitment of granulocytes during allergic tissue
injury. ß2 integrins (CD11a/CD18 and CD11b/CD18) expressed on
neutrophils are responsible for firm adhesion of neutrophils to
ICAM-1 in COPD.

Fig. 2. Immunohistochemical staining of lung tissue obtained 72 h
after ovalbumin challenge in oralbumin-sensitized mice. Tissues
were stained with anti-vascular cell adhesion molecule (VCAM-1)
monoclonal antibody M/K-2.7. Weak staining of VCAM-1 in 2 arte-

rioles (arrows) in the lung was observed in vehicle-sensitized, ovalbu-
min-challenged mice (A), and very strong staining in lung arterioles
but not in bronchioles (b) was seen in ovalbumin-sensitized, ovalbu-
min-challenged mice (B). Bar = 50 Ìm.

Concept Testing
VCAM-1. A much greater emphasis has been placed on

the discovery of inhibitors of VLA-4 (CD49d; reviewed
by Lobb and Adams [6] in this volume) rather than its
counter-receptor, VCAM-1. However, studies in animal
models of allergic tissue injury and in man strongly sup-
port a role for VCAM-1 in asthma. Upregulated expres-
sion of VCAM-1 has been shown in disease, and increased
levels of soluble VCAM-1 have been shown following seg-
mental allergen challenge in asthmatics [7, 8]. Upregu-
lated VCAM-1 has also been demonstrated following anti-
gen-challenge in sensitized mice (fig. 2), and eosinophilic
airway inflammation in these mice was prevented by
treatment with anti-VCAM-1 monoclonal antibody [7].
Currently, there is no specific anti-rat VCAM-1 antibody
to test the concept that eosinophil recruitment is depen-
dent on VCAM-1 in this species although antibodies to
VLA-4, the major counter-receptor for VCAM-1, have
demonstrated efficacy in rat eosinophilic lung inflamma-
tion [10]. VLA-4 is also upregulated on lymphocytes
migrating into lung tissue following antigen challenge
[11]. There is no evidence that VCAM-1 is responsible for
the recruitment of neutrophils in COPD.

ICAM-1. Convincing evidence implicating ICAM-1 in
asthma has arisen from in situ evidence from tissues,
bronchoalveolar lavage cells and bronchoalveolar lavage
fluid from asthmatics [12–14] and a wealth of evidence
from allergen-induced lung tissue inflammation in ani-
mals [15–17]. In contrast, there have been few reports of

A B
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Table 1. Antisense compounds in development targeting VCAM-1 or ICAM-1

Compound Company Development status VCAM-1 ICAM-1 Comments

ISIS asthma – preclinical
(US); Psoriasis- PhII
(US, Europe)

� antisense oligonucleotide
ISIS 2302 is not currently being
pursued for Crohn’s disease
and rheumatoid arthritis

ISIS compounds
(2nd generation class;
earlier class included
ISIS 5876)

Isis inflammation –
preclinical (US)

� antisense oligonucleotide

AGI 1067 AtheroGenics/
Schering Plough

atherosclerosis;
restenosis –
phase II (US)

� composite vascular protectant
reported to be a gene expres-
sion inhibitor, to block
production of VCAM-1 and
MCP-1 inflammatory genes
and to reduce arterial inflam-
mation leading to atherosclero-
sis

the role of ICAM-1 in COPD. In one study [18], the levels
of lymphocyte function associated antigen (LFA-1) and
MAC-1, counter receptors on circulating neutrophils were
measured in addition to circulating levels of soluble
ICAM-1 (sICAM-1). During disease exacerbation, the ex-
pression of LFA-1, MAC-1 and the levels of sICAM-1
decreased although this might not reflect the expression of
these molecules in the lungs. However, higher levels of
sICAM-1 have been described in smokers than in non-
smokers [19]. Rhinovirus infections are a major cause of
asthma exacerbation, and ICAM-1 is not only the cellular
receptor for 90% of rhinoviruses but has been shown to be
inducible by the virus itself, thereby promoting infection
and increased inflammatory cell recruitment to the air-
way wall [20,21]. ICAM-1 is therefore an attractive target
for the development of novel drugs which inhibit virus-
induced asthma exacerbations.

Clinical Approaches
ICAM-1 and VCAM-1 clearly make valid targets for

the discovery of novel treatments for asthma and COPD,
although it is our opinion, after reviewing the literature,
that the difficulties associated with developing novel com-
pounds designed to block these molecules may have been
underestimated, and we discovered an extraordinary
number of failures. Although the formal title of this chap-
ter is ‘ICAM-1 and VCAM-1 Antagonists’, we did not
restrict this review of current agents in discovery or devel-
opment to traditional small-molecule pharmacological

antagonists of these molecules. Indeed, this approach
may be untenable given that a small-molecule antagonist
would be required to block a critically important binding
site, or sites, within large and complex proteins. Mono-
clonal antibodies, antisense molecules, soluble ICAM-1
and soluble VCAM-1, and small-molecule inhibitors
may all offer alternative opportunities for the discovery
of novel therapies which prevent the expression of these
molecules or block the expressed molecule. Extensive
efforts have been made using monoclonal antibodies to
validate the role of ICAM-1 in allergic tissue injury [11,
15–17] and exploring clinical applications. However, to
our knowledge, efforts to pursue anti-ICAM-1 mono-
clonal antibodies in the clinic for the treatment of asth-
ma or COPD have stalled, and most current activity
appears to be in exploring antisense molecules primarily
for other indications (table 1). Isis is working on an anti-
sense molecule, ISIS-2302 to block ICAM-1 and has pur-
sued inflammatory bowel disease (Crohn’s disease, ulcer-
ative colitis), psoriasis, renal transplant rejection, and
rheumatoid arthritis as initial disease targets. [22, 23].
However, several indications are currently not being en-
visaged. Due to a limited clinical response, development
of ISIS-2302 for the rheumatoid arthritis indication has
been discontinued [24]. Also, following the unexpected
failure of the company’s pivotal clinical trial of ISIS-
2302 in Crohn’s disease, Isis has not yet determined
whether it will continue to investigate ISIS-2302 for this
indication [25]. Antisense oligonucleotides to block
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VCAM-1 in inflammation (a second-generation class)
are in preclinical development at Isis [C. Frank Bennett,
PhD, Isis Pharmaceuticals, June 5, 2000, pers. com-
mun.]. AtheroGenics is working in concert with Schering
Plough on a composite vascular protectant, AGI 1067,
claimed to be a gene expression inhibitor which blocks
production of VCAM-1 and MCP-1 inflammatory genes.

It is reported to be in phase II development for the treat-
ment of atherosclerosis [26].

Although there is a wealth of evidence indicating that
ICAM-1 and VCAM-1 make attractive targets for novel
therapeutics for treating COPD and asthma, validation of
these targets awaits systematic clinical trials of the novel
agents currently in development.
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Summary
There are approximately 140,000 genes in the human genome.

This figure is significantly higher than conventional estimates and
indicates that the genome is far more complex than originally appre-
ciated. Clearly, this revised number of genes has implications for
those that encode G-protein-coupled receptors (GPCR), which are
believed to account for up to 5% of the total genome in some species.
In this short article, we briefly describe the BLT receptor as a model
system for understanding GPCR signalling in eosinophils. However,
it is possible that approximately 7,000 genes encode GPCRs, with
additional complexity arising from alternative mRNA splicing and
different promoter usage. Thus, despite significant advances in our
understanding of GPCRs in general and their expression on eosino-
phils in particular, we have only begun to understand what is proba-
bly the largest cell surface receptor family known. The potential for
therapeutic intervention with small molecule inhibitors is, therefore,
potentially enormous.

Eosinophils are potent effector cells that are important
in parasitic/immune surveillance of mucosal-epithelial
surfaces, including those of the gut, skin and airways.
However, in addition to these tissue-preserving functions,
eosinophils have been implicated in inflammatory re-
sponses associated with a number of non-parasitic disor-
ders including atopic dermatitis and asthma [1]. In these
situations, the inappropriate migration and activation of
eosinophils is thought to lead to the release of a host of
inflammatory lipid and protein mediators, as well as the
production of toxic oxygen radicals following the activa-
tion of the NADPH oxidase [1].

A two-step process has been advanced to explain the
translocation of eosinophils from the circulation into tis-

sue. In this paradigm, circulating eosinophils initially are
primed by cytokines including IL-3, IL-5 and GM-CSF
and then migrate into tissue where they are activated, the
latter processes being dependent upon agonists that act
via G-protein-coupled receptors (GPCRs) [2]. Consistent
with this idea is the knowledge that agonism of CCR3 by
chemokines such as eotaxin is associated with mobiliza-
tion of eosinophils from the bone marrow [3]. Thus, the
identification and characterization of GPCRs may allow
the development of new therapeutic agents that could
impact on eosinophil maturation, survival and activation
thereby suppressing eosinophilic inflammation.

Expression of GPCRs on Eosinophils
GPCRs are characterized by an extracellular N-termi-

nal sequence followed by seven transmembrane spanning
domains, with three extracellular and three intracellular
loops, and an intracellular C-terminus. Conserved cys-
teine residues within the N-terminal sequence and in the
third extracellular loop are thought to form a disulphide
bond that is required for ligand binding whilst a second
disulphide bond is probably formed between conserved
cysteine residues with the first and second extracellular
loops. The functional responses to ligand binding are
transduced by G-proteins, which are heterotrimeric mole-
cules consisting of ·-, ß- and Á- subunits. Multiple iso-
forms of each subunit are present in mammalian cells and
approximately 20 different ·-isoforms, five ß-isoforms
and 10 Á-isoforms have been identified. A number of
these subunits have been found in human and guinea pig
eosinophils including G·s, G·i3, G·o, G·q/11 and Gß [4].
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Table 1. GPCRs expressed by eosinophils

GPCRs Natural ligand(s) Species G-Protein

C16-PAF, C18-PAF human
guinea pig

Gi/Go
?

BLT-R LTB4 human
guinea pig

?
?

Cys-LT-R1 LTC4, LTD4, LTE4 human
guinea pig

Gi/Go
Gq/G11

LXA4-R LXA4 human
mouse

Gi/Go
Gi/Go

DP-R PGD2 human ?
? 5-HETE, 5-oxo-ETE human Gi/Go
CCR1 MIP-1·, RANTES, MCP-2, MCP-3,

MCP-5, leukotactin-1
human
guinea pig

?
?

CCR3 eotaxin-1, 2, 3, leukotactin-1,
MCP-3, MCP-4, RANTES

human
guinea pig
mouse

Gi/Go
Gi/Go
Gi/Go

CCR6 MIP-3· human Gi/Go
CXCR3 ÁIP-10, Mig human ?
CXCR4 SDF-1· human Gi/Go
C3a-R C3a human Gi/Go
C5a-R C5a human

guinea pig
Gi/Go
Gi/Go

FRP1 fMLP human Gi/Go
NK1-R SP, NKA, NKB human ?
CGRP-R1 CGRP, amylin, calcitonin,

adrenomedullin
human Gq/G11

VPAC1-R VIP, secretin human ?
P2Y-R1 ATP, UTP human Gi/Go
A2-R adenosine human ?
A3-R adenosine human ?
EP2/4-R PGE2 human

guinea pig
Gs
Gs

ß2-AR adrenaline, noradrenaline human Gs
H1-R histamine human ?
H2-R histamine human ?
H3-R histamine human ?

5-Oxo-ETE = 5-oxo-eicosatetraenoate.
1 Receptor subtype unknown.

Only 20 GPCRs have, thus far, been unequivocally iden-
tified on eosinophils [1] (table 1). However, this number
is likely to grow rapidly given that the sequences of
around 850 GPRCs are now known.

Activation and Inhibition of Eosinophils by Agonists
of GPCRs
GPCRs are linked to a vast array of signal transduction

pathways that ultimately promote or suppress many func-
tional responses (table 2). With the exception of the recep-
tors for cysteinyl-leukotrienes and calcitonin gene-related
peptide, which are believed to act through Gq/11, most
ligands that activate and inhibit eosinophils are thought
to signal through receptors coupled to Gi/o and Gs, respec-
tively. In this article, we briefly review GPCRs in general

with emphasis on the BLT receptor, which has been stud-
ied in some detail. Readers interested in other GPRCs
including those that act via Gs are directed to a recent
review of this subject [1].

Human Eosinophils. Little is known of the intracellular
mechanism(s) by which agonism of GPCRs activates
human eosinophils. Agonists that activate receptors cou-
pled through Gi/o such as PAF, RANTES, C3a, C5a,
eotaxin, 5-oxo-eicosatetraenoate and MIP-3· evoke rapid
and transient increases in the cytosolic free Ca2+ concen-
tration ([Ca2+]c) and activate extracellular signal-regu-
lated protein kinase (ERK)-1/2, phosphatidylinositol 3-
kinase (PtdIns 3-kinase) and protein kinase B [5–9]. In
addition, the CCR3 agonist, eotaxin, also promotes the
phosphorylation and activation of p38 MAP kinase
(fig. 1) [6]. While the functional responses that result from
activation of these pathways are for the most part un-
known, small-molecule inhibitors, such as PD 098059
and SB 203580, have implicated ERK-1/2 and p38 MAP
kinase in eotaxin-induced chemotaxis and degranulation
in vitro and rolling in vivo [6, 7].

Guinea Pig Eosinophils. Guinea pig peritoneal eosino-
phils can be obtained in large numbers and this has
allowed detailed biochemical studies to be performed that
are not currently possible with human eosinophils. Per-
haps the most studied GPCR expressed by guinea pig
eosinophils is the BLT receptor at which LTB4 is a natural
agonist, and we have used this receptor as a model system
(fig. 2).

The human BLT receptor was cloned in 1997 from
retinoic acid-differentiated HL-60 cells and is composed
of 352 amino acids encoded by the LTB4R gene that has
been localized to the q11.2–12 region of chromosome 14
[10]. Depending on species and, possibly tissue within the
same species, the BLT receptor couples through either
Gi/o or G16 [10, 11]. An analysis of [3H]LTB4 binding to
membrane fractions prepared from CHO cells and retino-
ic acid-differentiated HL-60 and COS-7 cells transfected
with the cDNA for the human and murine BLT receptor
showed similar binding characteristics with Kds of 0.14
and 0.15 nM, respectively [10]. Binding studies have also
identified and partially characterized receptors for LTB4

on guinea pig eosinophils [12–14] using [3H]LTB4 as
radioligand. However, notable differences are apparent
between studies. Using intact peritoneal eosinophils from
guinea pigs, Ng et al. [13] reported that [3H]LTB4 inter-
acts with an apparently homogeneous population of bind-
ing sites with a Bmax of 40,000 sites per cell and a Kd of
2.8 nM, which is approximately 10-fold lower than that
reported in the transfection experiments described by
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Table 2. Eosinophil responses at a glance

Function BLT Cys-
LT1

fMLP PAF CCR1 CC CCR6 CXCR
1/22

CX-
CR4

VP-
AC1

C3a C5a P2Y1 A2 A3 NK1 ß2
3 DP EP2 H1 H2 H3

↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓ (?) ↓ (?) ↑ ↓ ↓ ↑ (?)

Degranulation ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↓ ↓
Chemotaxis ↑ ↑ } ↑ } ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↑
Chemokinesis ↑ } ↑ ↑ ↓ ↑ ↑ (?) ↑ (?)

Actin polymerization } ↑ ↑ ↑ ↑
Adhesion ↑ ↑ ↑ ↑ ↑ ↓ ↑ (?)

Homotypic aggregation ↑ ↑ ↑ ↓ ↓
LTB4 release ↑
LTC4/D4 release ↑ ↑ ↑ ↓
PAF release ↑ ↑
TXB2 release ↑ ↑ ↑ ↑
PGE2 release ↑ ↑
PGI2 release ↑ ↑
PGD2 release ↑
FGF2· release ↑
Lipid body formation ↑
CR1 expression ↑
CR3 expression ↑ ↑ ↑ ↑ ↓ ↓
FcÂR expression ↑ ↑
IgE binding ↑ ↑
Apoptosis ↓ ↓ ↓
Shedding of L-selectin ↑ ↑ ↓ ↓
ICAM-1 expression ↑
Oestrogen binding ↑
IL-8 release ↑ ↑ ↑ ↑
MCP-1 release ↑
Hypodensity ↑
Priming ↑ ↑
MIF release ↑
Ca2+ mobilization ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑ (?)

↑ = Response augmented; ↓ = response inhibited; } = Weak stimulatory effect; (?) = response and/or receptor subtype requires conformation.
1 Receptor subtype unknown.
2 Expression of receptor equivocal.
3 Subtype unclear.

Yokomizo et al. [10]. The sites labelled in eosinophils
probably represent functional receptors since various
compounds related structurally to LTB4 compete with the
radioligand with affinities that correlate closely with their
ability to induce chemotaxis and to evoke the formation
of superoxide anions [13]. The rank order of potency of
ligands for the displacement of [3H]LTB4 from intact peri-
toneal eosinophils differs from the rank order obtained
using membranes from COS-7 cells transfected with the
BLT receptor which might indicate species difference,

BLT receptor heterogeneity (see below) and/or the exis-
tence of different conformations of a single BLT receptor.
With respect to the latter possibilities, Maghni et al. [12]
reported that [3H]LTB4 labels a heterogeneous population
of binding sites on guinea pig alveolar eosinophils; ap-
proximately 1,000 sites per cell are labelled with high
affinity (KD = 1 nM) whereas the remainder (5,500 sites
per cell) are labelled with low affinity (KD = 63 nM). Simi-
lar results have been obtained with guinea pig peritoneal
eosinophils [14]. Thus, a small population (Bmax = 900
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Fig. 1. CCR3-mediated signalling in human eosinophils. AA = Ara-
chidonic acid.

Fig. 2. Signalling pathways activated by LTB4 in guinea pig eosino-
phils.

sites per cell) of receptors for which LTB4 has high affinity
(KD = 0.3 nM) was identified by radioligand binding
together with a large number of sites (60,000 per cell) at
which LTB4 has relatively low affinity (KD = 140 nM).
Again, the finding that various metabolites of LTB4 com-
peted with [3H]LTB4 for binding to alveolar eosinophils
with a rank order of potency in good agreement with their
ability to induce chemotaxis [12] supports the belief that
the high-affinity sites represent bona fide receptors. Of
considerable interest is the role of the two populations of
receptor expressed by these cells. Maghni et al. [12] have
considered the hypothesis, posed originally by Goldman
and Goetzl [15], that they mediate different functional
responses: the receptor for which LTB4 has high affinity
subserving chemokinesis and chemotaxis; the receptor for
which LTB4 has low affinity, mediating respiratory burst
and prostanoid generation. This contention derives from
the finding that the affinity of U-75302, a BLT receptor
antagonist, determined from binding studies differs
(F17-fold) between the two populations of receptor [12].
Collectively, the available data suggest that peritoneal
eosinophils express the same BLT receptor that is labelled
with high affinity by [3H]LTB4 on guinea pig alveolar
eosinophils (albeit at a much higher [F40-fold] density).
A reason for the inability of Ng et al. [13] to identify
receptors on guinea pig peritoneal eosinophils for which
LTB4 has low affinity may relate to the fact that in those
studies [3H]LTB4 was not used at concentrations that
would detect low-affinity sites.

LTB4 exerts a number of effects on eosinophils (ta-
ble 2), and progress in understanding the second messen-

ger pathways underlying LTB4 receptor signal transduc-
tion has been made. In guinea pig eosinophils LTB4 in-
duces a rapid and transient accumulation of Ins(1,4,5)P3

and elevates [Ca2+]c via a pertussis-toxin (PTX)-sensitive
pathway [16–19]. However, Ca2+ mobilization appears to
be mediated independently of Ins(1,4,5)P3 as the maxi-
mum increase in [Ca2+]c (EC50 = 0.6 nM) occurs in the
absence of a detectable rise in Ins(1,4,5)P3 mass (EC50 =
200 nM). Consistent with this conclusion is that the rise
in [Ca2+]c is extracellular in origin and enters the cell via a
PTX-sensitive, receptor-operated Ca2+ channel [17–19].
In addition to coupling to PLC, LTB4 also promotes the
extracellular release of [3H]arachidonic acid [19, 20]. This
effect is likely to be due to the direct coupling of the LTB4

receptor to a PLA2 since it is preserved under conditions
where signalling through PLC is prevented [19]. The elab-
oration of [3H]arachidonic acid is biphasic [19], implying
the existence of two PLA2s, one of which is activated via a
Ca2+- and PTX-dependent pathway while activation of
the other is Ca2+-independent and insensitive to PTX [19,
20]. LTB4 also causes a rapid activation of the src-related
tyrosine kinases, p53 and p56lyn [20] and the subsequent
activation of ERK-1 and ERK-2 [21, 22]. Interestingly,
the ability of LTB4 to activate the NADPH oxidase and
Ca2+-dependent PLA2 is mediated via a lyn kinase-depen-
dent mechanism that is divorced from the activation of
ERK1 and ERK2, which regulate LTB4-induced chemo-
taxis [20, 22].

A comparison of the concentration-response relation-
ships which describe a number of biochemical responses
evoked by LTB4 implies that the increase in [Ca2+]c and
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the subsequent activation of the Ca2+-dependent PLA2 is
mediated via the BLT receptor for which LTB4 has high
affinity. In contrast, Ins(1,4,5)P3 accumulation (an index
of PLC activity) and the activation of Ca2+-independent
PLA2 is mediated by the BLT receptor for which LTB4

has low affinity. In agreement with Maghni et al. [12],
those data support the idea that the two populations of the
LTB4 receptor mediate chemotaxis and activation of
NADPH oxidase, respectively.
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Summary
PDE4 is a major cAMP-metabolizing enzyme in immune and

inflammatory cells, airway smooth muscle and pulmonary nerves.
Hence PDE4 inhibitors produce a wide range of pharmacological
actions that, if replicated in the clinic, may be beneficial in the thera-
py of asthma and COPD. These include anti-inflammatory effects,
bronchodilation, and modulation of pulmonary nerves. Indeed, ini-
tial clinical data on these agents are encouraging, and suggest that
PDE4 inhibitors may have broad utility in the treatment of pulmo-
nary disease. However, full knowledge of the therapeutic value of this
novel compound class awaits the outcome of long-term clinical
trials.

Background
Among its myriad of biological actions, the second

messenger cAMP relaxes airway smooth muscle, sup-
presses the actions of immune and inflammatory cells,
and modulates pulmonary nerve activity [1, 2]. Thus, as
illustrated in figure 1, increasing cAMP content in these
tissues should be of substantial benefit in the treatment of
pulmonary disorders such as asthma and COPD [2, 3].

One pharmacological approach toward elevating the
concentration of cAMP in target tissues is by inhibiting
its metabolism by cyclic nucleotide phosphodiesterases
(PDEs), enzymes that hydrolyze cAMP to its inactive 5)-
nucleotide product. Indeed, theophylline is a prototypical
nonselective PDE inhibitor that has been used in the
treatment of airway diseases for over 60 years. The thera-
peutic utility of theophylline, however, is limited by its
marked gastrointestinal, cardiovascular and central ner-

Fig. 1. Beneficial role of cAMP in pulmonary diseases. Illustrated is
the standard second-messenger cascade whereby cAMP activates
protein kinase A (PKA). PKA phosphorylates key cellular proteins,
which leads to a broad suppression of inflammatory cell activity,
bronchodilation, and modulation of pulmonary neuronal activity.
This cascade can be activated by stimulating adenylyl cyclase, the
enzyme that produces cAMP, or inhibiting phosphodiesterase, a
superfamily of enzymes that inactivate cAMP.

vous system side effects. These side effects stem primarily
from the ability of theophylline to inhibit PDE activity
nonselectively in all tissues of the body. 

