


This page intentionally left blank



Drugs for the Treatment of
Respiratory Diseases

Respiratory diseases affect millions of people each year and

represent a major health burden around the world. This timely

reference surveys and evaluates the drug treatments available

for the main categories of lung diseases including asthma and

chronic obstructive pulmonary disease, lung cancer, cystic

fibrosis, pulmonary vascular disease, lung cancer, and

respiratory infections. The recent increase in asthma in certain

populations underlines the importance of finding effective

new treatments for these diseases. This publication, a

comprehensive reference, is one of the first to survey current

and novel drug treatments for this group of diseases. It is

certain to establish itself as an essential source of reference for

respiratory physicians, clinicians and clinical pharmacologists.
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Preface

In 1991, Jim Metzger and I edited a volume called
Drugs and the Lung. A decade on, we thought that
sufficient new information had been obtained to
warrant a new book and this volume reflects the cul-
mination of a considerable effort of many individu-
als including my new co-editors Dom Spina and
Brian O’Connor, plus all the contributing authors.
Lung diseases still represent a considerable burden
to the healthcare system globally and have
significant impact on the socio-economic situation
in many countries around the world. The incidence
of asthma continues to rise in many western coun-
tries with no cure in sight. Furthermore, tuberculosis,
pulmonary infections and COPD are far from opti-
mally controlled and not surprisingly therefore, there
continues to be a considerable amount of interest in
the development of novel therapies for a wider range
of lung diseases. Perhaps, just as importantly, con-
tinual appraisal of optimal use of existing therapies
continues with guidelines for the treatment of
asthma and COPD now being commonplace in many
western societies. This book represents a compre-
hensive collection of chapters regarding the current
status of a wide range of drugs in use for the treat-
ment of lung diseases, as well as providing an excel-
lent overview of the many new drug classes under
development. We have tried to ensure that, where
possible, all chapters have a bias towards clinical
information about drugs, but drawing on informa-
tion from in vitro and animal studies where appro-
priate. We hope this book will be of interest to
clinicians, scientists and students as a resource
about drugs for the treatment of respiratory diseases.

xi



Tragically, my colleague and friend Jim Metzger
died half-way through this project. Jim was an excel-
lent mentor to me along with fellow editors and was
responsible for teaching me a lot about allergy and
clinical immunology. I share his tragic loss with his
devoted family and many friends. Jim had con-

tributed enormously to the field of lung diseases and
we hope this book will help provide a lasting
memory of him.

Clive P. Page

on behalf of all the editors

March 2002
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Part I

Asthma and COPD





Introduction

It is widely recognized that neither asthma nor
COPD are disease entities but rather each is a
complex of inflammatory conditions that have in
common airflow limitation (syn. obstruction) whose
reversibility varies (Fig. 1.1). The characteristics and
distinctions between mild stable asthma and COPD
have been reviewed1,2. However, these differences
become less clear when the conditions become
severe or there are exacerbations due to infection or
other cause. An understanding of whether or not
there are fundamental differences of inflammation
and airway/lung structure between these two condi-
tions is relevant to clinical decisions regarding both
initiation and long-term treatment and to patient
management during exacerbations. In the longer
term it is of value to the design of specific therapy for
asthma and COPD and to their prevention. Whilst
the definitions of asthma and COPD highlight the
differing degrees of airflow variability and reversibil-
ity3,4, there is a prevailing clinical impression that,
with age, there is often overlap and a progression
from the reversible airflow obstruction of the young
asthmatic to the more irreversible or ‘fixed’ obstruc-
tion of the older patient with COPD. The Dutch
hypothesis encompasses the idea that both condi-
tions are extreme ends of a single condition5. In the
author’s opinion it may, in the future, be less relevant
to be concerned with the clinical labels of ‘asthma’ or
‘COPD’ and more important to ascertain and target
treatment to the predominant pattern of inflamma-
tion and structural change that prevails in each
patient.