A breakthrough in the design of new PDE inhibitors
with the potential of radically improved clinical utility
emerged with the recognition that PDEs are an eleven-
membered superfamily of genetically distinct enzymes
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Fig. 2. Potential therapeutic actions of PDE4
inhibitors in pulmonary disease. Preclinical
studies indicate that PDE4 inhibitors pro-
duce a broad spectrum of functional effects
that provide a compelling rationale for the
use of these agents in the treatment of pulmo-
nary disease. These effects include a wide
range of inhibitory actions on inflammatory
cell trafficking and activation, suppression of
pulmonary edema, inhibition of smooth mus-
cle mitogenesis, and modulation of non-
adrenergic, noncholinergic neuronal activity.

[4]. Two key characteristics make PDEs particularly at-
tractive as drug targets. Firstly, the complement of PDE
isozymes, and therefore their functional roles, varies
among tissues and cell types. Secondly, highly potent and
isozyme-selective inhibitors have been synthesized for a
number of the PDE families. With regard to asthma and
COPD, PDE4 has been identified as the predominant
cAMP-metabolizing isozyme in immune and inflamma-
tory cells, airway smooth muscle, and pulmonary nerves
[1–3]. Hence the concept emerged that specifically target-
ing PDE4 with a new generation of isozyme-selective
inhibitors would yield compounds with markedly im-
proved efficacy and side effect profiles compared with
older, nonselective agents.

Therapeutic Rationale
Asthma. As illustrated in figure 2, there are strong ther-

apeutic rationales for the use of PDE4 inhibitors in both
asthma [1, 2] and COPD [3]. As alluded to earlier, PDE4
inhibitors are pluripotent anti-inflammatory agents, with
actions against eosinophils, T lymphocytes, monocytes
and macrophages, and neutrophils. These agents also sup-
press pulmonary edema and have the unique capacity to
inhibit the activity of excitatory (contractile) nonadrener-
gic non-cholinergic nerves, while simultaneously poten-
tiating inhibitory (relaxant) nonadrenergic noncholiner-
gic nerves. Their ability to suppress airway smooth mus-
cle mitogenesis [5] hints that PDE4 inhibitors may impact
the airway remodeling that occurs in severe, long-standing
asthma.

COPD. While a number of therapeutic alternatives are
available for asthma, COPD represents a huge unmet
medical need. Like asthma, COPD is associated with air-
way inflammation [6]. However, whereas the inflamma-
tory process in asthma can be described simplistically as a
CD4+ T-cell-driven eosinophilia, COPD is marked by an
increase in the numbers or activity of CD8+ T cells, mac-
rophages and neutrophils. Importantly, the inflammation
of the lung associated with COPD is reported to be insen-
sitive to steroids [7], thus highlighting the need for novel
anti-inflammatory therapies. The reported effects of
PDE4 inhibitors in vitro and in animal models suggest
that, in addition to short-term effects on bronchomotor
tone, they may find utility in reducing the protease bur-
den associated with neutrophilic inflammation, as well as
modulating the activity of CD8+ T cells and macro-
phages. Such effects have the potential of slowing the
accelerated decline in lung function seen in patients with
COPD.

Biological Actions of PDE4 Inhibitors
Cellular Effects. Elevation of cAMP by PDE4 inhibi-

tors down regulates functional responses (i.e., chemotaxis,
cytokine and chemokine production, mediator release,
adhesion molecule expression) of most cells involved in
the inflammatory processes associated with asthma and
COPD [1–3]. The efficacy of PDE4 inhibitors varies with
the cell type and function being examined. Thus, inhibi-
tion of PDE4 alone is sufficient to reduce the function of
neutrophils, eosinophils, monocytes and basophils sub-
stantially, while dual PDE3/4 inhibition is required for
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optimum efficacy against macrophage activation and for
relaxation of airway smooth muscle. Effects on lympho-
cyte, endothelial, epithelial, neuronal cells and smooth
muscle proliferation may further influence the in vivo and
clinical profile of PDE4 inhibitors.

The identification of subtypes of genetically distinct
PDE4s (A–D) offers the opportunity to evaluate the role
of subtype specific PDE4 inhibitors in suppression of
inflammatory cell function [8]. The selectivity of such
compounds to date has been limited. However, two recent
reports suggest such an approach may be successful.
Selective inhibition of the D subtype appears to be a suc-
cessful strategy for inhibition of eosinophil function in
vitro [9], while inhibition of the A and B subtypes corre-
lates better with suppression of monocyte TNF-· produc-
tion [8].

Activity in Animal Models. As might be expected from
this cellular profile, PDE4 inhibitors are effective against
a number of features of the pulmonary response to anti-
gen in animal models. These agents inhibit bronchocon-
striction and eosinophilic inflammation in rodents and
small mammals, as well as microvascular leakage induced
by a number of inflammatory mediators [1, 2]. Studies in
primates have extended the profile of activity to include
inhibition of the late asthmatic response in squirrel mon-
keys [10] and antigen-induced hyperresponsiveness in
acute and/or subchronic protocols in cynomolgus mon-
keys [11, 12]. The protection against antigen-induced
hyperresponsiveness may be particularly important in
view of its association with both the clinical manifesta-
tions of asthma and its response to therapy.

There is less information on the effects of PDE4 inhibi-
tors in animal models of COPD. In part this is because
such models are less well developed and understood than
is true for asthma. One characteristic of COPD is a neu-
trophilic lung inflammation. PDE4 inhibitors suppress
neutrophilic lung inflammation induced by lipopolysac-
charide in rats and guinea pigs [13, 14]. To date, there are
no reports documenting activity of PDE4 inhibitors in
models of tobacco-smoke-induced inflammation or lung
damage. Expanding our knowledge of the activity of
PDE4 inhibitors in models that reflect characteristics of
COPD is fertile ground for future studies.

Toxicology
The principal toxicological observation with both se-

lective PDE4 and nonselective PDE inhibitors is a focal,
necrotizing vasculitis in rodents [15]. The relationship
between this and the testicular and thymic atrophy also
observed in rats [16] is currently under investigation. The

suggestion that the toxicological risk of PDE4 inhibitors
to humans is low is based on the following arguments:
E The therapeutic window in rodents is large
E This toxicological profile is not observed in other spe-

cies such as the rabbit or monkey
E The nonselective PDE inhibitor, theophylline, has

been used extensively in man without associated clini-
cal hazard.

Class-Associated Side Effects
The promise that PDE4 inhibitors will have an im-

proved side effect profile over non-selective compounds
has largely been borne out in early clinical trials, particu-
larly with regard to cardiovascular and most central ner-
vous system side effects. Nonetheless, gastrointestinal
side effects, including nausea, vomiting and dyspepsia,
limit the dosages of these compounds that can be adminis-
tered to humans [17–20]. Apart from gastrointestinal
adverse effects and headache, no tolerability issues have
been reported with this class of compound in man, and
gastrointestinal adverse experiences observed in patients
treated with SB 207499 (Ariflo®) have generally been
mild to moderate, transient and self-limiting [21, 24–26,
29]. Longer-term data from a 12-month study with SB
207499 in patients with mild to moderate asthma [26]
revealed no new tolerability issues, and no drug-related
effects on vital signs, ECG or clinical laboratory parame-
ters were observed. Side effects appear to be an extension
of the pharmacology of PDE4 inhibitors, i.e., inhibition of
PDE4 in nontarget tissues [20]. A path forward in im-
proving, although not eliminating this side effect profile
was illuminated by research indicating that PDE4 iso-
zymes exist in two distinct structural conformations that
differentially recognize various classes of inhibitors [20].
Inhibition of one of the conformers, termed ‘HPDE4’, is
associated with side effects of PDE4 inhibitors, whereas
inhibition of the second conformer, ‘LPDE4’, is associat-
ed with many albeit not all of the therapeutic effects of
this compound class. A second generation of PDE4 inhib-
itors, typified by SB 207499, has been designed to take
advantage of this unique observation and is currently in
clinical development [3].

Drugs in Clinical Development
Not surprisingly, pharmaceutical companies have ex-

pended substantial effort in exploiting the therapeutic
potential of PDE4 inhibitors in a range of inflammatory
diseases. At least 25 companies are active in the area.
Compounds that are reported to be in clinical develop-
ment are listed in table 1.
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Fig. 3. SB 207499 (Ariflo®) improves pulmonary function in patients
with COPD. In a 6-week double-blind study, SB 207499 produced
significant and sustained improvements in trough FEV1. By week 6
the improvement versus placebo averaged 160 ml or 11%. This com-
pares to an average improvement of 5.4% produced by two puffs of
salbutamol given at the initiation of the study just prior to adminis-
tering the first dose of SB 207499 [29].

Clinical Experience
Asthma. In keeping with preclinical experience, PDE4

inhibitors attenuate the late asthmatic response to inhaled
allergen in patients with mild asthma [21, 22]. In addi-
tion, both SB 207499 and roflumilast have produced clin-
ically relevant activity in patients with exercise induced
asthma [23, 24].

In a 6-week double-blind study with SB 207499 in
patients with mild to moderate asthma who were receiv-
ing concomitant treatment with inhaled corticosteroids
and as-needed salbutamol, SB 207499 improved trough
pulmonary function test parameters from week one in
addition to having a first dose bronchodilator effect [25].
Improvements in pulmonary function were not observed
in a study reported with CDP840 exploring first dose
bronchodilator effects [21]. Sustained improvements in
pulmonary function associated with a reduction in the
cardinal symptoms of asthma were reported in a twelve-
month study with SB 207499, suggesting tolerance does
not occur with continued dosing of PDE4 inhibitors [26,
27].

COPD. In a 6-week double-blind study SB 207499 pro-
duced robust, clinically relevant improvements in trough
pulmonary function measurements in patients with mod-
erately severe COPD [28, 29]. The effect of SB 207499 on
FEV1 in this study is illustrated in figure 3. The improve-
ment in pulmonary function was associated with benefi-
cial effects on health status, exertional dyspnea, rescue

Table 1. PDE4 inhibitors in clinical development

Compound Company Indication Route Status

SmithKline COPD oral phase III
(SB 207499) Beecham asthma phase II

Arofylline Almirall- asthma oral phase III
(LAS-31025) Prodesfarma asthma inhaled phase I

Atizoram Pfizer atopic dermatitis topical phase II
(CP-80633) psoriasis topical phase II

BAY-19-8004 Bayer asthma oral phase II
COPD oral phase II

CC-3052 Celgene asthma oral Phase I
CDC-801 Celgene Crohn’s disease oral phase II
Cipamfylline Leo atopic dermatitis topical phase II

(BRL 61063)
LAS-33774 Almirall-

Prodesfarma
atopic dermatitis topical phase I

Roflumilast Byk-Gulden asthma oral phase III
(B9302–107) COPD oral phase II

SCH-351591 Celltech/
Schering Plough

asthma oral phase I

SH-636 Schering AG multiple sclerosis oral phase I
V-11294A Napp asthma oral phase II
YM-976 Yamanouchi asthma oral phase I

bronchodilator use, and resting and post-exercise SaO2

[28, 29]. Long-term clinical efficacy data with SB 207499
and other PDE4 inhibitors in patients with COPD are
awaited.

Conclusions
The preclinical data supporting the potential utility of

PDE4 inhibitors in asthma and COPD are compelling. A
particularly appealing aspect of this compound class is its
potential to have multiple therapeutic effects, including
anti-inflammatory, bronchodilator and neuromodulatory
activities. Notwithstanding the strength of the preclinical
rationale, the spectrum of therapeutic activities and the
side effect profile of PDE4 inhibitors await definition in
long term clinical trials. Considering the intense develop-
ment activity directed at this compound class, such infor-
mation should not be long in coming.
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Summary
In the future, the role of transcriptions factors and the genetic

regulation of their expression in asthma and COPD may be an
increasingly important aspect of research, as this may be one of the
critical mechanisms regulating the expression of clinical phenotype
and their responsiveness to therapy. Despite recent advances in the
knowledge of the pathogenesis of asthma and COPD, much more
research on their molecular mechanisms are needed to aid the logical
development of new therapies for these common and important dis-
eases, particularly in COPD were no effective treatments currently
exist.

Inflammation is a central feature of many lung dis-
eases, including asthma and COPD. The specific charac-
teristics of the inflammatory response and the site of
inflammation differ between these diseases, but all in-
volve the recruitment and activation of inflammatory
cells and changes in the structural cells of the lung [1].
These diseases are characterized by an increased expres-
sion of many proteins involved in the complex inflamma-
tory cascade. These inflammatory proteins include cyto-
kines, chemokines, growth factors, enzymes, receptors
and adhesion molecules. The increased expression of
most of these proteins is the result of enhanced gene tran-
scription since many of the genes are not expressed in nor-
mal cells under resting conditions but are induced in a
cell-specific manner. Changes in gene transcription are
regulated by transcription factors [2].

Transcription factors may amplify and perpetuate the
inflammatory process. Abnormal functioning of tran-
scription factors may determine disease severity and
responsiveness to treatment. The increased understand-
ing of the role of transcription factors in the pathogenesis

of asthma and COPD has also opened an opportunity for
the development of new potential anti-inflammatory
drugs. Several new compounds based on interacting with
specific transcription factors or their activation pathways
are now in development for the treatment of asthma and
COPD and some drugs already in clinical use (such as glu-
cocorticoids) work via transcription factors.

Glucocorticoids are the most effective therapy in the
long-term control of asthma and appear to reduce inflam-
mation in asthmatic airways largely by inhibiting the
action of transcription factors that regulate abnormal
gene expression [3]. Glucocorticoids are less effective in
COPD than in asthma, indicating that different genes and
transcription factors are involved and also emphasizing
the importance of cell-specific transcription factors. One
concern about this approach is the specificity of such
drugs, but it is clear that transcription factors have
selective effects on the expression of certain genes and this
may make it possible to be more selective.

In addition, there are cell-specific transcription factors
that may be targeted for inhibition, which could provide
selectivity of drug action. One such example is GATA-3,
which has a restricted cellular distribution [4]. In asthma,
it may be possible to target drugs to the airways by inhala-
tion, as is currently done for inhaled glucocorticoids to
avoid any systemic effects.

Despite the discovery of numerous transcription fac-
tors, there is still relatively little information about the
regulation of transcription factors in diseases such as asth-
ma and COPD. Here we briefly overview the physiologi-
cal function of transcription factors in normal cells and
their potential role in the pathogenesis of asthma and
COPD.
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Table 1. Transcription factor families in-
volved in asthma pathogenesis

GR STATs
NF-ÎB NF-AT
AP-1 GATA
CREB

Fig. 1. Multiple pathways mediate transcription factor modulation of
inflammatory genes.

Transcription Factors
Transcription factors are proteins that bind to DNA-

regulatory sequences of target genes to modify the rate of
gene transcription. This may result in increased or de-
creased protein synthesis and subsequently altered cellu-
lar function [5].

Many transcription factors are common to several cell
types (ubiquitous) and may play a general role in the regu-
lation of inflammatory genes, whereas others are cell spe-
cific and may determine the phenotypic characteristics of
a cell.

Transcription factor activation is complex and may
involve multiple intracellular signal transduction path-
ways, including kinases (such as MAPKs, JAKs and PKC)
stimulated by cell-surface receptors. Activation of MAPK
pathways by inflammatory stimuli leads to activation of a
number of ubiquitous transcription factors such Elk-1,
c-Myc, c-Jun, c-Fos, SRF and C/EBPß [6]. Transcription
factors may also be directly activated by ligands (e.g. glu-
cocorticoids) or be activated within the cytoplasm, result-
ing in exposure of nuclear localization signals and target-
ing to the nucleus. Transcription factors may therefore
convert transient environmental signals at the cell surface
into long-term changes in gene transcription, thus acting
as ‘nuclear messengers’ (fig. 1).

One of the most important concepts to have emerged is
the demonstration that maximal transcription factor acti-
vation is associated with coincident activation of several
intracellular pathways and transcription factors. This
may explain how transcription factors that are ubiquitous
may regulate particular genes in certain cell types. The
complexity of the activation pathways and their ability to
engage in cross-talk enable cells to overcome inhibition of
one pathway and retain a capacity to activate specific
transcription factors.

Binding of transcription factors to their specific bind-
ing motifs in the promoter region may alter transcription
by interacting directly with components of the basal tran-
scription apparatus or via cofactors that link the specific
transcription factor to the basal transcription apparatus.

Large proteins that bind to the basal transcription appara-
tus may bind many transcription factors and thus act as
integrators of gene transcription. These coactivator mole-
cules include CREB-binding protein (CBP), and the relat-
ed p300, thus allowing complex interactions between dif-
ferent signalling pathways. DNA is wound around histone
proteins to form nucleosomes and the chromatin fibre in
chromosomes. It has long been recognized at a microscop-
ic level that chromatin may become dense or opaque due
to the winding or unwinding of DNA around the histone
core. CBP and p300 have HAT activity which is activated
by transcription factors, such as AP-1, NF-B and STATs
[7].

Acetylation of histone residues results in unwinding of
DNA coiled around the histone core, thus opening up the
chromatin structure allowing transcription factors to bind
more readily and increase transcription. Deacetylation of
histone, increases the winding of DNA round histone resi-
dues, resulting in dense chromatin structure and reduced
access of transcription factors to their binding sites, there-
by leading to repressed transcription of genes [8] (fig. 2).

Role of the Transcription Factors in the
Pathogenesis of Bronchial Asthma
The chronic airway inflammation of asthma is unique

in that the airway wall is infiltrated by T-lymphocytes of
the Th2 phenotype, eosinophils, macrophages/monocytes
and mast cells. In addition, an ‘acute-on-chronic’ inflam-
mation may be observed during exacerbations, with an
increase in eosinophils and sometimes neutrophils [1].
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Fig. 2. Transcription factors influence gene expression through mod-
ulation of histone acetylation and recruitment of RNA polymer-
ase II.

Fig. 3. Differentiation of T cell subtypes depends upon the action of a
number of cell-specific transcription factors.

Transcription Factors May Modulate the Severity of Air-
way Inflammation in Asthma. Activation of NF-ÎB leads to
the coordinated induction of multiple genes that are
expressed in inflammatory and immune cells. While NF-
ÎB is not the only transcription factor involved in regula-
tion of the expression of these genes it often appears to have
a decisive regulatory role. NF-ÎB often functions in cooper-
ation with other transcription factors, such as AP-1 and
C/EBP, that are also involved in regulation of inflammato-
ry and immune genes. [See Bennett et al., 9, this volume].

NF-ÎB is activated by many of the stimuli that exacer-
bate asthmatic inflammation. There is also evidence for
activation of NF-ÎB in the bronchial epithelial cells of
patients with asthma [10]. The role of NF-ÎB should be
seen as an amplifying and perpetuating mechanism that
exaggerates the inflammatory process through the coordi-
nated activation of multiple inflammatory genes. AP-1 is
predominantly a Fos/Jun heterodimer which is activated
by various cytokines, including TNF-· and IL-1ß via sev-
eral tyrosine kinases and MAPKs [6]. AP-1, like NF-ÎB,
regulates many of the inflammatory and immune genes
that are overexpressed in asthma. Indeed, maximal acti-
vation of these genes often requires the simultaneous acti-
vation of both transcription factors. There is evidence for
increased expression of c-Fos in bronchial epithelial cells
in asthmatic airways [11].

STAT6 knockout mice have no response to IL-4, do
not develop Th2 cells in response to IL-4, fail to produce
IgE and BHR and BAL eosinophilia after allergen sensiti-
zation indicating the critical role of STAT6 in allergic
responses [12, and see Schaefer et al., 13, this volume].

Transcription Factors May Modulate the Differentiation
of Th1/Th2. CD4+ Th cells can be divided into three
major subsets termed Th1, Th2, and Th0 based on the
pattern of cytokines they produce [14]. Th1 cells produce
predominantly IL-2 and IFN-Á and predominantly pro-
mote cell-mediated immune responses. Th2 cells produce
mainly IL-4, IL-5 and IL-13 and increase IgE production,
thereby playing a crucial role in allergic reaction. Th0 cells
produce both Th1 and Th2 cytokines and differentiate
into Th1 and Th2 cells.

Th1 and Th2 cell differentiation and cytokine release
involves several transcription factors. For example, Th2
cell differentiation requires GATA-3 [see Ray and Ray,
15, this volume] and STAT6 [see Schaefer et al., 13, this
volume] (fig. 3). Identification of the critical intracellular
signalling mechanisms involved in Th2 cell differentia-
tion and activation could provide new anti-asthma targets
[see Koulis and Robinson, 16, this volume].

Transcription Factors May Modulate Anti-Asthma Drug
Responses. Glucocorticoids are the most effective therapy
used to treat asthmatic inflammation [see Dahl and Niel-
sen, 17, this volume]. They act by binding to a specific
cytoplasmic receptor (GR) which is able to translocate to
the nucleus and act as a transcription factor. GR can ei-
ther switch on the expression of anti-inflammatory genes,
such as SLPI and lipocortin-1, or more importantly switch
off inflammatory gene expression by targeting pro-inflam-
matory transcription factors such as AP-1 and NF-ÎB or
members of the MAPK pathways [18].
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Role of Transcription Factors in the Pathogenesis
of COPD
In contrast to the enormous increase in our under-

standing of the pathogenesis of asthma, knowledge of the
molecular pathogenesis of COPD is extremely limited.

Transcription Factors May Modulate the Clinical Mani-
festations of COPD. The chronic airflow obstruction in
COPD results from a combination of small airway disease
and loss of lung elasticity due to destruction of the lung
parenchyma. The mechanisms of the chronic lower air-
way inflammation, lung parenchyma destruction and mu-
cus hypersecretion in COPD are not certain. However, it
is likely that cigarette smoke (and/or other irritants) acti-
vate alveolar macrophages (and possibly epithelial cells
and CD8+ T lymphocytes) in the lower respiratory tract
that release chemotactic factors to attract neutrophils. All

these cells then can release many inflammatory media-
tors, and current research in COPD is focused on the bal-
ance proteases/antiproteases, oxidants/antioxidants, pro-
and anti-inflammatory cytokines [19].

The modulation of the inflammatory response in
COPD by genetic factors associated to transcription fac-
tors may be in part the cause of the different clinical phe-
notypes of the patients with COPD. Interestingly, only a
fraction of all the patients with severe COPD develop a
chronic pulmonary hypertension and this is associated
with a worst prognosis. In these patients, there is structur-
al remodelling of the arterial walls and it is tempting to
speculate that structural remodelling of the pulmonary
arterial walls could be linked to the induction or repres-
sion of transcription factors, such as hypoxia-inducible
factor-1, in these cells.
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Summary
The targeting of chromatin modification is an integral part of ev-

ery gene regulatory pathway in eukaryotes, and the reversible acetyla-
tion of lysine residues in the NH2-terminal tails of the core histones is
one of the major such modifications observed in vivo. We summa-
rize existing evidence that connects the action of histone acetyltrans-
ferases and deacetylases to transcriptional control, describe currently
available pharmacological agents that regulate their activity, high-
light recent discoveries of chromatin modification pathways in-
volved in the regulation of genes relevant to the etiology of allergy
and asthma, and conclude by offering a basic scientists’ perspective
on the practice, promise, and pitfalls of using histone tail acetylation
and deacetylation to regulate genes in vivo.

An integral component of every gene regulatory path-
way in metazoa, chromatin represents a marvel of seem-
ing contradictions by both packaging and revealing the
genome. The textbook image of chromatin as a monoto-
nously repetitive entity obscures its potential for undergo-
ing dynamic structural transitions: the 40 million nucleo-
somes compacting DNA in each one of our cells are
tended to by complexes that assemble, destroy, move, and
chemically modify them – all these functions are ex-
ploited by transcriptional regulators to effect gene control
[1]. This review focuses on a particular class of covalent
modification – the reversible acetylation of lysine resi-
dues in the NH2-terminal tails of the core histones
(fig. 1a). Discovered by V. Allfrey and D. Mirsky in 1964,
the humble Â-acetyl group became the focus of an extraor-
dinary research effort after the identification in 1996 by
D. Allis, S. Roth, and their colleagues of the histone ace-
tyltransferase (HAT) Gcn5p as a transcriptional activator
in yeast and in ciliates, and the concomitant discovery by

S. Schreiber and coworkers that the histone deacetylase
(HDAC) Rpd3p is a transcriptional repressor in yeast and
in mammals. In the 5 years since, a great number of HATs
and their functional antagonists, the HDACs, have been
characterized and connected to every aspect of genomic
function in eukaryotes [3, 4]. The HAT/HDAC pathway
of gene control operates in all cells and provides investiga-
tors with an efficient lever to regulate gene expression in
vivo [5, 6]; it thus represents an attractive target for
designing therapeutic intervention strategies in clinical
practice.

This review summarizes existing evidence that con-
nects the HAT/HDAC pathway to transcriptional control,
describes currently available pharmacological agents that
regulate its activity, highlights recent discoveries of its
involvement in gene regulatory pathways relevant to the
etiology of allergy and asthma, and concludes by offering
a basic scientists’ perspective on the practice, promise,
and pitfalls of using histone tail acetylation and deacetyla-
tion to regulate genes in vivo.

Histone Tail Modification in Transcriptional
Control
The nucleosome is a compact union between 8 mole-

cules of core histones and approximately 146 bp of DNA
[1]. Quite unlike the ‘featureless cylinder’ cartoon nucleo-
some common in schematics, it is enveloped in a web of
long, positively charged tentacles (fig. 1b): the NH2-termi-
nal lysine-rich tails of the core histones that are the targets
for acetylation and deacetylation. While we do not cur-
rently know their structure [7], robust genetic evidence
points to the NH2-terminal histone tails’ essential role in
gene control and genomic function in general: it is known,
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Fig. 1. a Chemical equation of core histone NH2-terminal tail acetylation on
the Â-NH2 group of lysine residues. b Schematic representation of a nucleo-
some [based on data in ref. 2]; histone octamer core is shown in light grey,
DNA superhelix – in dark grey, the histone tails – as black dashed lines (each
dash corresponds to one amino acid). The location of the lysine residues in
the tails is indicated by a ‘+’ sign, and of those residues that are the targets of
acetylation in vivo, by ‘Ac’. The length of the tails as shown is approximately
to scale with the size of the core histone octamer.

Fig. 2. Chemical formulas for the HDACs’ natural substrate
and for some currently used HDAC inhibitors. Detailed de-
scriptions of the hybrid-polar compounds HMBA, SAHA,
and others, can be found in reference 16.

for instance, that the tails are required for cell viability, as
well as both transcriptional repression and activation in
vivo [8].

While it is at present unclear how histone tail acetyla-
tion affects the structure of chromatin in vivo – available
evidence suggests that it promotes the unfolding of chro-
matin [8], transcription factor access to DNA [1], and
transcriptional elongation [9] – a wide variety of data
point to its use as a regulatory mechanism. For instance, a
large number of HATs and HDACs are involved in tran-
scriptional regulation [10]. In addition, the level of his-
tone acetylation at particular loci in the genome is posi-
tively correlated with their transcriptional activity [11],
and the lysine residues in the histone tails assembled at
gene promoters are bona fide targets of acetylation by

HATs [12]. HATs are also known to have nonhistone tar-
gets, e.g., various transcription factors and components of
the basal transcription machinery [10]. Both HATs and
HDACs are found in large multiprotein complexes that
are targeted to particular loci in the genome by various
transcriptional activators and repressors [13, 14], and in
many cases, a nice correlation exists between the capacity
of such regulators to target HATs/HDACs and their abili-
ty to control gene expression [4, 14, 15].

Pharmacological Intervention with HATs and
HDACs
Studies of HAT and HDAC function in gene regula-

tion have reaped great benefit from the availability of
small molecules that inhibit HDAC activity (fig. 2); these
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range from simple organic molecules, such as sodium
butyrate, to more complex fungal-derived trichostin A
(TSA) and trapoxin [6] and synthetic ‘hybrid polar com-
pounds’ [16]. Nanomolar doses of TSA have been shown
to relieve repression exerted by unliganded nuclear hor-
mone receptors [14], the methylated DNA-binding pro-
tein MeCP2 [15], and many other transcriptional repres-
sors [3].

While HDAC inhibitors are useful reagents, they need
to be applied with caution, in large part because they exert
pan-cellular effects, and very likely alter the transcrip-
tional program of a significant number of genes (see
below). Importantly, many transcriptional repressors [see
ref. 18 and references therein] can continue to exert some
silencing action even in the presence of concentrations of
TSA that are known to inhibit 100% of all HDAC activity
in the cell. It has been hypothesized that these regulators
exploit pathways for repression auxiliary to HDAC target-
ing, and that direct interactions with the basal transcrip-
tion machinery underlie these pathways; there are at
present no in vivo data illuminating the mechanism of
such action.

The importance of such observations for clinical prac-
tice is illustrated by evidence for the role of HDAC target-
ing in mediating repression of loci located within hyper-
methylated DNA stretches: symmetrical methylation of
cytosines within CpG dinucleotides is an important regu-
latory phenomenon in vertebrate genomes [13] which
contributes to host genome defence and stability, epigen-
etic phenomena such as imprinting [19], and possibly tis-
sue-specific gene regulation. Biochemical approaches re-
vealed the existence of a protein with high selectivity for
methylated DNA termed MeCP2; it acts as a potent tran-
scriptional repressor and exploits HDAC targeting for
action [13]. Remarkably, while TSA robustly relieved
methylation-driven repression in noncancerous cells [17],
this agent alone proved incapable of reactivating a pro-
moter whose activity was silenced by the mistargeting of
DNA methylation in transformed cells [20], and required
the abetting action of a DNA demethylating agent, 5-aza-
cytidine.

However the HDAC inhibitors do act, for clinical pur-
poses their most significant property is a well-character-
ized capacity to effect cell cycle arrest and promote differ-
entiation of a great variety of normal and transformed
cells in culture, as well as their known anti-oncogenic
action in humans [21, 22] (see below). It is unclear how
this action occurs, but the disrupted balance between cell
proliferation and differentiation in transformed cells is
thought to be influenced by the failure to activate differ-

entiation-specific genes either by the use of transcrip-
tional repressors, through the failure to recruit coactiva-
tors, or through interference with coactivator function. In
line with this notion, the etiology of a number of leuke-
mias has been traced to aberrant recruitment of histone
acetyltransferases and deacetylases to gene promoters
[23]. For instance, in acute promyelocytic leukemia
(APL), the gene for the retinoic acid receptor-· (RAR-·)
has been shown to be fused to the gene for the promyelo-
cytic leukemia zinc finger protein (PLZF) or the gene for
the promyelocytic leukemia protein (PML) – the latter
two proteins are sequence-specific DNA-binding factors;
the resulting fusion proteins recruit histone deacetylase
via the RAR ligand-binding domain moiety to silence
transcription [23]. Up to 80% of patients with APL
achieve significant improvement following treatment
which includes all-trans retinoic acid – the ligand for
RAR-· – that acts to release HDAC from the fusion pro-
tein [24]. A related example involves action by the onco-
protein v-ErbA: it is a mutated version of the chicken thy-
roid hormone receptor-·, and is thought to constitutively
silence TR-regulated genes that are required for cell cycle
arrest and differentiation in immature haematopoietic
progenitors [25]. As a result, the avian erythroblastosis
virus that carries v-ErbA causes fatal erythroleukaemia in
chickens; importantly, TSA both efficiently relieves v-
ErbA-mediated repression [18, 26] and promotes differ-
entiation of normal as well as transformed erythroid pro-
genitors.

The current literature contains an extensive collection
of studies in which the phenotypes of particular trans-
formed cells and the activity of particular oncogenesis-
related promoters in their genomes are shown to be
responsive to the action of HDAC inhibitors. In 1998,
Warrell et al. [22] described the clinical application of the
HDAC inhibitor sodium butyrate to the treatment of a
patient with a severe case of APL that was resistant to
all-trans retinoic acid. According to that study, F 3 weeks
after the administration of the HDAC inhibitor in con-
junction with retinoic acid, virtually complete clinical and
cytological remission was achieved. This observation of-
fers promise for the future of pharmacologically targeting
the HAT/HDAC pathway for therapeutic purposes.

Chromatin in Gene-Regulatory Pathways Relevant
to the Aetiology of Allergy and Asthma
Given their ubiquity in the nucleus, it is exceedingly

likely that targeting of particular HATs and HDACs is
exploited in the regulation – and the pathological misreg-
ulation – of most genes implicated in the progression of
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pulmonary disorders. Thus, the potential exists for the
development of judicious intervention strategies into dis-
ease progression using the modulation of chromatin and
non-histone protein acetylation states.

One conspicuous example is the known anti-inflam-
matory action of ligands for the glucocorticoid receptor
(GR), which has been effectively used in the clinical man-
agement of asthma (see relevant articles elsewhere in this
volume). As all members of the nuclear hormone receptor
superfamily, liganded GR exploits the targeting of various
chromatin modification complexes, including the HATs
CBP/p300 and SRC-1 [27]. Overexpression of CBP/p300
increases the transcription activation potential of li-
ganded GR [28], as well as its capacity to overcome the
transrepressive action of NF-ÎB [29]. Many current mod-
els suggest that such coactivators as CBP and p300 are
limiting in the nucleus, and that competition for the small
amounts of these essential coactivators between various
transcription factors is an important regulatory mecha-
nism in specifying cell phenotype [30]. It is likely, there-
fore, that the anti-inflammatory action of glucocorticoids
could be potentiated by the concomitant application of
HDAC inhibitors; it is useful to note in this connection
that transcriptional activation by GR is initiated with a
nucleosome-scale chromatin disruption phenomenon dis-
covered by K. Zaret and K. Yamamoto in 1984, which as
of itself is most likely not HAT-dependent [1]. The coacti-
vators CBP/p300 activate transcription at a step subse-
quent to this chromatin disruption [31], and it is quite
possible that the presence of an HDAC inhibitor will, to
some extent, mimic the targeting of HATs by liganded
GR. In several cases, TSA was shown to stimulate the bas-
al activity of particular promoters in the absence of target-
ing of a HAT [for instance ref. 18, 32]; such action likely
reflects the fact that the nucleus contains a considerable
number of ‘philandering’ HATs and HDACs, and abro-
gating HDAC activity allows the HATs to act promis-
cuously. On GR-regulated promoters, however, such ac-
tion by HATs would be more conspicuous due to the
large-scale chromatin remodelling already exerted by the
liganded receptor. It is important to note that a complicat-
ing circumstance in the application of HDAC inhibitors
to potentiate GR action is the known role for transrepres-
sion in the antiinflammatory effects of glucocorticoids
(see relevant articles in this volume).

A second example concerns recent observations of
chromatin-remodelling phenomena at promoters for var-
ious cytokines involved in immune system function, such
as IL-12 [33], and IL-4/5/13 [34]. These promoters appear
to undergo classical two-stage activation in which an ini-

tial STAT-mediated large-scale nucleosome disruption
event potentiates binding to promoters by such regulators
as GATA-3 [35]; recent evidence also suggests a STAT6-
independent role for GATA-3 per se in the initial remod-
elling event [36]. Whatever the precise sequence of action
of various factors at these promoters, some of them
appear to undergo DNA demethylation concomitant with
activation [37]. The initial establishment and mainte-
nance of the methylation-induced repressed state are both
intimately connected to the targeting of HDACs [17, 38],
and it is possible, therefore, that the action of HDAC
inhibitors will stimulate some of these promoters, al-
though the caveat discussed above with regards to the
study by Cameron et al. [20] applies in this case as well.

Conclusion
Successful targeting of HATs and HDACs in clinical

practice awaits a more profound understanding of the
structural and mechanistic underpinnings of this pathway
in vivo. For example, as discussed above, it is still unclear,
how histone hyperacetylation upregulates transcription.
This gap in our knowledge creates a problem because it
precludes a better understanding of the mechanisms and
effects of action by HDAC inhibitors such as TSA. Ro-
bustly effective at nanomolar concentrations, it is clearly
a very potent agent; the phenotypes observed as a conse-
quence of its action, however, must be interpreted with
great caution, since it is very likely that it changes the
transcriptional program of much of the nucleus. New
methodologies for genome-wide expression profiling [39]
should prove very useful in this sense. Finally, new tech-
niques exist that offer the promise of targeting of chroma-
tin modifying activities to specific loci in the genome [40].
It is possible that the use of such methods to effect regula-
tion of specific genes – rather than the genome-wide appli-
cation of pharmacological agents – may be an effective
means to parsimoniously alter cell phenotype.



336 Urnov/Wolffe

References
1 Wolffe AP, Guschin D: Chromatin structural

features and targets that regulate transcription.
J Struct Biol 2000;129:102–122.

2 Wolffe AP, Hayes JJ: Chromatin disruption
and modification. Nucleic Acids Res 1999;27:
711–720.

3 Cheung WL, Briggs SD, Allis CD: Acetylation
and chromosomal functions. Curr Opin Cell
Biol 2000;12:326–333.

4 Ng HH, Bird A: Histone deacetylases: Silencers
for hire. Trends Biochem Sci 2000;25:121–
126.

5 Lau OD, Kundu TK, Soccio RE, Ait-Si-Ali S,
Khalil EM, Vassilev A, Wolffe AP, Nakatani Y,
Roeder RG, Cole PA: HATs off: Selective syn-
thetic inhibitors of the histone acetyltransfer-
ases p300 and PCAF. Mol Cell 2000;5:589–
595.

6 Yoshida M, Horinouchi S, Beppu T: Trichosta-
tin A and trapoxin: novel chemical probes for
the role of histone acetylation in chromatin
structure and function. Bioessays 1995;17:
423–430.

7 Luger K, Mader AW, Richmond RK, Sargent
DF, Richmond TJ: Crystal structure of the
nucleosome core particle at 2.8 A resolution.
Nature 1997;389:251–260.

8 Hansen JC, Tse C, Wolffe AP: Structure and
function of the core histone N-termini: More
than meets the eye. Biochemistry 1998;37:
17637–17641.

9 Wittschieben BO, Fellows J, Du W, Stillman
DJ, Svejstrup JQ: Overlapping roles for the his-
tone acetyltransferase activities of SAGA and
Elongator in vivo. Embo J 2000;19:3060–
3068.

10 Sterner DE, Berger SL: Acetylation of histones
and transcription-related factors. Microbiol
Mol Biol Rev 2000;64:435–459.

11 Grunstein M: Histone acetylation in chromatin
structure and transcription. Nature 1997;389:
349–352.

12 Zhang W, Bone JR, Edmondson DG, Turner
BM, Roth SY: Essential and redundant func-
tions of histone acetylation revealed by muta-
tion of target lysines and loss of the Gcn5p ace-
tyltransferase. Embo J 1998;17:3155–3167.

13 Bird AP, Wolffe AP: Methylation-induced re-
pression – belts, braces, and chromatin. Cell
1999;99:451–454.

14 Collingwood TN, Urnov FD, Wolffe AP: Nu-
clear receptors: coactivators, corepressors and
chromatin remodeling in the control of tran-
scription. J Mol Endocrinol 1999;23:255–275.

15 Magnaghi-Jaulin L, Ait-Si-Ali S, Harel-Bellan
A: Histone acetylation and the control of the
cell cycle. Prog Cell Cycle Res 2000;4:41–47.

16 Richon VM, Emiliani S, Verdin E, Webb Y,
Breslow R, Rifkind RA, Marks PA: A class of
hybrid polar inducers of transformed cell dif-
ferentiation inhibits histone deacetylases. Proc
Natl Acad Sci U S A 1998;95:3003–3007.

17 Jones PL, Veenstra GJ, Wade PA, Vermaak D,
Kass SU, Landsberger N, Strouboulis J, Wolffe
AP: Methylated DNA and MeCP2 recruit his-
tone deacetylase to repress transcription. Nat
Genet 1998;19:187–191.

18 Urnov FD, Yee J, Sachs L, Bauer A, Beug H,
Shi YB, Wolffe AP: Targeting of N-CoR and
histone deacetylase 3 by the oncoprotein v-
ErbA yields a chromatin infrastructure-depen-
dent transcriptional repression pathway.
EMBO J 2000;15:1–17.

19 Wolffe AP, Matzke MA: Epigenetics: Regula-
tion through repression. Science 1999;286:
481–486.

20 Cameron EE, Bachman KE, Myohanen S, Her-
man JG, Baylin SB: Synergy of demethylation
and histone deacetylase inhibition in the re-
expression of genes silenced in cancer. Nat
Genet 1999;21:103–107.

21 Archer SY, Hodin RA: Histone acetylation and
cancer. Curr Opin Genet Dev 1999;9:171–
174.

22 Warrell RP Jr. He LZ, Richon V, Calleja E,
Pandolfi PP: Therapeutic targeting of tran-
scription in acute promyelocytic leukemia by
use of an inhibitor of histone deacetylase. J
Natl Cancer Inst 1998;90:1621–1625.

23 Lin RJ, Egan DA, Evans RM: Molecular genet-
ics of acute promyelocytic leukemia. Trends
Genet 1999;15:179–184.

24 Slack JL, Rusiniak ME: Current issues in the
management of acute promyelocytic leukemia.
Ann Hematol 2000;79:227–238.

25 Stunnenberg HG, Garcia-Jimenez C, Betz JL:
Leukemia: The sophisticated subversion of he-
matopoiesis by nuclear receptor oncoproteins.
Biochim Biophys Acta 1999;1423:F15–F33.

26 Ciana P, Braliou GG, Demay FG, von Lindern
M, Barettino D, Beug H, Stunnenberg HG:
Leukemic transformation by the v-ErbA onco-
protein entails constitutive binding to and re-
pression of an erythroid enhancer in vivo.
Embo J 1999;17:7382–7394.

27 Adcock IM, Nasuhari Y, Barnes PJ: Role of
CBP in glucocorticoid-induced gene repres-
sion. Biochem Soc Trans 1998;26:S255.

28 Chen H, Lin RJ, Schiltz RL, Chakravarti D,
Nash A, Nagy L, Privalsky ML, Nakatani Y,
Evans RM: Nuclear receptor coactivator
ACTR is a novel histone acetyltransferase and
forms a multimeric activation complex with P/
CAF and CBP/p300. Cell 1997;90:569–580.

29 Sheppard KA, Phelps KM, Williams AJ, Tha-
nos D, Glass CK, Rosenfeld MG, Gerritsen
ME, Collins T: Nuclear integration of glucocor-
ticoid receptor and nuclear factor-kappaB sig-
naling by CREB-binding protein and steroid
receptor coactivator-1. J Biol Chem 1998;273:
29291–29294.

30 Goodman RH, Smolik S: CBP/p300 in cell
growth, transformation, and development.
Genes Dev 2000;14:1553–1577.

31 Li Q, Imhof A, Collingwood TN, Urnov FD,
Wolffe AP: p300 stimulates transcription insti-
gated by ligand-bound thyroid hormone recep-
tor at a step subsequent to chromatin disrup-
tion. Embo J 1999;18:5634–5652.

32 Nagy L, Kao HY, Chakravarti D, Lin RJ, Has-
sig CA, Ayer DE, Schreiber SL, Evans RM:
Nuclear receptor repression mediated by a
complex containing SMRT, mSin3A, and his-
tone deacetylase. Cell 1997;89:373–380.

33 Weinmann AS, Plevy SE, Smale ST: Rapid and
selective remodeling of a positioned nucleo-
some during the induction of IL-12 p40 tran-
scription. Immunity 1999;11:665–675.

34 Agarwal S, Viola JP, Rao A: Chromatin-based
regulatory mechanisms governing cytokine
gene transcription. J Allergy Clin Immunol
1999;103:990–999.

35 Ray A, Cohn L: Th2 cells and GATA-3 in asth-
ma: New insights into the regulation of airway
inflammation. J Clin Invest 1999;104:985–
993.

36 Ouyang W, Lohning M, Gao Z, Assenmacher
M, Ranganath S, Radbruch A, Murphy KM:
Stat6-independent GATA-3 autoactivation di-
rects IL-4-independent Th2 development and
commitment. Immunity 2000;12:27–37.

37 Agarwal S, Rao A: Modulation of chromatin
structure regulates cytokine gene expression
during T cell differentiation. Immunity 1998;9:
765–775.

38 Robertson KD, Ait-Si-Ali S, Yokochi T, Wade
PA, Jones PL, Wolffe AP: DNMT1 forms a
complex with rb, E2F1 and HDAC1 and re-
presses transcription from E2F-responsive pro-
moters. Nat Genet 2000;25:338–342.

39 Young RA: Biomedical discovery with DNA
arrays. Cell 2000;102:9–15.

40 Kim JS, Pabo CO: Getting a handhold on
DNA: Design of poly-zinc finger proteins with
femtomolar dissociation constants. Proc Natl
Acad Sci U S A 1998;95:2812–2817.

Alan P. Wolffe, PhD
Sangamo Biosciences
Pt. Richmond Tech. Centre
501 Canal Blvd., Suite A100
Richmond, CA 94804 (USA)
Tel. +1 510 970 6000 (ext. 216)
Fax +1 510 236 8951
E-Mail awolffe@sangamo.com



Hansel TT, Barnes PJ (eds): New Drugs for Asthma, Allergy and COPD.
Prog Respir Res. Basel, Karger, 2001, vol 31, pp 337–341

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Activator Protein-1 and Nuclear
Factor-Kappa B
Brydon L. Bennett Anthony M. Manning

Signal Pharmaceuticals, Inc., San Diego, Calif., USA

337

Summary
This review describes the role of the nuclear transcription factors

activator protein-1 (AP-1) and nuclear factor-kappa B (NF-ÎB) in
asthma and COPD. Specifically, we present the opportunities for
modulating these factors with novel pharmaceuticals by targeting
proteins that regulate the activity of AP-1 and NF-ÎB.

Signal transduction is the mechanism whereby cells
relay information received from the external environ-
ment to multiple intracellular sites, resulting in a variety
of molecular ‘responses’ that may either change the cell
itself (i.e. differentiation) or cause it to release factors
back to the external environment to induce changes else-
where (i.e. activation). Transcription factors are compo-
nents of the signal transduction machinery that act in the
nucleus to promote the transcription of genes, leading to
the de novo production of proteins. The transcription fac-
tors, activator protein-1 (AP-1) [1] and nuclear factor-
kappa B (NF-ÎB) [2] are expressed in multiple cell types
and play a dominant role in the transcription of many
immune-related genes. For this reason, inhibition of AP-1
and/or NF-ÎB may provide a powerful means for down-
regulating many of the molecular events that culminate in
inflammation and structural damage of the lung. To date,
there are no clinically available drugs that specifically tar-
get either of these transcription factors, although anti-
inflammatory drugs such as glucocorticoids may exert
part of their therapeutic benefit through inhibition of
these factors.

Activator Protein-1 and Nuclear Factor-Kappa B
in the Lung
The inflamed asthmatic lung contains a milieu of

chemical mediators, cytokines, chemokines, and proteo-
lytic enzymes secreted by a range of resident and infiltrat-
ing cell types (fig. 1). AP-1 and NF-ÎB have been shown to
be activated in almost all cells of the asthmatic lung
including bronchial epithelium, vascular endothelium, al-
veolar fibroblasts, mast cells, and leukocytes [3]. Immu-
nostaining of inflamed lung shows high levels of nuclear
NF-ÎB in lung epithelium and leukocytes [4, 5]. Staining
of rat lung immediately following antigen challenge shows
activated NF-ÎB in the endothelial lining of the capillaries
[Manning, unpubl. obs.]. Similarly, electrophoretic mo-
bility shift assays (EMSA) of bronchoalveolar lavage
(BAL) fluid cells or lung tissue show high levels of AP-1
and NF-ÎB DNA- binding activity [6]. Furthermore, a sig-
nificant portion of the genes activated in the asthmatic
lung are known to be regulated by AP-1 and/or NF-ÎB.
Therefore, activated AP-1 and NF-ÎB are unifying molec-
ular entities that characterize asthma. Expression and
activation of NF-ÎB and AP-1 in the setting of COPD
have not been reported, and therefore the potential role
for these factors in this disease remains unknown.

Table 1 lists a number of asthma-related genes whose
transcription is dependent on the activity of AP-1 and
NF-ÎB. Many of these genes are regulated by both AP-1
and NF-ÎB. Note that the matrix metalloproteinases may
be preferentially regulated by AP-1, so that AP-1 inhibi-
tors may provide more selective drugs for COPD [7].
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Fig. 1. Schematic representation of leukocyte infiltration and induci-
ble gene expression in the inflamed lung. Lung inflammation is a
dynamic process involving multiple cell types and signaling media-
tors, of which a few are shown here. Many of these inducible genes
are regulated by AP-1 and NF-ÎB. The diagram shows representative
leukocytes adhering to, and migrating through the endothelial lining
of an alveolar capillary. Leukocytes migrate up the concentration gra-

dient (arrow) formed by diffusion of specific leukocyte chemoattrac-
tant molecules released from the site of inflammation, e.g. activated
mast cell. Activated fibroblasts release a range of matrix-degrading
and -remodeling enzymes that may alter the parenchyma and epithe-
lial lining of the lung. Inflamed and damaged epithelium becomes
permeable to both cytokines and infiltrating leukocytes, which collect
with mucus secretions in the airways as asthmatic lavage fluid.

Table 1. AP-1 and NF-ÎB-inducible genes identified in asthma and COPD

Cell surface receptors
E-Selectin
Intercellular adhesion molecule 1

(ICAM-1)
Mucosal adressin cell...

...adhesion molecule (MadCAM-1)
Vascular cell adhesion molecule 1

(VCAM-1)
CD11b (MAC-1 subunit)
CD25 (IL-2 receptor)
CD48
CD69
Immunoglobulin kappa light chain
MHC class I
MHC class II invariant chain (Ii)
Tissue factor

Chemokines and cytokines
Eotaxin
Interleukin-1
Interleukin-2
Interleukin-3
Interleukin-6
Interleukin-8
Interleukin-12
GM-CSF
G-CSF
M-CSF
Macrophage inflammatory protein-1

(MIP-1·)
Macrophage inflammatory protein-2
Monocyte chemotactic protein 1 (MCP-1)
RANTES
Tumor necrosis factor (TNF-·)

Enzymes
Cyclooxygenase-2 (COX-2)
12-Lipoxygenase
Lysozyme
NADPH quinone oxidoreductase
Nitric oxide synthase (iNOS)
Phospholipase A2
Superoxide dismutase (SOD)
Collagenase-1 (MMP-1)
Gelatinase B (MMP-9)
Stromelysin (MMP-3)

Transcription factors
Interferon regulatory factors-1, -2
NF-ÎB precursor p100
NF-ÎB precursor p105
c-rel

IkB·
c-myc
c-jun
p53

Other proteins
A20
C-reactive protein
Laminin
Peptide transporter (TAP-1)
Proteasome subunit LMP2
Tissue inhibitor of metallo-

proteinase 1
(TIMP-1)
Vimentin
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Fig. 2. AP-1 signaling pathway. The transcription factor AP-1 can be
activated by diverse stimuli including mitogens, pro-inflammatory
stimuli, antigen presentation, cell stress, and osmotic shock. Acti-
vated AP-1 (c-Fos/c-Jun) can be regulated by mitogen-activated pro-
tein kinase (MAPK) pathways. For example, activated Ras leads to
activation of a kinase cascade through raf, MKK-1, -2, and ERK-1, -2
and subsequent phosphorylation of the transcription factor, Elk-1.
Activated Elk-1 upregulates transcription of the c-Fos gene resulting

in increased levels of c-Fos protein. In the second pathway, activated
Rac-1 leads to activation of a kinase cascade through MLK/MEKK,
MKK-4,-7 and JNK-1, -2. Activated JNK transduces the signal from
the cytoplasm to the nucleus where it phosphorylates c-Jun resulting
in enhanced transcriptional activity of AP-1. GTP-binding proteins
are shown in italics, and protein kinases are shown in bold. Dotted
lines represent pathways in which intermediate proteins are either
poorly understood or not shown. SRF = Serum response factor.

Signaling Pathways: Targets for Therapeutic
Intervention
Transcription factor activation is a result of a signaling

cascade involving successive tiers of signaling proteins.
This cascade network allows for both amplification of the
signal, and specificity of the response arising from differ-
ent stimuli [8]. The AP-1 and NF-ÎB signaling pathways
are comprised of multiple kinases that serially phosphory-
late downstream substrate kinases and transcription fac-
tors (fig. 2, 3). Following receptor activation by ligand, a
variety of receptor-associated factors, GTP-binding pro-
teins, tyrosine and serine/threonine kinases are activated.
The precise composition and order of activation of these
receptor-associated factors are highly dependent upon the
cell type and the activated receptor complex. For exam-
ple, while TNF receptor activation results in a receptor

complex comprised of TRAF, RIP and death domain pro-
teins [9], antigen presenting cell interaction with the T cell
receptor (CD3) and costimulatory molecules (e.g. CD28)
results in an activation complex comprised of tyrosine
kinases (e.g. Fyn, Lck, Zap70) and GTPases (e.g. grb2,
sos) [10]. The complexity and variety of these upstream
signaling intermediates have provided a host of potential
therapeutic targets that may provide enhanced cell type
and stimulus specificity. However, it is clear that many of
these pathways exhibit significant redundancy, so that
deletion of one component does not exert a dominant
inhibitory effect. Nevertheless, all of these stimuli and
intermediates propagate signals that ultimately lead to
strong activation of AP-1 and NF-ÎB. In figures 2 and 3
we have shown in detail the downstream portion of the
signaling cascades leading to activation of both AP-1 and
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Fig. 3. NF-ÎB signaling pathway. The transcription factor NF-ÎB,
can be activated by diverse stimuli including pro-inflammatory cyto-
kines, antigen presentation, bacterial endotoxin, viral infection, UV,
and reactive oxygen species. Stimulatory signals are transduced by
receptor-protein complexes via at least one of four serine threonine
kinases; NIK, protein kinase C , MLK-3, and MEKK-1, to activate
the IKK ‘signalsome’, a 900-kD multiprotein complex. Cytoplasmic

NF-ÎB is recruited to the signalsome where the inhibitor molecule,
IÎB, is phosphorylated on two serine residues. Phosphorylated IÎB
becomes a substrate for the IÎB-ligase complex that covalently
attaches multiple ubiquitin polypeptides to IÎB, thereby targeting it
for degradation by the 26S proteosome. NF-ÎB is then translocated
to the nucleus where it binds to specific elements in gene promoters.
(Protein kinases are printed in bold).

NF-ÎB. These final signaling steps appear to be remark-
ably consistent regardless of cell type and stimulus. Fur-
thermore, overexpression of inactive versions (dominant
negative mutants) of any of these proteins significantly
block transcription factor activation in a stimulus inde-
pendent manner [11].

Prototypical AP-1 is a heterodimer comprised of two
proteins, c-fos and c-jun. Related AP-1 transcription fac-
tors may be dimers of Fos, JunB, c-Jun, JunD, Fra-1 and
Fra-2 [1]. c-Fos and c-Jun are regulated independently by
separate mitogen-activated protein kinase (MAPK) cas-
cades. For example, p21 Ras activates the MAPKKK, raf-
1, which phosphorylates the MAPKK, MEK, which in
turn phosphorylates the MAPK, ERK, which phosphory-
lates and activates the transcription factor Elk-1. Elk-1
binds to and promotes transcription of the c-fos gene lead-

ing to increase levels of c-fos protein. Additional tran-
scription factors, such as serum response factor (SRF),
may augment transcription of the c-fos gene. In another
pathway, the small GTPases Rac-1 and cdc42 may be
activated by Ras or other upstream pathways. Rac-1 acti-
vates an MAPKKK (e.g. MLK, MEKK) that phosphory-
lates an MAPKK, MKK, which in turn phosphorylates
JNK. Nuclear JNK then phosphorylates c-jun, signifi-
cantly enhancing the transcriptional activity of AP-1
[12].

NF-ÎB is a heterodimer of p50 (NF-ÎB1) and p65
(RelA) [2]. NF-ÎB-like transcription factors are dimers of
p50, p52, RelA, RelB and c-rel. NF-ÎB is retained in the
cytoplasm by an inhibitory protein, IÎB, which masks the
nuclear localization signal present on NF-ÎB. Upstream
signaling pathways converge at a 900-kD multiprotein
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complex called the ‘signalsome’, which contains at least
three proteins, IKK-1, IKK-2 and IKKAP-1/NEMO [13].
The IÎB kinase, IKK-2 is believed to play a central role in
pro-inflammatory signaling leading to phosphorylation of
IÎB and targeting it for ubiquitination and subsequent
degradation by the 20S proteasome. This releases NF-ÎB
for transport to the nucleus where it promotes the tran-
scription of multiple genes (table 1).

Current and Future Therapies
At present, there are no prescribed drugs for asthma

and COPD that target AP-1 or NF-ÎB. Aspirin, which has
been shown to inhibit IKK-2 at high concentrations [14],
is not effective in treating asthma. The most effective
treatment for asthma, corticosteroids, exhibits striking
suppression of the same inflammatory genes that are regu-
lated by NF-ÎB and AP-1. This correlate has driven the
search for mechanisms that explain the connection be-
tween glucocorticoid receptor activity and suppression of
AP-1 and NF-ÎB gene regulation. One reported mecha-
nism is that levels of the endogenous inhibitor of NF-ÎB,
IÎB, are upregulated following administration of gluco-
corticoids [15, 16], thereby suppressing NF-ÎB transcrip-
tional activity. A second proposed mechanism for gluco-
corticoid action is the inhibition of histone acetylation
and chromatin remodeling that is required for the tran-

scription of transiently expressed (e.g. inflammatory)
genes [17, 18]. Although this mechanism does not involve
inhibition of the NF-ÎB signaling pathway per se, it does
reinforce the potential efficacy of drugs blocking the sig-
naling pathways leading to AP-1 and NF-ÎB activation.

Targets for drug discovery include all the signaling
enzymes of these pathways (fig. 2, 3). The IÎB kinase,
IKK-2 appears to be a central regulator of NF-ÎB for all
inflammatory stimuli and thus represents a target with
significant modulating potential. More selective inhibi-
tors may be found by targeting stimulus-dependent, or
cell-specific enzymes such as NIK, MEKK-1, PK-C ,
p56Lck, and Zap70. Additional targets include the ubi-
quitin ligase and proteosome machinery that targets IÎB
for proteolytic degradation. In the AP-1 pathway, all the
MAPK family members are candidate drug targets in-
cluding raf-1, MEK, ERK, MEKK, MLK, MKK and
JNK. Indeed, SP600125, an ATP- competitive inhibitor
of JNK, inhibits the infiltration of leukocytes into the lung
in both acute and chronic models of antigen-induced lung
inflammation in the rat [Bennett, unpubl. obs.]. Inhibi-
tion of other signaling intermediates, such as Ras, EPS8,
Rac-1, Grb2 and Sos-1, may also provide anti-inflamma-
tory effects, although the multiple signaling activities of
some of these molecules may prove to be a liability.

References
1 Karin M, Zg L, Zandi E: AP-1 function and

regulation. Curr Opin Cell Biol 1997;9:240–
246.

2 Karin M: The beginning of the end: IÎB kinase
(IKK) and NF-ÎB activation. J Biol Chem
1999;274:27339–27342.

3 Barnes PJ, Adcock IM: Transcription factors
and asthma. Eur Respir J 1998;12:221–234.

4 Adcock IM: Transcription factors as activators
of gene transcription: AP-1 and NF-ÎB. Monal-
di Arch Chest Dis 1997;52:178–186.

5 Yang l, Cohn L, Zhang DH, Homer R, Ray A,
Ray P: Essential role of NF-ÎB in the induction
of eosinophilia in allergic airway inflamma-
tion. J Exp Med 1998;188:1739–1750.

6 Manning AM, Bell FP, Rosenbloom CL, Cho-
say JG, Simmons CA, Northrup JL, Shebuski
RJ, Dunn CJ, Anderson DC: NF-ÎB is acti-
vated during acute inflammation in vivo in
association with elevated endothelial cell adhe-
sion molecule gene expression and leukocyte
recruitment. J Inflamm 1995;45:283–296.

7 Segura-Valdez L, Pardo A, Gaxiola M, Uhal
BD, Becerril C, Selman M: Upregulation of
gelatinases A and B, collagenases 1 and 2, and
increased parenchymal cell death in COPD.
Chest 2000;117:684–694.

8 Huang C-Y, Ferrell JE: Ultrasensitivity in the
mitogen-activated protein kinase cascade. Proc
Natl Acad Sci USA 1996;93:10078–10083.

9 Nagata S: Apoptosis by death factor. Cell 1997;
88:355–365.

10 Raab M, Cai YC, Bunnell SC, Heyeck SD, Berg
LJ, Rudd CE: p56Lck and p59Lyn regulate
CD28 binding to phosphatidylinositol 3-ki-
nase, growth factor receptor-bound protein
GRB-2, and T cell-specific protein-tyrosine ki-
nase ITK: Implications for T-cell costimula-
tion. Proc Natl Acad Sci USA 1995;92:8891–
8895.

11 Chen BK, Kung HC, Tsai TY, Chang WC:
Essential role of mitogen-activated protein ki-
nase pathway and c-Jun induction in epidermal
growth factor-induced gene expression of hu-
man 12-lipoxygenase. Mol Pharmacol 2000;57:
153–161.

12 Davis RJ: Signal transduction by the c-Jun N-
terminal kinase. Biochem Soc Symp 1999;64:
1–12.

13 Mercurio F, Murray BW, Shevchenko A, Ben-
nett BL, Young DB, Li JW, Pascual G, Moti-
wala A, Zhu H, Mann M, Manning AM: IÎB
kinase (IKK)-associated protein 1, a common
component of the heterogeneous IKK complex.
Mol Cell Biol 1999;19:1526–1538.

14 Yin MJ, Yamamoto Y, Gaynor RB: The anti-
inflammatory agents aspirin and salicylate in-
hibit the activity of IÎB kinase-beta. Nature
1998;396:77–80.

15 Scheinman RI, Cogswell PC, Lofquist AK,
Baldwin Jr AS: Role of transcriptional activa-
tion of IÎB· in mediation of immunosuppres-
sion by glucocorticoids. Science 1995;270:283–
286.

16 Auphan N, DiDonato JA, Rosette C, Helmberg
A, Karin M: Immunosuppression by glucocor-
ticoids: Inhibition of NF-ÎB activity through
induction of IÎB synthesis. Science 1995;270:
286–290.

17 Ghosh S: Regulation of inducible gene expres-
sion by the transcription factor NF-ÎB. Immu-
nol Res 1999;19:183–189.

18 Barnes PJ: Anti-inflammatory actions of gluco-
corticoids: Molecular mechanisms. Clin Sci
(Colch) 1998;94:557–572.

Brydon L. Bennett, PhD
Pre-clinical Development
Signal Pharmaceuticals, Inc.
5555 Oberlin Drive
San Diego, CA 92121 (USA)
Tel. +1 858 558 7500, ext. 8214
Fax +1 858 623 0870
E-Mail bbennett@signalpharm.com



Hansel TT, Barnes PJ (eds): New Drugs for Asthma, Allergy and COPD.
Prog Respir Res. Basel, Karger, 2001, vol 31, pp 342–345

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Inhibition of p38 MAP Kinase
David C. Underwood Don E. Griswold

Department of Pulmonary Biology, SmithKline Beecham Pharmaceuticals, King of Prussia, Pa., USA

342

Summary
The discovery of the p38 mitogen-activated protein kinase

(MAPK) signal transduction pathway and identification of specific
inhibitors has ushered in a growing area of research into the role of
p38 MAPK in pulmonary pathophysiology. Both in vitro and in vivo
studies have elucidated the expression of isoforms of p38 MAPK and
suggested an important role in the production and action of inflam-
matory cytokines. Further work in this area promises to give rise to a
deeper understanding of these pathways as well as a potential insight
into advances in therapy for both asthma and COPD.

Molecular Mechanisms
The mitogen-activated protein kinase (MAPK) net-

work represents at least twelve cloned highly conserved,
proline-directed serine-threonine protein kinases which,
when activated by cell stresses (DNA damage, heat or
osmotic shock), exogenous agents (anisomycin, Na arse-
nite, lipopolysaccharide, LPS) or pro-inflammatory cyto-
kines, TNF-· and IL-1ß, can phosphorylate and activate
other kinases or nuclear proteins such as transcription fac-
tors in either the cytoplasm or the nucleus (fig. 1) [for
reviews, see ref. 1–3]. The ubiquitous stress-activated pro-
tein kinase, p38 MAPK, is represented by at least 4 iso-
forms (·, ß, Á, ‰), several of which are considered impor-
tant in processes critical to the inflammatory response
and tissue remodeling [3]. The predominant kinases in
monocytes and macrophages, p38· and p38ß, appear
more widely expressed compared to p38Á (skeletal mus-
cle) or p38‰ (testes, pancreas, prostate, small intestine,
and in salivary, pituitary and adrenal glands) [3–5]. A
number of substrates of p38 MAP kinase have been iden-
tified including other kinases (MAPKAP K2/3, PRAK,
MNK1/2, MSK1/RLPK, RSK-B), transcription factors
(ATF2/6, myocyte enhancer factor 2, nuclear transcrip-

tion factor-ß, CHOP/GADD153, Elk1 and SAP-1A1) and
cytosolic proteins (stathmin), many of which are important
physiologically [1, 3]. A part of the signaling process in the
nucleus includes the phosphorylation of various factors,
such as activating transcription factor-2 (ATF2), at sites
that increase their transcriptional activity [6–8]. Along
with subunits of nuclear factor (NF)-B, ATF2 is thought to
bind to the AP-1 site as a heterodimer and positively regu-
late the expression of the promoters of several cytokine
genes [9]. In alveolar macrophages, it has been shown that
inhibition of p38 kinases with SB 203580 reduces cytokine
gene products [10]. These observations suggest mecha-
nisms by which the p38 kinases might regulate transcrip-
tion. Through the use of specific inhibitors, the potential
role of this stress-induced kinase in airway disease has
begun to be studied. Although the phosphorylation of tran-
scription factors appears to parallel or overlap p38 activa-
tion, the extent of their contribution to the anti-inflamma-
tory activity of p38 MAPK inhibition is unclear.

Of equal or greater importance is the contribution of
p38 to inducible gene expression by stabilizing mRNA
through an MAPKAPK-2 and 3) UTR AU-rich motif-tar-
geted mechanism [3, 11, 12]. In addition, when MAP-
KAPK-2 is phosphorylated by p38, the complex formed
appears to be translocated to the cytoplasm providing post-
transcriptional regulation of cytokine expression [13].

The complex process of lung inflammation in asthma,
COPD and acute respiratory distress syndrome (ARDS)
reflect coordinated intercellular communication among
infiltrating leukocytes, vascular endothelium, airway epi-
thelium, smooth muscle cells and alveolar macrophages
(fig. 2) [14, 15]. The lung inflammatory response is
thought to be orchestrated by macrophage- and epithelial-
derived cytokines, such as TNF-· and IL-1ß which en-
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Fig. 1. Schematic representation of the p38
MAPK signaling cascade. A variety of in-
flammatory mediators activate p38 MAPK
which may phosphorylate other downstream
kinases or nuclear proteins, such as tran-
scription factors, in either the cytoplasm or
the nucleus, thus creating the potential for an
amplified inflammatory process in the lung.

Fig. 2. Schematic representation of p38-
mediated inflammatory cell chemotaxis and
activation in the lung.

hance the expression of vascular adhesion molecules
(ICAM-1, E-selectin) and neutrophil chemotaxins or che-
mokines, such as IL-8, to generate the release of destruc-
tive oxidants and proteases [15].

Although a role for p38 kinase inhibitors in the treat-
ment of pulmonary disease has only recently been postu-
lated [3, 16, 17], it is well known that inflammatory cyto-
kines (TNF-·, IFN-Á, IL-4, IL-5) and chemokines (IL-8,
RANTES, eotaxin) are capable of regulating or supporting
chronic airway inflammation [18]. The production and
action of many of the potential mediators of airway
inflammation have been shown to be dependent upon the
stress-induced MAP kinase or p38 kinase cascade (ta-

ble 1). Activation of the p38 kinase pathway by numerous
environmental stimuli results in the elaboration of recog-
nized inflammatory mediators whose production is con-
sidered to be translationally regulated. In addition, a vari-
ety of inflammatory mediators activate p38 MAPK which
may then activate downstream targets of the MAPK sys-
tem including other kinases or transcription factors, thus
creating the potential for an amplified inflammatory pro-
cess in the lung. Several reports support the association of
p38 kinase activation to a plethora of pulmonary events:
LPS- and TNF·-induced ICAM-1 expression on pulmo-
nary microvascular endothelial cells [21, 22], MMP-9
activation [23], hypoxia-induced stimulation of pulmo-
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Table 1. List of representative activities of p38 MAP kinase in the
lung

Cell Activity Reference

Eosinophil chemotaxis (airway;
guinea pig, mouse)

Underwood et al. [16]

apoptosis (peripheral;
human)

Kankaanranta et al. [19]

apoptosis, persistence
(airway; guinea pig)

Underwood et al. [16]

Neutrophil chemotaxis (airway;
guinea pig)

Underwood et al. [17]

Alveolar macrophage IL-6 production
(airway; guinea pig)

Underwood et al. [17]

PMA-induced matrix
metalloproteinase
activity (airway; human)

Simon et al. [20]

matrix metalloproteinase
activity (airway; guinea pig)

Underwood et al. [17]

Endothelial cells
(in vivo)

expression of ICAM-1
(human; pulmonary
vascular)

Mulligan et al. [21]

Endothelial cells
(in vitro)

adhesion molecule
upregulation
(human pulmonary)

Tamura et al. [22]

Epithelium and
subepithelium

fibrosis (airway;
rat)

Underwood et al. [17]

Pulmonary arterial
smooth muscle cells

hypoxia-induced
activation

Scott et al. [23]

Heart right ventricular
hypertrophy (rat)

Underwood et al. [17]

nary artery cells [20], hyperosmolarity-induced IL-8 ex-
pression in bronchial epithelial cells [24] and enhanced
eosinophil trafficking and survival [16, 19].

Asthma
Although multiple cell types, both inflammatory and

structural, have been postulated to be involved in the
pathology of asthma, clearly the eosinophil has received
the most attention [25]. In airways disease, especially asth-
ma, the accumulation and activation of eosinophils appear
as a marker of the disease, and are postulated to contribute
to the development and maintenance of airway inflamma-
tion by releasing proinflammatory cytokines, lipid media-
tors, cytotoxic cationic proteins and oxygen radicals [18,
25]. In addition, while over 50 different mediators have
been implicated in asthma, the eicosanoids (e.g. LTB4,
LTD4), cytokines (TNF-·, IL-5, etc.) and chemokines
(RANTES, eotaxin and IL-8) have received recent focus
because of the availability of appropriate detection anti-
bodies and the demonstrated efficacy of selective antago-
nists and inhibitors [18]. The ability of the p38 MAP
kinase inhibitor, SB 239063, to inhibit antigen-induced
accumulation of eosinophils in the airways of both mice
and guinea pigs demonstrates inhibition of chemotaxis of
this granulocyte [16]. In addition, chemokines such as

RANTES and eotaxin have been recognized as potential
contributors to the pathophysiology of asthma, and dem-
onstrated inhibition of these cytokines as well as IgE syn-
thesis via inhibition of CD23 expression by the p38 MAPK
inhibitor, SB 203580, provide further evidence for the
importance of this pathway in allergic disease [3].

Only recently has the persistence and maintenance of
lung eosinophilia been evaluated. SB 239063 substantial-
ly reduced persistent airway eosinophilia, suggesting a
more complex activity additional to simple inhibition of
chemotaxis into the airways [16]. The demonstration of
enhanced apoptosis which may signal for phagic capture
by alveolar macrophages [26] provides an additional
unique mechanism by which p38 kinase inhibitors may
provide a therapeutic benefit in chronic airway inflamma-
tion. It has been consistently demonstrated that human
cultured eosinophils purified from peripheral blood un-
dergo rapid apoptosis when placed into primary culture
[19, 25, 26]; this phenomenon is diminished with IL-5
supplementation [19, 25, 26]. Enhanced in vitro apopto-
sis was clearly shown in the presence of the earlier genera-
tion p38 MAP kinase inhibitors, SB 203580 and SB
202190 [19]. Furthermore, SB 239063 enhanced the
apoptosis of a persistent population of guinea pig eosino-
phils isolated from the lung in the presence of IL-5 [16].

The recent demonstration of activated p38 MAPK in
the lung where cell-cell interactions may play an equally
important role in not only the survival of inflammatory
cells, but also the activation state of these cells is evidence
of the potential to enhance a naturally occurring neutrali-
zation of the pathogenesis of this granulocyte [16].

COPD
COPD is characterized by a chronic inflammatory pro-

cess in the lung with features including: (1) increased
inflammatory cells (neutrophils, macrophages and CD8+
T cells) in airway and parenchyma; (2) increased inflam-
matory cytokine and chemokine expression, and (3) in-
creased proteases (elastases, cathepsins and matrix metal-
loproteinases) [15]. Trafficking and activation of the neu-
trophil, believed to play a central role in the pathophysiolo-
gy of COPD, results in the release of a number of inflam-
matory mediators and proteinases, most importantly neu-
trophil elastase which contributes to the progressive fibro-
sis, airway stenosis and destruction of the lung parenchy-
ma, leading to an accelerated decline in airway function
and presentation of cor pulmonale [15, 27]. Neutrophil
elastase is also a powerful mucus secretagogue and thus
may contribute to the characteristic mucus hypersecretion
that characterizes lung inflammation [15]. Several reports
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support the involvement of p38 kinase activation to events
which may be associated with COPD: LPS- and TNF-·-
induced ICAM-1 expression on pulmonary microvascular
endothelial cells [21, 22], hypoxia-induced stimulation of
pulmonary artery cells [23], MMP-9 activation [20], hy-
perosmolarity-induced IL-8 expression in bronchial epi-
thelial cells [24]. Airway neutrophil infiltration, IL-6 levels
and MMP-9 activity, assessed by bronchoalveolar lavage
after LPS inhalation, were markedly inhibited by the p38
MAPK inhibitor, SB 239063 [17]. In guinea pig cultured
alveolar macrophages, SB 239063 inhibited LPS-induced

IL-6 production [17]. In addition, treatment with SB
239063 attenuated bleomycin-induced pulmonary fibro-
sis model in rats, significantly inhibiting right ventricular
hypertrophy (indicative of secondary pulmonary hyper-
tension) and increases in lung hydroxyproline synthesis
(indicative of collagen synthesis and fibrosis) [17].

Therefore, p38 MAP kinase inhibitors, such as SB
239063 demonstrate activity against a range of sequelae
commonly associated with asthma and COPD, providing
support for the therapeutic potential of this class of kinase
inhibitors in chronic airway disease.
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Summary
STAT6 is a transcription factor that plays a central role in both

IL-4 and IL-13 signaling. This report summarizes the function of
STAT6 in Th2 cell development and illustrates its implications in
asthma and atopic diseases. Based on the data derived from STAT6-
deficient mice, we postulate that STAT6 is an excellent therapeutic
target for various allergic conditions.

Functional Domains of STAT Proteins
STAT6 belongs to a family of transcription factors

known as signal transducer and activator of transcription
(STAT). STAT proteins play a fundamental role in trans-
mitting intracellular signals elicited by cytokines and
growth factors [1, 2]. The overall structure of a STAT pro-
tein is shown in figure 1. The amino-terminal domain
mediates protein:protein interactions either with other
transcription factors or among individual STAT proteins.
STAT:STAT interaction leads to tetramer formation and
cooperative DNA binding. Recently, the crystal structures
of two different STAT dimers bound to its DNA recogni-
tion site were solved [3, 4]. The DNA binding domain
located in the center of the molecule mediates interaction
with specific DNA elements. A linker region separates the
DNA binding and the src homology 2 (SH2) domain. The
SH2 domain is essential for the recognition of phosphory-
lated tyrosine residues in the intracellular domain of the
cognate cytokine receptor. The tyrosine residue that be-
comes phosphorylated upon activation is located down-
stream of the SH2 domain. The carboxy-terminal end
bears the transcription activation domain.

Fig. 1. Functional domains of STAT proteins. DBD = DNA-binding
domain.

Activation of STAT6 by IL-4 and IL-13
STAT6 is activated by two cytokines, IL-4 and IL-13.

The activation cycle is illustrated in figure 2. Both cyto-
kines mediate their effect through the IL-4 receptor alpha
chain, which heterodimerizes upon ligand binding with
an additional receptor chain that is distinct for the two
cytokines [5]. Receptor ligation leads to activation of the
associated kinases, Jak-1 and Jak-3, which in turn phos-
phorylate specific tyrosine residues in the intracellular
domain of the receptor. STAT6 is recruited to the recep-
tor and interacts with these phosphotyrosine residues via
its SH2 domain. The specificity of this interaction is dic-
tated by the nature of the amino acids following the phos-
photyrosine residues. Subsequently, STAT6 itself be-
comes phosphorylated, is released from the receptor,
dimerizes and translocates to the nucleus where it binds
specific DNA sequences located in the promotor of
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Fig. 2. Activation of STAT6-signaling pathway.
Fig. 3. Development of T-helper cell subsets.

IL-4/IL-13-responsive genes. STAT6 has unique DNA-
binding properties in that it recognizes an N4 site
(TTCN4GAA) in addition to the general N3
(TTCN3GAA) site which is bound by all STAT proteins
[6]. IL-4-responsive elements that are bound by STAT6
have been identified in a number of genes including
CD23, MHCcII, the IL-4 receptor alpha chain and the
germline epsilon promoter. Transcriptional activation of
the germline epsilon promoter is required for class switch-
ing to the IgE isotype. IL-4-induced expression of the
untranslated germline transcript requires integrity of the
STAT6-binding site as well as of the adjacent C/EBP-
binding site. Hence, in some cases STAT6 needs to coop-
erate with other transcription factors to drive IL-4-
induced gene expression.

Role of STAT6 in Th2 Differentiation
Naive CD4+ T cells can develop into two distinct T-

helper cell subpopulations, Th1 or Th2, depending on the
nature and dose of the antigen and the cytokine milieu
during the initial immune response. The two subsets are
defined by their unique cytokine expression profiles. Th1
cells produce IFN-Á and lymphotoxin and are important
for cell-mediated immunity. Th2 cells produce IL-4, IL-5,
IL-10 and IL-13 and are required for humoral immune
response (fig. 3). The presence of IL-12 during the initial

priming drives the polarization process towards the Th1
lineage, whereas the presence of IL-4 promotes Th2 devel-
opment. Differentiation towards a specific T-helper cell
subset is not only dependent on the presence of the key
cytokine but also depends on the integrity of the corre-
sponding downstream signaling pathway. The importance
of STAT6 in Th2 differentiation has been established
using STAT6-deficient mice. In the absence of STAT6,
T-lymphocytes fail to differentiate into Th2 cells in
response to either IL-4 or IL-13, and B-cells do not pro-
duce IgE [7–9]. Activation of STAT6 occurs very rapidly,
whereas the development of Th2 cells requires several
days. Hence, it is controversial whether STAT6 is directly
involved in the induction of Th2-associated cytokine
expression. Recently, it has been shown that ectopic
expression of activated STAT6 in developing Th1 cells
induces Th2-specific cytokines and suppresses the expres-
sion of IFN-Á, presumably by upregulating two other Th2-
specific transcription factors, GATA3 and c-maf [10].
GATA3 strongly activates the IL-5 promoter and to some
extent the IL-4 promotor, whereas c-maf acts at the IL-4
promotor site [11–13]. Thus, STAT6 may not directly
induce the Th2 cytokines but may instead be the gate-
keeper for the expression of other downstream transcrip-
tion factors that are directly involved in cytokine produc-
tion.

2

3
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STAT6 as a Drug Target for Asthma
Allergic asthma is a complex inflammatory disease

characterized by airway hyperresponsiveness, increased
serum IgE levels, and elevated eosinophil infiltration. The
pathology associated with asthma is mainly attributed to
the hyperactivity of Th2 lymphocytes. These cells release
IL-4, IL-5, IL-10, and IL-13, which are major players in a
variety of different inflammatory processes.

The role of IL-5 in asthma has been studied using IL-
5-deficient mice. IL-5 contributes to the growth, differen-
tiation and activation of eosinophils. In a mouse model of
allergic inflammation, IL-5-deficient mice are severely
impaired in the induction of eosinophil differentiation
and maturation, whereas IgE serum levels are not affected
[14].

In contrast, IL-4-deficient mice do not produce IgE,
but show somewhat normal eosinophilic inflammation.
Interestingly, IL-4-receptor-deficient mice reveal a much
stronger defect in inflammatory responses when com-
pared to IL-4-deficient mice. This effect can be explained
by the fact that the IL-4 receptor alpha chain is also shared
by IL-13. IL-13 shares many biological functions with
IL-4, such as enhanced CD23 expression on B cells and
IgE isotype switching [15]. However, IL-13 also has
unique functions and appears to be a central mediator of
allergic asthma [16].

STAT6 is the common signal transducer of IL-4 recep-
tor alpha and mediates IL-4- and IL-13-induced re-
sponses. The pivotal role of STAT6 in asthma was dem-
onstrated in murine model systems. STAT6-deficient
mice do not develop antigen-induced airway hyperres-
ponsiveness and they do not show mucus-containing cells
in the airway epithelium following antigen exposure.
More importantly, antigen treatment of STAT6-deficient
mice does not lead to an increase of Th2 cytokines. Conse-
quently, IL-4-induced serum IgE levels are abrogated and
IL-5-dependent induction of eosinophil differentiation is
severely defective [17, 18].

A downstream target of STAT6 is the transcription
factor GATA3, which is also essential in Th2 develop-
ment. Overexpression of a dominant-negative mutant of
GATA3 in mice demonstrates the important role of
GATA3 in allergic asthma. These transgenic mice show
reduced Th2 cytokine levels and a reduction in airway
eosinophilia, mucus production and IgE synthesis [19].
Similar observations have been made in STAT6-deficient
mice. Recently, it was shown that GATA3 is upregulated
upon STAT6 activation [10], suggesting that STAT6 inhi-
bition would also eliminate GATA3 function.

Taken together, these studies demonstrate that STAT6
inhibition affects the functions of all Th2 cytokines, IL-4,
IL-5, and IL-13, which are involved in the establishment
of asthma. Hence, STAT6 is a superb drug target for the
treatment of asthma and atopic diseases.

Mutations in the IL-4-Signaling Pathway in Humans
It remains to be determined whether the observations

made in murine models also apply to humans. However,
clinical data suggest that IL-4 signaling is clearly involved
in human asthma. For example, expression of a mutant
form of the IL-4 receptor alpha chain in allergic patients is
associated with increased IL-4 signaling [20]. Further-
more, a significant increase of GATA3 expression was
seen in asthmatic patients [21]. Collectively, these data
indicate that inappropriate regulation of the genes in-
volved in IL-4 production or IL-4 signaling may account
for the clinical symptoms of asthma in humans.

Concluding Remarks
STAT6 is a central regulator of both IL-4 and IL-13

signal transduction, and genetic studies have demon-
strated that STAT6 is an excellent therapeutic target for
the treatment of various allergic conditions. Based on the
knowledge of STAT6 activation, agents which disrupt
docking of STAT6 to the IL-4 receptor and prevent subse-
quent dimerization should be useful in the treatment of a
broad range of allergic and atopic diseases. If adminis-
tered prophylactically, such agents should inhibit STAT6
function and prevent the development of antigen-specific
Th2 cells. Abrogation of STAT6 function can also favor
the selective expansion of Th1 cells leading to IFN-Á pro-
duction, which can in turn suppress ongoing damage by
Th2 cytokines. An ideal STAT6 inhibitor should block all
Th2-mediated deleterious effects such as IgE production,
mucus accumulation in inflamed airways and eosino-
philic recruitment. Finally, STAT6 inhibitors have an
unequivocal advantage of being selective in preventing
Th2 effects without causing general immunosuppression.
The therapeutic value of STAT6 inhibitors needs to be
rigorously tested in various model systems in order to
develop better drugs to treat asthmatic patients.
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Summary
Retinoic acid receptor (RAR) agonists (vitamin A analogues)

have been developed clinically to treat a variety of inflammatory skin
disorders and to promote the repair of UV-induced skin damage.
Epidemiological studies have established an inverse relationship
between plasma retinol status and the degree of airway obstruction
associated with COPD. Current treatment of moderate to severe
emphysema is palliative at best. Recent preclinical studies suggest
that an analogue of vitamin A, all-trans retinoic acid (ATRA) may
promote the repair and/or re-alveolarization of parenchymal lesions
associated with emphysema. RAR agonists have the potential to be
used as anabolic therapy that could not only slow progression, but
reverse the disease process, leading to improved lung function and
quality of life. Clinical proof-of-concept studies are merited, but
identification of most appropriate patient populations and clinical
surrogates of improvement represent significant challenges in this
potential novel therapy.

Molecular Basis of Action
Retinoids are a class of compounds structurally related

to vitamin A, comprising natural and synthetic com-
pounds. Retinoic acid (RA) and its other naturally occur-
ring retinoid analogs (9-cis-RA, 13-cis-RA, all-trans 3,4-
didehydro-RA, 4-oxo RA and retinol) are pleiotropic reg-
ulatory compounds that modulate the structure and func-
tion of a wide variety of inflammatory, immune and
structural cells. Retinoids exert their biological effects
through a series of nuclear receptors that are ligand-indu-
cible transcription factors belonging to the steroid/thyroid
nuclear hormone receptor superfamily [1]. The ligand
bound heterodimer binds to RA response elements
(RARE) in the noncoding region target genes to repress or
enhance expression (fig. 1). Retinoids can also modulate

Fig. 1. Mechanism of action RA nuclear hormone receptors.

gene expression by binding directly to specific transcrip-
tion factors such as AP-1, interfering with the protein-pro-
tein interactions, analogous to glucocorticoids [2].

The retinoid receptors are classified into two families,
the RA receptors (RARs) and the retinoid X receptors
(RXRs), each consisting of three distinct subtypes (·, ß,
and Á). Within each RAR subtype a variable number of
isoforms may be expressed via differential splicing of the
primary RNA transcripts. All-trans RA (ATRA) is the
physiological hormone for the RARs. It binds with ap-
proximately equal affinity to all the three RAR subtypes
at nanomolar concentrations, but has no significant bind-
ing to the RXRs. In contrast, the 9-cis-RA isomer is active
on both RAR and RXR receptors. ATRA is generated pri-
marily from retinol at the cellular site of action in a highly
controlled metabolic pathway [reviewed by Napoli, 3].
Throughout the metabolic processes, retinoid metabo-
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lites and ATRA remain complexed to retinoid binding
proteins (retinol-binding protein, cellular-retinol-binding
protein and cellular RA-binding protein) to protect the
cells from hormonal action. Much of the metabolic path-
way is autoregulated by local concentrations of ATRA,
since excess or inadequate maintenance of ATRA can
have significant pathological consequences throughout
life.

Cellular Mechanism in Lung Development
RA was initially described as a critical nutrient re-

quired for development and maintenance of normal mu-
cociliary function in the lung. In animals depleted of vita-
min A, differentiation of airway epithelium was lost and
replaced by squamous cell metaplasia [4]. That expression
of RARß2 is associated with suppression of lung neo-
plasms is well recognized; however, the role of retinoid
agonists in chemoprevention or second-line therapy is
unclear.

In contrast, the pleiotropic effects induced by ATRA
during lung development have been described [5], and
may have relevance to potential therapeutic use in em-
physema. Lung development involves the formation of
primordial lung from the foregut, sequential branching
morphogenesis into small airways, followed by three mat-
uration phases: the pseudoglandular, the canalicular and
the terminal saccular stage. Epithelium and mesenchyme
drive the process by coordinate expression of growth fac-
tors, the cognate receptors, and matrix molecules [6]. For
example, epithelial cell proliferation and differentiation
are driven by peptide growth factors produced by the
mesenchyme (EGF, TGF-·, HGF, FGF-7, and TGF-ß.
Similarly, factors secreted by the epithelium PDGF, IGF,
TGF-ß2, and matrix deposition promote rapid prolifera-
tion of interstitial fibroblasts. In general, peptide growth
factors that signal via tyrosine kinase domains promote
morphogenesis. In contrast, the cognate receptors with
serine/threonine kinase domains, such as the TGF-ß re-
ceptor family are inhibitory. This extensive process of
branching morphogenesis and alveolarization is coupled
with angiogenesis and vasculogenesis. RA promotes the
temporal and spatial expression of many of these factors
and/or receptors by direct interaction with their respec-
tive promoters or indirectly by modulating the expression
of other transcription factors such as Hox genes, shh,
TTF-1, HNF-3 and AP-1.

Expression of the RARs is highly regulated both tem-
porally and spatially at various times during lung develop-
ment. RAR· is associated with instructing epithelial cell
differentiation and driving structural changes during the

Fig. 2. Effects of ATRA in lung development.

transition from the glandular to the canalicular stage of
development. In contrast, RARß increases significantly in
the terminal saccular stage, with the induction of both
type II and type I epithelial cells. RARÁ tends to be
restricted to cells of the mesenchyme throughout this pro-
cess [7, 8]. Stores of RA granules are abundant in the
fibroblastic mesenchyme surrounding alveolar walls,
where levels peak just prior to alveolar septation [9].
Deposition of new elastin matrix and septation occurs
with subsequent depletion of these retinyl-esters. RA
drives these processes by selective and coordinate induc-
tion of peptide growth factors, growth factor receptors,
and matrix molecules in epithelium and fibroblasts
(fig. 2). In neonatal rats fed a vitamin-A-deficient diet or
treated with dexamethasone, alveolar septation is signifi-
cantly reduced. At the molecular level, expression of cellu-
lar retinol binding protein and RARß mRNA is dimin-
ished in lungs of vitamin-A-deficient rat pups [10]. In con-
trast, treatment of neonatal rat pups with ATRA increases
lung alveolarization and can reverse the effects of dexa-
methasone [11]. Additional studies performed ex vivo
suggest that terminal branching and type II epithelial cell
proliferation require ATRA to modulate the expression of
FGF-7 and HGF [12].

Effects in Animal Models of COPD
In adult animals deficient in retinol, the conducting

airways undergo reversible squamous metaplasia, trans-
formation of mucociliary epithelium into squamous cells.
Conversely, animals supplemented with ATRA given
chronic challenges of lipopolysaccharide undergo goblet
cell/mucous metaplasia and fibrosis. The airway remodel-
ing mimics that observed in cigarette-smoke-induced
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Fig. 3. a Effects of ATRA in repair of elas-
tase-induced alveolar damage. b Effects of
ATRA in repair of elastase-induced alveolar
damage.

chronic bronchitis, a normal protective/repair response to
chronic injury. In contrast to the excessive repair associat-
ed with chronic bronchitis, repair is absent or incomplete
in preclinical models of emphysema. Elastolytic enzymes
(pancreatic and neutrophil elastase, papain, macrophase
elastase) instilled into the lungs can induce experimental
emphysema. Elastase treatment leads to rapid destruction
of the elastin content and permanent disruption of the
elastin architecture within the alveolus [13]. Airspace
enlargement and partial loss of lung capacity have been
measured in the rat. The loss of lung structure and func-
tion associated with elastase-induced emphysema is simi-
lar to the clinical pathology of mild to moderate human
emphysema.

The studies initially reported by Massaro and Massaro
[14] and repeated by others suggest that ATRA can
reverse the effects of elastase-induced damage in the rat.
Emphysema is induced by a single instillation of pan-
creatic elastase into the lungs. Treatment with RA
(0.5 mg/kg) or vehicle is initiated 3 weeks after injury, for
14 days. Changes in alveolar structure (size and number)
can be determined by classical or computer-assisted
methods of morphometry. Using either method of analy-
sis, treatment of rats with elastase plus vehicle results in a
reduction of alveolar number and a 2- to 3-fold increase in
alveolar airspace. Treatment with ATRA or 9-cis-RA sig-
nificantly reverses the damage by more than 50% (fig. 3).
ATRA has similar effects on repair of alveolar structures
in cigarette-smoke-induced emphysema. Immunolocali-

zation of proliferation-associated antigen suggests that the
response to ATRA is limited to alveolar epithelium. Elas-
tase damage also induces loss of lung function in rats.
Lung volumes are increased while FEV1, DLCO and paO2

are decreased after elastase damage with partial reversal
following ATRA treatment.

Toxicology
Retinoid pan agonists have been tested in a variety of

preclinical models and clinical pathologies, primarily in
dermatology and oncology. The most significant toxicity
associated with all retinoids tested to date is teratogenicity
since it is a primary mediator of pattern formation in
developing fetuses. This toxicity does not represent a sig-
nificant hurdle for emphysema therapy, since most pa-
tients are beyond the child-bearing age, but could be man-
aged if necessary by requiring the use of pharmaceutical
birth control agents by all female patients of child-bearing
age. ATRA and 13-cis-RA have been tested in several
phase I and phase II tirals to assess their potential efficacy
in chemoprevention and or chemotherapy. The most
common side effect reported from chronic therapy are
transient headaches, followed by reactions in skin and
mucous membranes, such as, dry skin, itching, flaking
cheilitis, and nasal congestion. Bone pain and arthralgia
are reported by 20–30% of patients. Significant hypergly-
cemia and hypercholesterolemia may have clinical impor-
tance in emphysema patients if chronic therapy is re-
quired.

a

b



Retinoids 353

Therapeutic Approaches
Bronchopulmonary Dysplasia. In adult animals defi-

cient in retinol, the conducting airways undergo squa-
mous metaplasia, transformation of mucociliary epithe-
lium into squamous cells [15]. Similar changes are ob-
served in bronchopulmonary dysplasia, a chronic lung
disease encountered in infants after ventilation therapy
for respiratory distress. In addition to delayed septation,
lung function is impaired in these infants by inadequate
levels of surfactant phospholipids which normally line
alveoli. Vitamin A deficiency, reduced plasma retinol, is
thought to mediate some of the lung pathology in these
neonates. Retinol supplementation has been used clinical-
ly in these infants. Results from recent clinical studies
suggest that supplementation with retinol enhances the
survival of these infants [16]. Preclinical studies indicate
that supplementation of vitamin-A-deficient rat pups
with physiological levels of ATRA not only promotes sep-
tation, but also promotes expression of surfactant protein
genes [17]. The levels of surfactant protein (A and B) were
directly correlated with plasma retinol concentrations.
Similar molecular events may contribute to the reduced
need for oxygen therapy and improved survival observed
in the clinic.

Rationale for Clinical Use in Adult Lung Disease: Acute
Respiratory Distress Syndrome and Emphysema. Wound
healing occurs in three phases: inflammation, prolifera-
tion/granulation, and remodeling [36]. Evidence support-
ing the capacity for self-renewal or repair in adult lung
tissue stems from studies examining the alveolar microen-
vironment of acute respiratory distress syndrome patients
or animals after acute lung injury. After acute lung injury,
repair is initiated by an extensive fibroproliferative re-
sponse, leading to granulation of the alveolar airspaces, a
classical wound healing response [18]. PDGF (A and B
chain) and TGF-ß1 and TGF-ß2 are rapidly induced in
alveolar epithelial cells in response to injury. PDGF is a
potent mitogen for mesenchymal cells whereas, TGF-ß
retards fibroblasts growth but promotes matrix deposi-
tion. PDGFr· expression is markedly enhanced in lung
myofibroblasts within 24 h of injury and subsides prior to
the deposition of fibrotic matrix proteins [19]. In patients/
animals that survive, there is resolution of the granulation
tissue with subsequent restoration of the gas exchange
apparatus. The reduction in cell mass occurs via apoptosis
similar to the final stages of septation in development, as
well as in normal wound healing. The effects of RA and
PDGF on wound healing in skin are well documented.
Additional preclinical studies are required to determine
whether similar patterns of gene expression are induced

by ATRA in the repair of lung and skin. More important-
ly, these studies may support potential clinical utility to
enhance the rate of repair in acute respiratory distress
syndrome as well in emphysema.

Clinical Feasibility Studies in Emphysema. The first
clinical assessment of ATRA in the treatment of emphyse-
ma was completed in the spring 2000 by UCLA investiga-
tors (ATS, May 2000). The study was designed as a 3-
month double cross-over to assess the pharmacokinetics,
safety and side effect profiles of ATRA, in addition to
potential therapeutic benefit. ATRA was tested at 50 mg/
m2/day, 4 days/week in 20 patients with moderate to
severe emphysema. Efficacy for treating the physiologic,
anatomic and symptomatic manifestations of emphyse-
ma was assessed by serial pulmonary function tests, high-
resolution computed tomography (HRCT) scans with dy-
namic spirometry-gated functional imaging using electron
beam CT, and quality-of-life questionnaires, respectively,
at 0-, 3- and 6-month time intervals. In general, ATRA
was well tolerated, with the most common side effects
including skin changes, mild headache, hyperlipidemia,
mild transaminitis, and mild muscle/ bone pain. No glob-
al changes in pulmonary function tests were observed;
however, preliminary HRCT analysis in the first 12
patients suggests structural improvement in 30% of the
regions analyzed in response to drug. In addition, 50% of
the patients reported decreased dyspnea and general im-
provement in quality of life while on ATRA therapy.
These early findings suggest that assessment of structural
changes by HRCT may be the best surrogate of response
to ATRA therapy.

Repair and/or regeneration of lung structure is a novel
clinical concept in the context of emphysema. Conse-
quently, there are a number of significant clinical issues to
be addressed in future studies. For example, which pa-
tient population is most likely to benefit from retinoid
anabolic therapy? Patients with severe disease may not
have sufficient alveolar structure to repair, while those
with mild disease might experience therapeutic benefit
that cannot be measured. In addition to identification of
optimal retinoid doses, one needs to define the regimen
and duration of dosing. The onset of action is rapid and
complete within 2 weeks of treatment in preclinical mod-
els, however the limited clinical experience with ATRA
suggests that more than 3 months of therapy will be
required for significant improvement in lung structure or
function. Another primary issue is to define the appro-
priate outcome measures that would reflect improved
lung function (FEV1, DLCO, TLC, paO2). The National
Institute of Health has funded a multicenter trial to assess



Fig. 4. NIH/FORTE clinical study design for emphysema.

354 Belloni

the feasibility of retinoid treatment on emphysema
(FORTE) [20]. The study is scheduled to start late in the
year 2000. The objectives of this multicenter trial are to
address and perhaps define many of the treatment issues
stated above and to identify potential surrogate markers
of response to retinoid therapy. The specific goals of the
trial include: (1) identify patient populations, drugs and
dosing schedules, and noninvasive, clinically applicable
outcome measures of emphysema to use in a large-scale
trial; (2) evaluate the potential of ATRA and 13-cis-RA to
reverse anatomic, physiologic and symptomatic manifes-
tations of pulmonary emphysema; (3) evaluate the effects
of these retinoids on cellular, molecular and histopatho-
logical markers of lung remodeling; (4) determine the
safety and side effects of ATRA and 13-cis-RA in partici-
pants with advanced emphysema. The study design in-

cludes assessment of 13-cis-RA in addition to ATRA
tested at two doses (fig. 4).

Conclusions
ATRA is recognized as a potent embryonic morphogen

that has defined roles in the development and postnatal
maintenance of most tissues including the lung. While
many of the responses to ATRA in vitro and in vivo
appear to be contradictory, the effects reflect the capacity
of this molecule to ‘normalize’ rather than specifically
stimulate or inhibit cellular behavior.

The current approved clinical uses of ATRA include
treatment of promyelocytic leukemia, and treatment and
prevention of dermal photoaging. ATRA is thought to
reverse epidermal atrophy in photoaging by inducing gene
expression profiles similar to those observed earlier in
neodevelopment. The remarkable effects of ATRA in
experimental models of COPD have stimulated signifi-
cant hope that ATRA or selective retinoid analogues will
bring some benefit to those who suffer with emphysema.
Limited epidemiological data have shown an inverse rela-
tionship between plasma retinol in smokers and the
degree of airway obstruction; therefore it may be reason-
able to assume that inadequate levels of RA may contrib-
ute to the chronic injury observed in COPD (fig. 5). To
achieve significant clinical benefit in moderate to severe
disease will likely require chronic therapy, thus develop-
ment of localized inhaled therapy may be required to
achieve a good therapeutic index from a pan retinoid ago-
nist such as ATRA. Alternatively, the oral use of receptor-
selective retinoid may promote similar effects in the lung
with fewer systemic effects. Either approach merits clini-
cal proof of concept testing with the current lack of dis-
ease-modifying therapy.

Fig. 5. Potential role of ATRA in emphyse-
ma therapy.
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Summary
Therapeutic manipulation of gene expression has started to enter

the clinic. The variety of approaches taken by academia and industry
are described in this section. These therapies are extremely specific
for the target, making detailed understanding of the molecular mech-
anisms underlying the disease crucial. This overview addresses the
strategies that are being used to understand the heterogeneity of asth-
ma and COPD, that are only now becoming apparent with the appli-
cation of new technologies such as gene arrays.

The application of gene therapy to asthma and COPD
is becoming a reality. The technologies that are now avail-
able – viral vectors, antisense and ribozymes – are dis-
cussed in detail elsewhere in this section. However, for
these approaches to be totally successful, a more detailed
understanding of the molecular mechanisms underlying
the heterogeneity of these diseases is required. This will
make the application of gene therapy more logical and
produce optimally tailored therapy.

There are three general strategies to dissect these dis-
eases, namely genetic, genomic and proteomic technolog-
ies.

Both asthma and COPD have significant heritable
components. Asthma in siblings is more likely if one par-
ent has asthma and even more likely if both parents have
asthma. For example, an odds ratio of 2.6 and 5.2, respec-
tively, was reported for these inheritance patterns [1].

In New Zealand 1,056 children were followed from
birth until the age of 6 years [2]. The risk of developing
asthma was increased in children with allergic parents.
There was also a higher frequency of asthma in boys than
in girls (14.3 versus 6.3%, p ! 0.001). For atopy, a clearer
pattern of increased risk in offsprings has been shown if

the parents had atopy. One study showed a 0–20% risk of
atopy if neither parent had atopy, a 30–50% risk with one
atopic parent, and 60–100% if both were atopic [3]. Sev-
eral twin studies studying asthma and atopy have been
conducted. For example, a large study of Australian twins
(3,808 twin pairs) by Duffy et al. [4] reported a higher
concordance for asthma among the monozygotic than
dizygotic twins (r = 0.65 and 0.25, respectively, at 95%
confidence interval p = 0.05). The genetic factors were
found common for both asthma and hay fever with a heri-
tability of 0.60–0.70, and a high correlation between these
two traits of 0.52 for males and 0.65 for females.

For COPD, family studies have shown an increased
incidence of COPD in relatives of cases as compared to
relatives of controls and clustering of COPD in families. A
major genetic component to pulmonary function has been
shown in twin studies, and there is a significant correla-
tion between the lung function of parents and children.
Finally, there is a decreased prevalence of disease with
increasing genetic distance [5, 6]. The risk ratio for the
disease is approximately 3.

Both diseases have heterogeneous phenotypes, with
asthma confounded by the influence of atopy, and COPD
by emphysema, and both are influenced by BHR and the
ethnic background.

The presence of a significant genetic component
prompted two parallel approaches to identify disease
genes. In asthma, linkage and association analysis have
shown over 700 regions throughout the genome that may
contain susceptibility loci to asthma and atopic pheno-
types (Cooke database). Many of these will be false posi-
tives; however, a more consistent clustering is seen on 5q,
6p, 11q, 12q, 14q and 16p [7–10]. This has led to poly-
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Table 1. Asthma candidate genes

IL-4, 9
ADRB2
Class II MHC
TNF
CC10
FcÂRI-ß
TCR-·‰
IL4R
Mast cell chymase

and tryptase

Esterase D
CD43
CD19
ICAM-1
ACE
TCR-ß
CCR-3
IGHG

Fig. 1. An example of using microarrays to monitor
differential gene expression.

morphism analysis of candidate genes within these re-
gions (table 1). Considerable heterogeneity and ethnic
variation are seen in the published associations. The phar-
maceutical industry is active in developing antagonists to
several of these candidates.

The availability of the human genome sequence and
the output of the SNP Consortium will require a change in
current gene-hunting strategy. The requirement for large
collections of well-characterized families will remain;
however, laborious physical mapping will increasingly
become unnecessary. Instead, the dense SNP map will be
used to generate haplotypes scanning the region of inter-
est, and candidate genes will be identified by association
analysis. Not every gene discovered in this way will be a
good drug target. In many cases, it will be necessary to
‘walk’ the signalling pathway using technologies, such as
high-throughput Yeast Two-Hybrid screening, until a
suitable target is found.

No genome screen for COPD has been published; how-
ever, several groups in both academia and the pharmaceu-
tical industry are active in this field. The majority of work
in COPD genetics has been the analysis of candidate
genes. Reported associations are shown in table 2.

In parallel with genetic analysis, genomic approaches
have been applied to understand the molecular basis of
these diseases. Publications arising from these technolog-
ies are now entering the literature. Syed et al. [11] used
high-density grids containing 42,000 unigene clones to
analyse CD4+ T-lymphocyte activation in asthma, and
Pals et al. [12] and Kilty and Vickers [13] used differ-
ential-display PCR to analyse leukocyte and eosinophil
activation, respectively.

The advent of gene chips, such as that from Affyme-
trix, is beginning to revolutionize the analysis of disease
(fig. 1). Data from Golub et al. [14] have shown that it is
possible to use this technology to classify human leukae-
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Fig. 2. An example of using 2D gel electrophoresis to analyse tissue
protein expression.

Table 2. Genetic factors in COPD

·1-Anti-trypsin
·1-Anti-chymotrypsin
·2-Macroglobulin
Vitamin-D-binding protein
CYP 1A1
Immunoglobulin deficiency
Haptoglobin

Haem oxygenase-1
Blood group A
CTFR
TNF
HLA DQ
Microsomal epoxide hydrolase
GST M1

mia based solely on gene expression monitoring. They
also suggest a strategy for discovering and predicting can-
cer classes for other types of cancer, independent of pre-
vious biological knowledge. An alternative strategy using
cluster analysis of the Affymetrix data was applied by
Alon et al. [15] to colon cancer. In parallel, Alaiya et al.
[16] have used proteomics using two-dimensional gel elec-
trophoresis to classify ovarian cancer (fig. 2).

As technology progresses, the strengths and weaknesses
of the different approaches to gene therapy will become
apparent. However, with these very specific therapies, the
selection of the target becomes critical, and the disease
subset to which that therapy is targeted must be clearly
defined.
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Fig. 1. RASONs interdict at a point more proximal to the disease-
associated gene, messenger RNA, than do traditional drugs, which
target proteins already participating in the disease process. By inter-
dicting a disease-associated mRNA, RASONs can prevent the actual
formation of the disease effector, the protein coded for by the
mRNA.
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Summary
Like diseases in other organ systems, virtually every major respi-

ratory disease can be characterized by the discordant expression of
one or more genes whose protein products contribute substantially to
the underlying pathophysiology. Asthma perhaps exemplifies this
process, where evidence has been obtained to support a role for more
than 100 different candidate mediators. Respirable antisense oligo-
nucleotides (RASONs) provide a direct means with which to attenu-
ate such discordant gene expression and epigenetically modify dis-
ease. The attractiveness of RASONs as a new class of respiratory
therapeutics derives from the fact that they can modulate disease at a
point more proximal to its cause – the mRNA that will continue the
supply of the disease-causing protein – than traditional drugs which
target the proteins already participating in the disease. Because they
target mRNA, which offers target properties vastly different from
proteins, some RASONs can have dramatically longer durations of
effect than their traditional pharmaceutical counterparts. Addition-
ally, RASONs can be engineered such that they are virtually entirely
metabolized within the lung to a bioinactive form, reducing or elimi-
nating the possibility of the systemic side effects that have been asso-
ciated with most, if not all, traditional respiratory pharmaceuticals.
In general, RASONs can be formulated as liquids or powders, and are
thus amenable to delivery by any of the common devices available
for respiratory drugs, including nebulizers, metered-dose inhalers,
and dry powder inhalers. They are stable for long periods at room
temperature, and their synthesis and purification are straightfor-
ward. Potentially long durations of effects, and the apparent assis-
tance of pulmonary surfactant in RASON uptake and distribution
throughout the lung, combine to improve the pharmacoeconomic
characteristics sufficiently to be cost competitive with most currently
available respiratory medications.

Antisense Oligonucleotides
Antisense oligonucleotides (ASONs) are short, single-

stranded nucleic acids capable of hybridizing very specifi-
cally to mRNAs of target genes known or suspected of

being involved in human disease [1, 2] (fig. 1). ASONs
hybridize to target mRNAs via Watson-Crick base pair-
ing, setting in motion a sequence of events which leads to
degradation of the mRNA by a poorly defined mecha-
nism, or to direct steric hindrance of mRNA translation
(fig. 2). The end result is an epigenetic interference with
the production of new protein product from the target
gene. At high concentrations, ASONs begin to lose their
specificity for target mRNA and, depending on the nature
of backbone modifications engineered into them to re-
duce nuclease degradation, may begin to interact nonspe-
cifically with proteins and other cellular molecules. When
applied appropriately, i.e., in concentrations that are
effective but low enough to avoid nonspecific interac-
tions, ASONs can be highly selective in their interaction
with target mRNA. One solution to successful translation
of the therapeutic potential of antisense oligonucleotides
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Fig. 2. mRNA (left) vs. protein as a target for therapeutic intervention (mRNA and protein depicted represent the
adenosine A1 receptor).

is local delivery, as illustrated by the nature of the first
ASON approved for commercial use, fomivirsen for cyto-
megalovirus retinitis. Fomivirsen is injected directly into
the eye, and offers conclusive validation of the concept
that local delivery of ASONs brings to practical fruition
the theoretical power of this new class of therapeutics
[3, 4].

Ability to Predict Sequence-Related Toxicology in
Advance
Antisense technology presents an unusual opportunity

to determine whether or not candidate clinical oligonu-
cleotides might interact in a sequence-dependent manner
with nontarget mRNAs due to overlapping regions of
homology. Statistical considerations indicate that ASONs
14 bases long or longer should be unique in the human

genome, unless the target sequence exists within a region
conserved within several different genes, e.g., conserved
regions within the transmembrane segments of G protein-
coupled receptors. Therefore, constructing antisense olig-
onucleotides longer than 14 bases will generally preclude
interaction with non target mRNAs. To be certain that
such is the case, northern blots utilizing the candidate
antisense as a probe against mRNA isolated from target
tissues can confirm hybridization with a single band.

It has been suggested that metabolism of antisense oli-
gonucleotides by exonucleases might generate ‘short mers’
that could interact with nontarget mRNAs. Several lines
of reasoning argue powerfully against this possibility. For
example, for most currently available modified antisense
oligonucleotides (e.g., phosphorothioates), hybridization
capacity diminishes dramatically with the introduction of
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mismatches between the short mer and nontarget
mRNAs. We have shown that a single mismatch is capa-
ble of eliminating effective hybridization of a 21-mer
phosphorothioate respirable ASON (RASON) to its target
[5, 6]. Phosphorothioate modification, while it prevents
facile degradation by exonucleases, also destabilizes hy-
bridization potential [7]. Thus, if a 14-mer phosphoro-
thioate product of exonuclease activity had 100% homol-
ogy to a nontarget mRNA, it would still be unlikely to
have enough hybridization potential (because of its short
size) to initiate the degradation of that nontarget mRNA.
Combined with the fact that only a fraction (about 10%)
of potential antisense sequences actually are active, prob-
ably due to constraints in targeting certain regions of
mRNA molecules, the poor hybridization potential of
short phosphorothioate RASONs virtually ensures that
properly designed RASONs will not interact in any bio-
logically meaningful way with nontarget mRNA. Finally,
the processive nature of most known exonucleases indi-
cates that biologically relevant short mers will not gen-
erally be created during exonucleolytic degradation of
RASONs, since the exonucleases involved do not release
the oligonucleotide until it has been degraded to final
products in the three- to five-nucleotide length size.

RASONs for Lung Diseases
The lung represents a unique target for antisense inter-

vention [5, 6]. The lung is lined with a material called sur-
factant which is primarily composed of zwitterionic lipids
that at lung pH are cationic. It is a well-known fact that
cationic lipids dramatically improve the uptake of anti-
sense oligonucleotides into cells. Lung surfactant may
therefore enhance the miscibility of RASONs, in essence
repackaging them to a form more effectively distributed
to the target respiratory tissues and cells. In addition, pul-
monary surfactant has a high turnover rate and is rapidly
interchanged between the surface of the air interface and
the deeper tissues of the epithelium (type II pneumo-
cytes). This rapid flux of surfactant may serve to facilitate
the transport of RASONs in a manner completely unique
as compared to other target organs. EpiGenesis has shown
that RASONs are rather uniformly delivered throughout
the lung following administration as a nebulized aerosol,
reaching deep tissues (e.g., smooth muscle cells).

EPI-2010
EpiGenesis Pharmaceuticals pioneered the field of

RASONs, and has several promising RASONs in devel-
opment. EPI-2010 targets the adenosine A1 receptor, a
receptor involved in both the bronchoconstrictor and

inflammatory phases of asthma [8]. Asthma in particular
may be associated with a disease-associated upregulation
of A1 receptors. Asthmatic individuals have excess
amounts of adenosine in their lungs [9], such that discor-
dantly upregulated A1 receptor would be constitutively
stimulated. Inhaled adenosine causes bronchoconstric-
tion in human asthmatics, and appears to be a more spe-
cific differentiator of asthma than the standard metha-
choline challenge. A1 receptors are known to be overex-
pressed in allergic rabbits and rats [10–12]. Bronchial
smooth muscle of human asthmatics contracts in an A1-
dependent manner as judged by response to 2-thio-dipro-
pyl-8-cyclopenthylxanthine [13], and allergic non-human
primates (e.g., cynomolgus monkeys), respond to inhaled
adenosine also in an A1-dependent manner [8]. In addi-
tion, it has been reported recently that the adenosine A1

receptor is rapidly upregulated in bronchial smooth mus-
cle tissue exposed to human asthmatic serum [14] , and
that it is also rapidly upregulated in response to oxidative
stress by virtue of activation of NF-ÎB sites in its promot-
er [15].

Surfactant secretion is known to be regulated by an
interplay of adenosine A1 and A2 receptors, with A1 recep-
tors inhibiting surfactant secretion and A2 receptors en-
hancing it [16, 17]. Recent evidence indicates that surfac-
tant secretion is diminished in asthma and may contrib-
ute significantly to bronchial hyper- responsiveness [18,
19]. The upregulation of the A1 receptor in asthma may
therefore underlie this loss of surfactant, providing a fur-
ther impetus to develop agents capable of attenuating A1

receptor function. The role of the neutrophil in moderate
to severe asthma, and the established role for the adeno-
sine A1 receptor in neutrophil adherence to endothelium
(and hence neutrophil chemotaxis) [20, 21], offers addi-
tional rationale for developing A1-receptor-specific thera-
peutics.

Low-dose inhaled EPI-2010 has an unusually long
duration of action (6.8 days), and does not appear to
escape the lung in bioactive amounts, potentially elimi-
nating the possibility of inducing systemic side effects.
These characteristics may relate to certain characteristics
of the target mRNA and its protein (e.g., disease-related
amounts and half-lives of each).

Conclusions
RASONs represent an exciting new class of respiratory

drugs with potential in a number of respiratory diseases
mediated by discordant overexpression of targetable
mRNAs. While not every discordantly expressed mRNA
may represent an optimum target for the RASON ap-
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proach (for example, due to large amounts or extended
half lives of target mRNA or protein), a wide array of tar-
gets which have proved challenging for traditional thera-
peutics may find solution by this technology. Pulmonary
surfactant appears to enhance the uptake and delivery of
RASONs, making the lung perhaps one of the best possi-
ble target organs for oligonucleotide-based therapeutic

intervention. RASONs offer the potential to approach
respiratory diseases from an entirely fresh point of view,
the finely selective targeting of mRNAs to prevent the
actual expression of disease-related genes in a way not
possible with traditional therapeutics. Such epigene thera-
py of respiratory diseases opens an exciting new chapter
as respiratory medicine advances into the 21st century.
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Summary
Antisense oligonucleotides are short synthetic oligonucleotides

designed to bind to RNA by Watson-Crick base pairing rules. Upon
binding to the targeted RNA, the oligonucleotides either induce
cleavage of the RNA by RNase H, sterically block proteins from
interacting with the RNA or disrupt secondary and tertiary structure
of the RNA resulting in alterations in its function. The net result
from these interactions, provided the RNA encodes a protein prod-
uct, is inhibition of protein expression. Thus in contrast to conven-
tional drugs, antisense oligonucleotides target the RNA that encodes
a protein product. There has been tremendous progress in antisense
technology over the last 10 years, with one marketed product, Vitrav-
eneTM, and approximately 20 antisense drugs in active clinical devel-
opment. Numerous articles have been published exploring the use of
antisense oligonucleotides in inflammation models. This review will
focus on the application of the technology for the treatment of pul-
monary diseases.

Antisense Chemistry
Natural DNA or RNA are rapidly metabolized by a

variety of nucleases present in either serum or cells limit-
ing the utility of unmodified oligonucleotides for anti-
sense therapeutics. Substitution of one of the nonbridging
oxygen atoms in the phosphate backbone with sulfur
(phosphorothioate modification) dramatically enhances
the stability of the oligonucleotide towards nuclease deg-
radation (fig. 1). Phosphorothioate oligodeoxynucleo-
tides, like natural oligodeoxynucleotides support RNase-
H-mediated hydrolysis of the targeted RNA, which is the
most extensively exploited antisense mechanism of ac-
tion. Phosphorothioate-modified oligodeoxynucleotides
were the first antisense drugs to enter clinical develop-
ment and the one marketed product, VitraveneTM, is a
phosphorothioate oligodeoxynucleotide [1, 2]. As a result,

extensive information is available regarding their phar-
macokinetic and toxicological properties [2–4].

A variety of sugar modified oligonucleotides have been
examined in cell culture and animal models. In particular
modifications at the 2)-position of the sugar have in par-
ticular yielded promising results with the 2)-O-methyl and
2)-O-methoxyethyl modifications being the most ad-
vanced (fig. 1). Both types of modifications enhance bind-
ing affinity of the oligonucleotide for the target RNA
translating to increased potency [5, 6]. Furthermore, the
2)-O-methoxyethyl modification and to a lesser extent the
2)-O-methyl modification increase the resistance of the
oligonucleotide to nuclease degradation. Combining the
phosphorothioate modification with 2)-O-methyl or 2)-O-
methoxyethyl modification can further enhance the tissue
half-lives of the oligonucleotides, resulting in more conve-
nient dose schedules for patients. Additionally, 2)-O-
methyl- and 2)-O-methoxyethyl-modified oligonucleo-
tides exhibit decreased toxicities compared to phosphoro-
thioate oligodeoxynucleotides [3]. Neither 2)-O-methyl or
2)-O-methoxyethyl oligonucleotides will support RNase
H activity, therefore investigators either exploit non-
RNase-H-dependent mechanisms [7, 8] or use chimeric
oligonucleotides containing 2)-modified sugars and 2)-
deoxy sugars to support RNase H activity [6]. A 2)-O-
methyl modified chimeric oligonucleotide targeting pro-
tein kinase A is currently in clinical trials for the treat-
ment of malignancies. It is anticipated that most of the
antisense oligonucleotides entering clinical development
in the next few years will be either 2)-O-methyl or 2)-O-
methoxyethyl modified.
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Fig.1. Examples of oligonucleotide modifications.

Additional modifications which are under evaluation
in the laboratory include nucleotides with a 2)-O, 4)-C-
methylene bridge (LNA), heterocycle modifications such
as the natural 5-methylcytosine modification or 5-propy-
nyl pyrimidine modifications, phosphate modifications
such as morpholino or 3)-amidate, phosphate replace-
ments such as methylenemethylimino or thioformacetal,
sugar-phosphate replacements such as PNA and oligonu-
cleotide conjugates [9]. All these modifications increase
binding affinity to RNA relative to phosphorothioate oli-

godeoxynucleotides. Relatively little information is avail-
able on the pharmacokinetic and toxicological activity of
these modifications.

Pharmacokinetics of Oligonucleotides
Phosphorothioate oligodeoxynucleotides are rapidly

absorbed from most parenteral sites of administration
and exhibit biphasic plasma kinetics with a rapid distri-
bution half-life between 20 min and 1 h. They are highly
protein bound and at pharmacologically relevant doses
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(1–20 mg/kg) very little intact drug appears in urine. Dis-
appearance out of plasma can largely be accounted for by
distribution to tissues, with kidney, liver, spleen bone
marrow and lymphoid structures accumulating the high-
est concentrations of drug. Phosphorothioate oligodeoxy-
nucleotides are eliminated from tissue predominantly
through nuclease degradation, exhibiting tissue half-lives
between 20 and 48 h. Recent studies have demonstrated
that phosphorothioate oligodeoxynucleotides distribute
heterogeneously within tissues [10, 11]. Second-genera-
tion phosphorothioate modified 2)-O-methyl and 2)-O-
methoxyethyl oligonucleotides display similar plasma ki-
netics and tissue distribution, however they do exhibit
prolonged tissue half-lives.

Phosphorothioate oligodeoxynucleotides have limited
oral bioavailability ranging from less than 1 to 3% [4, 12].
Second-generation 2)-O-methyl- or 2)-O-methoxyethyl-
modified oligonucleotides exhibit significant increases in
oral bioavailability, with values up to 40% bioavailability
being reported [13, 14]. These values may be further
improved with formulations to further enhance absorp-
tion. Thus, oral delivery of antisense oligonucleotides
may be feasible in the not too distant future.

Antisense oligonucleotides can also be administered
topically to skin, colon tissue and lung for local therapy.
Preliminary studies by Nicklin et al. [4, 15] examined the
disposition of intratracheally administered phosphoro-
thioate oligodeoxynucleotides. They reported dose-de-
pendent systemic bioavailability after intratracheal ad-
ministration to rats, ranging from 3% bioavailability at a
dose of 0.06 mg/kg to 40% at a dose of 6.0 mg/kg. More
recently, Templin et al. [submitted] have examined the
pharmacokinetics and toxicity of aerosolized phosphoro-
thioate oligodeoxynucleotides. Phosphorothioate oligo-
deoxynucleotides did not affect the size or behavior of the
particles generated from the nebulizer. Immunohisto-
chemical analysis of oligonucleotide disposition in pul-
monary tissue demonstrated that the oligonucleotide was
found to be associated with bronchiolar epithelial cells,
alveolar epithelial cells, endothelial cells and alveolar
macrophages. Pharmacologically relevant pulmonary
concentrations (3–10 ÌM ) were achieved and maintained
for at least 24 h following administration of a 1.2 mg/kg
dose. There were no systemic toxicities associated with
aerosol administration of phosphorothioate oligodeoxy-
nucleotides. Local effects were seen at the highest dose
examined (12 mg/kg) with general compression of alveoli
and an increase in the number of pulmonary macro-
phages. Mice exposed to a dose of 1 mg/kg or below dis-
played normal lung histology. Thus aerosol delivery of

antisense oligonucleotides appears to be a reasonable
approach for the treatment of asthma and other pulmo-
nary disorders.

Toxicology of Antisense Oligonucleotides
Clinically, phosphorothioate oligodeoxynucleotides

appear to be well tolerated, with transient increases in
activated partial thromboplastin time (aPTT) repre-
senting the most common side effect [16, 17]. The in-
crease in aPTT appears to be directly related to peak plas-
ma concentration and can be ameliorated by infusing the
drug slowly or by decreasing the rate of absorption.
Thrombocytopenia has also been reported for some, but
not all phosphorothioate oligodeoxynucleotides in clinical
trials. In preclinical toxicity studies, most phosphoro-
thioate oligodeoxynucleotides exhibit some degree of im-
mune stimulation in rodents [3]. They do not appear to be
antigenic, but are polyclonal activators of B lymphocytes
and monocytes. The effects are dose dependent and
sequence dependent, with oligodeoxynucleotides contain-
ing the CpG motif described by Krieg et al. [18] being
especially effective. At high peak plasma concentrations,
phosphorothioate oligodeoxynucleotides have also been
documented to trigger complement activation in non-
human primates [3]. Despite these limited toxicities,
much interest has been focused on further improving the
profile of phosphorothioate oligodeoxynucleotides. As an
example the 2)-O-methyl and 2)-O-methoxyethyl modifi-
cation reduces the immune stimulatory potential of oligo-
nucleotides.

Pharmacological Effects of Antisense
Oligonucleotides in Models of Asthma
Nyce and Metzger [19] demonstrated in a seminal

study that antisense phosphorothioate oligodeoxynucleo-
tides designed to inhibit expression of the adenosine A1
receptor (EPI-2010) inhibited adenosine receptor expres-
sion in rabbit bronchial smooth muscle when adminis-
tered by aerosolization. The effects of the oligonucleotide
were sequence specific and did not affect expression of the
A2 receptor or bradykinin B2 receptor. Additionally, the
oligonucleotide was shown to inhibit the immediate air-
way response to dust mite antigen and bronchial hyperre-
sponsiveness to histamine. These results warrant contin-
ued exploration of aerosolized adenosine A1 receptor anti-
sense oligonucleotide for the treatment of asthma.

IL-4 and IL-5 are cytokines predominantly derived
from T lymphocytes, which are thought to play an impor-
tant role in asthma and other allergic disorders. Molet et
al. [20] demonstrated that CD4+ cells isolated from oval-
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bumin-primed rats can transfer late airway response to
naı̈ve animals. To address the role of IL-4 and IL-5 in
mediating the airway response, they incubated the iso-
lated CD4+ cells ex vivo with IL-4 or IL-5 phosphoro-
thioate oligodeoxynucleotides for 6 h before transfer to
naı̈ve animals. The oligonucleotides selectively reduced
IL-4 or IL-5 expression in the isolated cells by 30% as
assessed by immunocytochemical staining of the cells.
The late-phase reaction to ovalbumin was delayed in cells
treated with the IL-5 antisense oligonucleotide and signif-
icantly inhibited at all time points examined in cells
treated with the IL-4 antisense oligonucleotide. Pretreat-
ment of the adoptively transferred T cells with either anti-
sense oligonucleotide failed to significantly reduce the
total number of cells in bronchiolar lavage fluid, but the
IL-4 antisense oligonucleotide did decrease the number of
eosinophils in BAL. More recently, Karras et al. [21] have
examined the effects of systemically administered 2)-O-
methoxyethyl IL-5 antisense oligonucleotide in an oval-
bumin-induced airway hyperreactivity model in mice.
They were able to demonstrate that systemic treatment
reduced IL-5 protein expression, decreased eosinophil
influx into lung and attenuated late-phase airway hyper-
reactivity in response to ovalbumin challenge. The dis-
crepancies between the two studies may be explained by
the different models used for investigation, different oli-
gonucleotide chemistries or duration of exposure to the
oligonucleotide. In the later study, chronic treatment with
the oligonucleotide was required to produce the desired
effect, which suggests that there may be long-lived pools
of IL-5 in the lymphocytes or that delivery of oligonucleo-
tide to the lymphocyte was not efficient. Nevertheless,
chronic prophylactic treatment of asthmatic patients to
achieve effective concentrations in lymphocytes is a via-
ble option, especially with second-generation oligonucleo-
tides.

Recently Hill et al. [22] demonstrated that second-gen-
eration 2)-methoxyethyl-modified oligonucleotides tar-
geting STAT6 downregulated germline CÂ transcription
required for IgE isotype switching in B lymphocytes [22].
Thus STAT6 antisense oligonucleotides may attenuate
IL-4 and IL-13 signaling in B lymphocytes. There are
many additional genes that could be targeted with anti-
sense oligonucleotides that may offer therapeutic benefit
for the treatment of asthma.

Non-Antisense Effects of Oligonucleotides
In addition to desired antisense effects of oligonucleo-

tides, oligonucleotides, like any other drug, are capable of
interacting with nontargeted molecules, which may pro-

duce pharmacological effects. Several nonantisense ef-
fects for phosphorothioate oligodeoxynucleotides have
been characterized and often appear to be due to the pres-
ence of specific sequence motifs [23]. The CpG motif
described above being a pertinent example, as CpG oligo-
nucleotides can alter the immune response to antigens. As
described above, phosphorothioate oligodeoxynucleo-
tides with the appropriate CpG motif are potent activa-
tors of several immune cell types [18]. CpG oligonucleo-
tides induce secretion of IL-12, IFN-Á and IL-6 from mon-
onuclear cells, which promote T lymphocytes to differen-
tiate into a Th1 phenotype. Several studies have been
published demonstrating that CpG oligonucleotides can
attenuate airway eosinophilia or airway hyperreactivity in
the ovalbumin mouse model [24, 25]. Thus phosphoro-
thioate oligodeoxynucleotides containing the appropriate
CpG motif may prove useful for the treatment of asth-
ma.

Conclusion
Antisense oligonucleotides represent a new therapeutic

approach for the treatment of asthma. Recent advances in
both antisense chemistries and lead identification make
antisense technologies a very efficient technology for
exploring the role of novel gene products in asthma. First-
generation phosphorothioate oligonucleotides can be ad-
ministered either by parenteral injection or by aerosol.
Preliminary studies demonstrate the technical feasibility
and safety of aerosolized oligonucleotides. Additional
studies are needed to examine the long-term conse-
quences of aerosolized oligonucleotides. Second-genera-
tion oligonucleotides offer several advantages over phos-
phorothioate oligodeoxynucleotides including increased
potency, decreased toxicity, and more convenient admin-
istration schedules and the option for oral administration.
Although the application of this technology for the treat-
ment of asthma has yet to be explored, the preclinical
studies are encouraging and with additional time will
hopefully lead to products.
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Fig. 1. Structure of a generic, chemically stabilized ribozyme. Nu-
cleotide and backbone chemical modifications to the ribozyme are
listed at the right.
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Summary
Ribozymes are catalytic RNA molecules that can cleave targeted

RNA in a sequence-specific manner. The ability to target these com-
pounds to a specific molecular target opens up exciting opportunities
for rational drug design for the treatment of asthma and COPD. Stra-
tegic cleavage of RNA encoding any of the many cytokines and/or
their receptors now believed to play a role in the etiology of these
diseases could result in effective therapeutics with minimal toxicity.
Ribozymes have been demonstrated to be efficacious in vivo, result
in minimal toxicity, and are currently in clinical trials. Systemic or
pulmonary delivery could be used to deliver ribozymes to their site of
action.

Ribozymes
The discovery of ribozymes by Thomas Cech and Syd-

ney Altman [1–3] fundamentally changed the view of the
function of RNA in chemistry and biology. Their work
unequivocally showed that RNA could act as an enzyme,
catalyzing the cleavage and ligation of RNA molecules.
Prior to their discovery, RNA had been viewed as a pas-
sive molecule responsible for the transmission of informa-
tion from DNA to proteins (mRNA and tRNA) or for pro-
viding structure to RNA-protein complexes. Subsequent
studies have shown that RNA can act as an enzyme, capa-
ble of catalyzing a diverse number of chemical reactions.
Furthermore, these novel activities of RNA now permit
the development of enzymatic RNA molecules as thera-
peutic entities for the treatment of human disease.

There are several naturally occurring ribozyme motifs
that have been engineered to produce molecules with
improved specificity, stability to nucleases and catalytic
turnover [4–6]. Modified hammerhead ribozymes have
advanced the furthest in therapeutic applications (fig. 1
and see below). Binding and cleavage of target RNA

sequences destroy their ability to direct synthesis of their
encoded proteins. After the ribozyme has bound and
cleaved its RNA target, it is released from that RNA to
search for another target and can repeatedly bind and
cleave new targets. The principal advantages offered by
these ribozymes are: their specificity, based on the nature
of target; the manner in which they bind the target, and
the nature of chemical modifications used to stabilize
them. The target site is F15 nucleotides in length, which
is statistically expected to be unique in the coding region
of the human genome. Since these ribozymes bind their
cognate mRNA or viral RNA using two independent
binding arms of 6–7 nucleotides in length, interrupted by
the nucleotide being cleaved, their binding to the target is
weaker than a contiguous sequence of 13–15 nucleotides.
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This weaker binding leads to better specificity since mis-
matches are not tolerated; either the ribozyme falls off or
the catalytic core cannot adopt the correct confirmation
to cleave the target RNA. Finally, the modifications
developed for these stabilized ribozymes consist primari-
ly of 2)-O-methyl nucleotides that are naturally occurring.
There are a few minor other modifications (fig. 1) includ-
ing 3–4 phosphorothioate modifications at the 5)-end.
This should be contrasted with large number, 15–20,
phosphorothioate DNA linkages in a typical antisense
molecule which have been attributed to significant non-
specific interactions with proteins and other biomolecules
[7]. Furthermore, since the target is well defined and
unique, 15 nucleotides of RNA sequence, ribozymes may
have an advantage over small molecules in targeting pro-
teins that are either members of multimember protein
families or those that work by large surface protein-pro-
tein interactions. All of these attributes of stabilized ribo-
zymes should lead to very specific knockdown of the tar-
get RNA and low toxicity. This has been borne out in effi-
cacy and toxicology studies (see below).

Therapeutic Potential of Ribozymes Targeting
Mediators of Asthma and COPD
Conserved and accessible sequences within IL-5,

TNF-·, ICAM-1 and NF-ÎB have been identified. Ham-
merhead and hairpin ribozymes have been designed to
target these regions of mRNA [8, unpubl. obs.]. A number
of cytokines are involved in the activation of inflamma-
tion in asthmatic patients, including platelet activating
factor, leukotrienes, IL-1, IL-3, IL-4, IL-5, GM-CSF,
TNF-·, Á-interferon, VCAM, ICAM-1, ELAM-1 and
NFÎB. In addition to these molecules, any cellular recep-
tors that mediate the activities of the cytokines are also
good targets for intervention. These targets include, but
are not limited to, the IL-1R and TNF-·R on keratino-
cytes, epithelial and endothelial cells in airways. Similar
ribozyme screening efforts are being directed towards
identifying appropriate target sequences for IL-4 and
TNF-·R. Mediators of chronic pulmonary fibrosis that
would be ideal targets for intervention in COPD include,
but are not limited to, TNF-· and TGF-ß.

Ribozyme Pharmacokinetics
Systemic administration of ribozymes has resulted in

uptake into a variety of tissues. In addition to other tis-
sues, intravenous, subcutaneous, or intraperitoneal ad-
ministration of an antiangiogenic ribozyme (Angiozy-
meTM) in mice resulted in low but detectable levels of the
intact ribozyme within the lung up to 1.5 h after dosing

[9]. This same ribozyme has also been shown to reduce the
number of pulmonary metastases in the Lewis lung carci-
noma model after intravenous infusion [10]. Evidence of
ribozyme cleavage products has also been observed in the
rat lung 48 h after administration of a 2)-O-allyl modified
hammerhead anti-P450 ribozyme [11]. Therefore, sys-
temic administration of ribozymes has been shown to
result in delivery to and activity in pulmonary tissue.

In addition to systemic delivery, therapy for asthma
could also involve direct pulmonary delivery of the ribo-
zyme. To evaluate the potential for pulmonary ribozyme
delivery, a preliminary study was conducted to examine
the pharmacokinetic behavior of a ribozyme after direct
pulmonary administration.

Study Design. Balb/c mice were administered a 10 mg/kg dose
supplemented with approximately 5 ! 106 cpm of internally labeled
[32P]ribozyme as an intravenous infusion (100 Ìl) in the tail vein or
as an intratracheal instillation. Details of the dose solution prepara-
tion are described elsewhere [9]. For intratracheal instillation, ani-
mals were anesthetized and a 1-cm incision was made to expose the
trachea. The ribozyme injection (25 Ìl) was made with a 28-gauge
needle and delivered via a syringe pump at rate of 50 Ìl/min. The
incision was then closed with sutures and the animal allowed to
recover on a 37°C warming pad.

Mice were euthanized by CO2 inhalation at various times after
ribozyme administration. On cessation of breathing, the chest cavity
was opened, and the animal exsanguinated by cardiac puncture. Col-
lected blood was added to heparinized tubes and centrifuged to sepa-
rate plasma from cells. Prior to tissue collection, saline was perfused
through the heart. Samples of lung were collected and frozen on dry
ice until preparation for ribozyme quantitation.

Radioactivity in plasma and tissue was quantitated as previously
described [9]. Briefly, total radioactivity was quantitated in prepared
samples by liquid scintillation counting and then the percentage of
radioactivity associated with intact ribozyme was determined by
PAGE and phosphorimage analysis. Noncompartmental analysis
was performed on the resulting plasma and tissue concentration data
using WinNonlin software (Pharsight Corporation).

Study Results. Plasma and tissue concentrations of
ribozyme after intravenous or intratracheal administra-
tion of 10 mg/kg ribozyme are shown in figure 2. The rap-
id elimination of the ribozyme from plasma after intrave-
nous administration is consistent with previous data [9].
However, significant plasma exposure was observed after
intratracheal administration long after plasma levels were
below detection with intravenous administration. Four
hours after intratracheal administration, plasma concen-
trations were still above 1 Ìg/ml and over 70% of the ribo-
zyme had been absorbed compared with intravenous
administration (table 1). Since intact ribozyme could be
detected in only one animal 24 h after intratracheal ad-
ministration, area under the concentration-time curve
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Fig. 2. Concentration of a ribozyme in
mouse plasma or lung after intravenous
(i.v.) or intratracheal (i.t.) administration
of 10 mg/kg. Plasma data are shown as mean
and SD with 5 animals per time point.

Table 1. Comparison of exposure (AUC) after intravenous (i.v.) or
intratracheal (i.t.) administration of a ribozyme in mice

AUC
i.t. dosing

AUC
i.v. dosing

AUC i.t.
AUC i.v.

14* 19 0.74
Left lung, ng Wh/mg 777 1.8 432

Mice received 10 mg/kg as a tail vein injection (100 Ìl) or direct
intratracheal administration under anesthesia (25 Ìl).
* AUCs for plasma are for 0–4 h since intact ribozyme was only
detected in 1 of 5 animals 24 h after intratracheal administration.

(AUC) calculations are only shown for 4 h. However, it is
clear that the majority of the dose was absorbed systemi-
cally after intratracheal administration compared with
intravenous administration.

Intratracheal administration of the ribozyme dramati-
cally increased exposure in the lung. As shown in figure 2
and table 1, lung tissue concentrations were several orders
of magnitude higher in animals receiving the intratracheal
administration of ribozyme compared with intravenous
administration. This resulted in a greater than 400-fold
increase in exposure (AUC) in the lung. Therefore, in
addition to providing a mode for systemic exposure, pul-
monary administration could reduce the dose of ribozyme
required for asthma therapy due to the increased exposure
over intravenous dosing.

This and previously published studies suggest that sys-
temic as well as direct pulmonary delivery could be uti-
lized for a ribozyme asthma therapy. Recent published
data correlate circulating levels of IL-5 in peripheral
blood with increased airway eosinophilic inflammation in
experimental asthma [12]. Interestingly, a similar correla-

tion with IL-5 levels in resident pulmonary cells could not
be established.

Ribozyme Efficacy in vivo
Stabilization chemistries have been developed to ren-

der these molecules highly resistant to serum nucleases
and thus suitable for therapeutic applications in vivo [6].
Local delivery of ribozymes has been reported to inhibit
specifically cytokine-stimulated expression of stromelysin
mRNA in a rabbit knee osteoarthritis model [13] and
VEGF-stimulated angiogenesis in a rat corneal pocket
model [14]. Sioud and Sørensen [15] have shown that a
stabilized ribozyme targeting protein kinase C alpha
mRNA reduces tumor growth in rats subcutaneously im-
planted with glioma cells [15]. In additional studies, the
Lewis lung carcinoma model in a C57Bl/6 mouse model
was used to evaluate anti-tumor and anti-metastatic ef-
fects of treatment with ribozymes targeting the VEGF
receptors. In this model, both the anti-Flt-1 and the anti-
KDR ribozyme inhibited primary tumor growth when
administered intravenously by continuous infusion. How-
ever, only treatment with the anti-Flt-1 ribozyme resulted
in a statistically significant and dose-dependent inhibi-
tion of lung metastasis in this model [10]. In further test-
ing of the anti-Flt-1 ribozyme in a model of human colo-
rectal metastasis, the number of liver metastases was also
significantly reduced. Hammerhead ribozymes targeting
the mRNA of the transcription factor c-myb have been
shown to inhibit smooth muscle cell proliferation in an
animal model of restenosis [16].

Ribozyme Toxicology
Ribozymes have been administered in a variety of ani-

mal models with no overt toxicity [10, 17]. A recent study
evaluated the toxicity profile of Angiozyme in cynomol-
gus monkeys [18]. A 4-hour intravenous infusion of 10, 30
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or 100 mg/kg or a subcutaneous bolus of 100 mg/kg was
well tolerated, with no treatment-related effects observed.
No evidence of oligonucleotide-associated toxicity was
observed despite peak plasma concentrations up to 400
Ìg/ml. A similar safety profile has been observed after
repeated administration of these compounds [unpubl.
obs.]. The favorable toxicology profiles of these ribozymes
in experimental animals support the therapeutic potential
of ribozymes for the treatment of asthma and other
inflammatory diseases.

Ribozyme Clinical Studies
To date, three ribozymes have entered and continue in

clinical studies. Two are stabilized synthetic ribozymes
based on the structure shown in figure 1. Angiozyme,

which targets the Flt-1 VEGF receptor, is in several phase
II studies and an anti-HCV ribozyme targeting the HCV
genome has completed phase I/II studies. A vector-
expressed ribozyme targeting the tat and tat/rev regions of
the HIV viral genome is in phase II studies. To date, these
ribozymes have been well tolerated.

Conclusions
In conclusion, ribozymes are a potentially powerful

therapeutic tool, based on their specificity and lack of tox-
icity, which could be effective and safe for the treatment
of asthma and COPD. The ability to deliver these com-
pounds by a variety of routes could also enhance their
utility.
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Summary
Gene therapy is the newest approach to the treatment of pulmo-

nary disease. It can be defined as the introduction of nucleic acid
sequences into cells for the purpose of altering a disease. Cystic fibro-
sis or ·1-antitrypsin deficiency are diseases associated with single
gene defects and represent the obvious rationale for gene therapy in
order to replace the defective or absent gene. Chronic acquired respi-
ratory disorders such as COPD, asthma or interstitial lung diseases
are considered to be the product of a variety of endogenous (polygen-
ic) and exogenous influences and less obviously associated with gene
replacement therapy. These chronic inflammatory conditions likely
arise from an imbalance between destructive and protective mecha-
nisms, such that transient gene therapy can be useful to reconstitute
the impaired balance by short-term over-expression of protective
genes or suppression of damaging genes.

Vectors and Ways of Gene Delivery
Today, different viral and nonviral vector systems are

considered useful for lung gene transfer, all with certain
advantages and disadvantages (table 1). Currently, the
most common vectors for treatment of pulmonary dis-
eases are replication-deficient adenoviruses and synthetic
liposome/DNA complexes. Major advantages of adeno-
vectors are their excellent efficiency in gene transfer, dem-
onstrated in numerous systems [1–3]. However, gene
expression is transient and if long-term replacement is
required, repeated administration is necessary, but this is
prevented by the immunogenicity of adenovectors. Im-
munosuppressive agents can be used to reduce production
of neutralizing antiviral antibodies in the host (e.g. corti-
costeroids or cyclosporin A), procedures that can prolong
gene expression but not completely abrogate the antiviral
immune response. A second way is to further modify ade-
novectors by deleting more of the genes encoding for viral
proteins and thereby reducing their immunogenicity [1,

4–6]. Liposomes are attractive, because they generate no
apparent host immune response and repeated delivery is
feasible, but the overall rate of transgene expression is
much lower than with viral vectors [1, 4]. It is anticipated
that the technical problems in gene delivery will be solved
in the foreseeable future.

The lung is an attractive organ for gene transfer
because of its accessibility from both airways and vascula-
ture. Transfer of genes via airway with adenovirus vectors
or liposomes results in gene expression mainly in lung epi-
thelial cells, and the transgene is compartmentalized to
the lung without much in the way of systemic distribu-
tion. In contrast, intravenous application of genes trans-
duces predominantly endothelial cells and parenchymal
cells of internal organs. Depending on the underlying dis-
ease, either route of administration, or even a combina-
tion of both might be advantageous to target the lung.

Cystic Fibrosis
Since discovery of the CFTR gene in 1987, cystic fibro-

sis (CF) has been considered the major lung disease being
suited to gene therapy. To date more than 10 clinical trials
involving lung gene transfer have been reported, however,
none has shown convincing restoration of function [7].
Several reasons can be considered for this failure. (1) The
ideal vector system has not yet been developed. Both ade-
novectors and liposomes have been shown to transfer suf-
ficient amounts of genes to the lung but expression is
always transient [2, 7]. The problems associated with
repeated administration have already been mentioned.
(2) It still must be elucidated, which pulmonary region
and which cells are the best target for CF gene therapy.
Clinical observations show CF is initially localized in
small airways which are likely not within reach of aerosols
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Table 1. Currently used vector systems for lung gene transfer [modified from 1 and 3]

Vector Advantage Disadvantage

Retrovirus viral genes removed, no viral proteins made, integrates
into host DNA, useful for ex vivo cell gene transfer

possible insertional mutagenesis, cell division necessary,
low titres

Adenovirus efficient, transduces non-dividing cells, can be
produced in high titres, affinity for epithelial cells,
transient expression

prior exposure, immune response, inefficient with
repeated application

Adeno-associated
virus

virus genes removed, no viral proteins made,
transduces non-dividing cells

production labour intensive, small packaging capacity
for foreign DNA

Vaccinia virus
Canarypox virus
Fowlpox virus

can be highly attenuated, large capacity for foreign
DNA, efficient transfer to non-dividing cells, host-range
restricted, transient expression

pathogenic infection, immune response, inefficient
with repeated application

Nonviral
Naked DNA simple, non-immunogenic, inexpensive, safe most inefficient transduction
Cationic liposomes non-immunogenic, repeated application possible,

safe, ease of preparation
gene expression transient and low

currently in use [7]. Mucus plugs and local infections may
be real obstacles for gene transfer. The main target tissue
for gene transfer is the superficial epithelium, which
exhibits all ion transport functions of CFTR and is best
accessible via topical administration of vectors. However,
the constitutively highest level of CFTR gene expression
is localized in bronchial submucosal gland cells. These
glands are better accessible by the vasculature and sys-
temic vector application [2, 7]. (3) Replacement of the
CFTR gene in the airways alone will probably not com-
pensate for all functional defects in CF patients. Recent
data also suggest an impaired ability to clear bacterial air-
way infections, partly due to non-functional antimicrobial
peptides (e.g. human ß-defensin 1) [8]. Gene transfer
could be used to deliver cytokines to the lung as an adju-
vant therapy and thereby support the host response
against bacteria. In pneumonia models, survival of ani-
mals was improved by transient over-expression of IL-12
and IFN-Á resulting in enhanced clearance of Klebsiella
pneumoniae and Pseudomonas aeruginosa [9]. This fact
has important clinical relevance because of increasing
antibiotic resistance of P. aeruginosa, which persistently
colonizes airways in almost all CF patients.

COPD and Emphysema
Although we are not aware of any targeted research in

gene therapy for COPD, several possibilities are imagina-
ble. Currently the most accepted theory for the develop-
ment of COPD is a protease/antiprotease imbalance, sim-
ilar to emphysema due to hereditary ·1-antitrypsin defi-
ciency. This disease with an underlying single gene defect

is by its nature a main target of gene therapy, but most
attempts at gene replacement have been limited because
of short-term expression and the high concentrations of
protein required for therapeutic efficacy [10]. Newer stud-
ies show that the pathogenesis of COPD does not only
involve elastases but also collagenases and gelatinases
[11]. Thus re-establishment of the balance by over-
expressing antiprotease genes is theoretically beneficial,
and the levels of antiproteases required should be lower
than that required for replacement in ·1-antitrypsin defi-
ciency. Experimental models suggest a role for ·1-anti-
trypsin and secretory leukoprotease inhibitor in COPD
[12, 13]. However, there is still need for a convincing
study proving the concept of antiprotease treatment for
COPD and emphysema. Neutrophils are a major source
of proteases and reactive oxygen species, and because of
their overabundance in COPD, gene therapy could also
target adhesion molecules for neutrophils to reduce the
influx of inflammatory cells into the lung parenchyma.

Asthma
Benchmarks for any new intervention in asthma are

inhaled corticosteroids and bronchodilators, established
therapies for the majority of asthmatic patients [14]. Gene
therapy is not likely to provide an alternative in the near
future for these therapies, except for the concept of immu-
nomodulation by gene-based vaccines. However, tran-
sient gene therapy, such as with anti-inflammatory genes,
could bring some benefit for asthmatics with severe dis-
ease requiring high doses of systemic corticosteroids, or
for patients with corticosteroid-resistant asthma. Another
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Fig. 1. Morphological appearance of mouse
lungs 3 weeks after being exposed to differ-
ent cytokine genes involved in airway and
tissue remodelling. Masson’s trichrome.
!200. a Airway of a mouse exposed to
AdDL70 (control virus without gene insert).
b Lung of a mouse transfected with a low
dose of the TGFß1 gene shows a subepitheli-
al fibrotic tissue reaction, which is thought to
be crucial in the concept of airway remodell-
ing in asthma. c TGFß1 in a 10-fold higher
titre induces a more severe and progressive
fibrosis of the lung, which is largely abro-
gated when the gene for decorin, a physiolog-
ic opponent of TGF-ß is simultaneously ad-
ministered d.

potential target for gene therapy for asthma is airway
remodelling, which results in persistent obstruction and
likely is not prevented by current anti-inflammatory treat-
ment modalities [15].

Over-Expression of Cytokines. The pathogenesis of
asthma involves a large number of different mediators
with predominance of Th2 derived cytokines [16]. Tran-
sient over-expression of GM-CSF or IL-4 and IL-5 in ani-

mal models have been shown to promote asthmatic-like
reactions with goblet cell hyperplasia, hypersecretion, eo-
sinophilia, peribronchial myofibroblast proliferation and
tissue remodelling [16–18]. Th1 cytokines are able to sup-
press Th2 reactions and hence over-expression of these
mediators could be beneficial in asthma. It has recently
been shown that gene transfer of IL-12 inhibits experi-
mental allergic airway disease by suppression of the Th2
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Fig. 2. a Higher magnification (!470) of normal airways. b AdDL70 treatment results in a loose peribronchial
mononuclear inflammatory reaction without accumulation of collagen. c Administration of low level AdTGF-ß1
induces a marked subepithelial fibrosis.

response to aerosolized ovalbumin [19]. Interestingly,
over-expression of IL-12 also restored local antiviral im-
munity, which is impaired in a Th2-dominated environ-
ment. This observation has important clinical relevance,
considering that obstructive airways disease often exacer-
bates during viral infections. In similar studies, local or
systemic gene transfer of IFNÁ significantly inhibited
allergen induced airway hyperresponsiveness [20] and IL-
10 transfer markedly reduces allergen induced eosino-
philia [21].

Over-Expression of Glucocorticoid Receptors and I-ÎB.
Glucocorticoids are used as primary anti-inflammatory
agents in asthma. After binding to the glucocorticoid
receptor, they repress the expression of pro-inflammatory
cytokines via inhibition of transcription factors such as
NF-ÎB, amongst other mechanisms. It has been suggested
that patients with corticosteroid-resistant asthma have
impaired glucocorticoid receptor activity [22]. A recent
study showed that transfer of the glucocorticoid receptor
gene in-vitro-mediated inhibition of NF-ÎB activities,
even in the absence of exogenous corticosteroids, and the
authors suggested this approach could restore corticoste-
roid sensitivity in patients [23]. Another possibility to
interfere with NF-ÎB is over-expression of the inhibitory
molecule I-ÎB, which is physiologically bound to NF-ÎB
in the cytoplasm and is degraded during the activation
process [14].

Interference with Tissue Remodelling. Airway remodell-
ing is a concept describing processes leading to persistent
airflow obstruction and structural changes in the airways
of asthmatics [15]. It is speculated that chronic inflamma-
tion induces a persistent or recurrent injury-repair re-
sponse with different growth and repair factors being
involved [15, 16].

Table 2. Growth factors implicated in the concept of airway remod-
elling and possible inhibitory genes

Cytokine/growth factor Inhibitory genes

Decorin1, soluble TGF-ß receptor1,
Smad71

PDGF PDGF-ß receptor1

bFGF proteoglycans?
IGF ?
EGF ?
GM-CSF mutant GM-CSF?

1 Gene transfer successfully demonstrated in animal models.

Immunohistochemistry of human asthmatic airways
has shown increased TGF-ß presence that correlated with
the degree of disease and subepithelial fibrosis [24]. TGF-ß
has important immunomodulatory properties and its role
in tissue remodelling is well known. In lung diseases such as
pulmonary fibrosis it is likely that TGF-ß is upregulated,
because persistent, low degree inflammation demands per-
manent tissue repair [25]. It is also possible that chronic in-
flammation in asthma, with recurrent epithelial cell dam-
age, induces a similar pattern of eventually overwhelming
tissue repair. Using adenoviral gene transfer we have
shown that both TGF-ß and GM-CSF induce peribronchial
fibrosis and tissue remodelling [17, 26]. The parenchymal
fibrotic response exceeds the subepithelial fibrosis seen in
chronic asthma by far, due to much higher cytokine levels
in tissue and BAL. However, when we administered 5- to
10-fold lower virus doses to mouse lungs, we saw a more
subtle peribronchial fibrosis similar to the observations
made in human asthmatic airways (fig. 1, 2).
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Recently, TGF-ß has become a major target for devel-
opment of gene therapy approaches. In the lung, transfer
of different genes with anti-TGF-ß properties has been
used successfully to reduce fibrotic responses to exoge-
nous fibrogenic stimuli (table 2). The proteoglycan deco-
rin can bind and inhibit TGF-ß and is thought to be an
endogenous opponent of active TGF-ß [27]. Using an ade-
novirus vector, we have transferred the gene for decorin
into lungs of mice treated either with active TGF-ß (tran-
siently over-expressed by gene transfer) or bleomycin and
strongly modulated the fibrotic response (fig. 1). These
experiments show that gene therapy has the potential to
efficiently prevent and/or treat chronic lung diseases. The
concept of airway remodelling in asthma provides a rea-
sonable basis to further investigate the efficiency of anti-
TGF-ß gene therapy in appropriate models of chronic
obstructive lung disease.

Conclusion
Gene therapy is a promising new treatment for lung

diseases. Not only single gene disorders such as CF are
potential candidates for gene therapy, but also chronic
multigenic and environmental lung diseases, character-
ized by an imbalance of damaging and protective mecha-
nisms. Numerous experimental models have shown, that
gene therapy is not a theoretical concept in a variety of
acute and chronic lung disorders, but is a realistic thera-
peutic goal. The first clinical trials in CF which have
started almost 10 years ago have not met expectations,
mainly because of ‘immature’ gene transfer and vector
systems. However, it is anticipated that these hurdles will
be overcome in the foreseeable future, and make gene
therapy a feasible therapeutic alternative in lung disease.
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Abbreviations
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ACh Acetylcholine
AHR Airway hyperreactivity
ADP Adenosine diphosphate
AMP Adenosine monophosphate
ANP Atrial natriuretic polypeptide
AP-1 Activating protein-1
APC Antigen-presenting cell
APL Antiphospholipid
·1-AT ·1-Antitrypsin
ATP Adenosine triphosphate

BABIM Bis(5-amidino-2-benzimidazolyl)methane
BAL Bronchoalveolar lavage
BCG Bacillus Calmette-Guérin
bFGF Basic fibroblast growth factor
BHR Bronchial hyperreactivity
BLT, BLTR Leukotriene B4 receptor
BTPS Body temperature pressure-saturated

cAMP Cyclic adenosine monophosphate
CBP CREB-binding protein
C/EBPß CCAAT box/enhancer binding protein-ß
cGMP Cyclic guanosine monophosphate
CGRP Calcitonin-gene-related peptide
CHO Chinese hamster ovary cells
COPD Chronic obstructive pulmonary disease
COX-2 Cyclooxygenase-2
CREB cAMP-responsive element binding protein
CT Computerized tomography
CTGF Connective tissue growth factor
CTL Cytotoxic T lymphocyte

DBD DNA binding domain
DL Lung diffusion capacity
DNA Deoxyribonucleic acid
DPT Dermatophagoides pteronyssinus

EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
ELISA Enzyme-linked immunosorbent assay
EMEA European Agency for the Evaluation of Medicinal

Products

ERK Extracellular signal regulated
ET-1 Endothelin-1

FcÂRI High-affinity receptor for IgE
FcÂRII Low-affinity receptor for IgE
FcÁRI High-affinity receptor for IgG
FcÁRII Low-affinity receptor for IgG
FDA Federal Drug Administration
FEV1 Forced expiratory volume in 1 s
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
FRC Functional residual capacity
FVC Forced vital capacity

GATA-3 Gene activator of TCR-·
GCP Good clinical practice
GCP-2 Granulocyte chemotactic protein-2
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte-macrophage colony-stimulating

factor
GM-CSFR Granulocyte-macrophage colony-stimulating

factor receptor
GR Glucocorticoid receptor
GSH Reduced glutathione

H1 Histamine type 1 receptor
HAT Histone acetyl transferase
HDAC Histone deacetylase

ICAM Intracellular adhesion molecule
ICS Inhaled corticosteroid
IFN-Á Interferon-Á
Ig Immunoglobulin
IGF-1 Insulin-like growth factor-1
I-ÎB· Inhibitor of the transcription factor NF-ÎB
IL Interleukin
iNOS Inducible nitric oxide synthase
IP3 Inositol-1,4,5-trisphosphate

JAK Janus kinase
JNK Jun N-terminal kinase
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KATP Potassium ATP-sensitive channels
KCO Potassium channel openers

LABA Long-acting ß2-adrenoceptor agonist
LBD Ligand-binding domain
5-LO 5-Lipoxygenase
LPS Lipopolysaccharide
LT Leukotriene

MAdCAM-1 Mucosal adressin cell adhesion molecule-1
MAPK Mitogen-activated protein kinase
MCP Monocyte chemoattractant protein
M-CSFR Macrophage-colony-stimulating factor receptor
MDC Macrophage-derived chemokine
MEF Maximal expiratory flow
MEFV Maximal expiratory flow-volume
MGSA/Gro Melanoma growth stimulatory activity/

growth-regulated protein
MHC Major histocompatibility complex
MIP Macrophage inflammatory protein
MLCK Myosin light-chain kinase
MMP Matrix metalloproteinase
MRI Magnetic resonance imaging

NANC Non-adrenergic, non-cholinergic
NAP Neutrophil-activating peptide
NE Neutrophil elastase
NF-AT Nuclear factor of activated T cells
NF-ÎB Nuclear factor-ÎB
NGF Nerve growth factor
NK Neurokinin
NMR Nuclear magnetic resonance
NO Nitric oxide
NOS Nitric oxide synthase
NSAID Non-steroid anti-inflammatory drug

PAF Platelet-activating factor
PaCO2 Arterial dioxide tension
PaO2 Arterial oxygen tension
PBMC Peripheral blood mononuclear cell
PC20 Provocative concentration to cause a 20% fall

in FEV1

PD20 Provocative dose to cause a 20% fall in FEV1
PDE Phosphodiesterase
PDGF Platelet-derived growth factor
PDGFR Platelet-derived growth factor receptor
PEF Peak expiratory flow
PEFR Peak expiratory flow rate
PG Prostaglandin
PK Protein kinase
PL Phospholipase
PMN Polymorphonuclear neutrophils
PPAR-· Peroxisome-proliferator-activated receptor-·
PCR Polymerase chain reaction
PECAM Platelet endothelial cell adhesion molecule

RANTES Regulated on activated normal T cell expressed

SaO2 Arterial oxygen saturation
SCF Stem cell factor
SIRS Systemic inflammatory response syndrome
SH2 src homology 2
SNP Single nucleotide polymorphism
SP Substance P
SRF Serum response factor
STAT Signal transducer and activator of transcription

TARC Thymus and activation regulated chemokine
TBARS Thiobarbituric acid-reactive substances
TCR T cell receptor
TGF-ß Transforming growth factor-ß
Th1, Th2 T helper type 1 and type 2 cells
TLC Total lung capacity
TLCO Diffusion capacity (transfer factor) for

carbon monoxide
TNF-· Tumour necrosis factor-·
TNFR Tumour necrosis factor receptor

VCAM Vascular cell adhesion molecule
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
VD Volume of distribution
VIP Vasoactive intestinal peptide
VLA-4 Very late (activation) antigen-4