Asthma may be divided into extrinsic (also called
allergic or atopic), intrinsic (late onset or non-
atopic) and occupational forms. At this time the
pathologist cannot distinguish between these dis-
tinct clinical forms of asthma: there are alterations
that appear to be common to all forms. COPD is
associated, usually, with the smoking habit as the
relationship between cigarette smoking and COPD
is a strong one statistically. Three conditions can
contribute, the degree varying in each patient, to the
clinical expression of COPD: chronic bronchitis
(syn. mucus hypersecretion), chronic bronchiolitis
(syn. small airways disease) and emphysema,
inflammatory conditions broadly affecting bronchi
(airways with cartilage in their wall), bronchioli
(membranous or non-cartilaginous airways) and
lung parenchyma respectively. In both asthma and
COPD, the persistence of distinct inflammatory cells
initiated by allergen or cigarette smoke, respectively,
is probably responsible for most of the structural
change and usually referred to as ‘remodelling’:
interactions with the effects of acute and chronic
infection and genetic predisposition are clearly
important also.

The chapter focuses on the patterns of infiltrating
inflammatory cells in asthma and COPD and the
associated remodelling of the airway wall. First,
airway wall thickening is considered, particularly in
asthma, remodelling is defined and the relationship
between inflammation and remodelling discussed
briefly. Lumenal secretions obtained as sputum or
lavage and asphyxic plugging of the airways with
mixtures of mucus and inflammatory exudate are
discussed briefly. The chapter then divides into two
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major sections considering first inflammation and
then remodelling in asthma and COPD. The results
of examination of the conducting airways by flexible
fibre-optic bronchoscopy are included as this tech-
nique has provided the means by which the early
inflammatory and structural alterations of asthma
and COPD have been compared, free from the com-
plications of end stage disease6.

Airway wall thickening

The airway walls in asthma are thickened by the
remodelling process by between 50 and 300% of
normal and there is lumenal narrowing, which is
further compromised by excessive mucus admixed
with an inflammatory exudate (Fig. 1.2, see colour
plate section). In cases of fatal asthma, the longer the
duration of asthma, the thicker becomes the airway
wall7. However, it has been suggested that airway
wall thickness per se is not a requirement for
asphyxic fatality as a group of relatively young asth-
matics (i.e. with a relatively short history of asthma)
had an airway wall thickness not significantly differ-
ent from that of non-asthma controls. Lumenal
secretions and plugging are likely the greater contri-
bution to asthmatic death in these young cases of

fatal asthma7. All tissue structural components, as
well as inflammatory cell infiltration and edema,
can contribute to the observed thickening; however,
in the last mentioned study it is thickening of the
(outer) adventitial layers that was most pronounced
in the older group with the longest duration of
disease. The airway walls are also thickened in
COPD. One systematic study has described changes
in large airway dimensions in relation to the lung
function of patients with COPD and found wall area
internal to the muscle to be significantly thickened
over the entire range of cartilaginous airways meas-
ured8. The relative contributions of the airway wall
components contributing to the thickening,
however, vary with airway generation.

Inflammation and remodelling

Acute inflammation is the response of vascularized
tissue to injury: the inflammatory reaction is
designed to protect the host and to restore tissue and
its function to normal. One generally accepted pro-
posal is that the accelerated decline in forced expir-
atory flow over time in COPD, and that which occurs
also in an important subset of asthmatics, is the
direct result of a switch from acute, episodic, to
chronic inflammation and to consequent airway
and parenchymal remodelling1. The proposal is

4 P.K. Jeffery
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attractive but, as yet, there is no convincing evidence
that the remodelling process is dependent upon the
prior development of chronic inflammation. It is
equally plausible that the processes responsible for
the development of chronic inflammation are dis-
tinct to those responsible for remodelling. The last
consideration has important implications for the
design of disease modifying therapy: thus those
agents that are effective antiinflamatory com-
pounds will not necessarily prevent or attenuate the
process of remodelling for which new classes of
drugs will be required.

Definition

The concept of ‘remodelling’ implies that a process
of ‘modelling’ must have preceded it. The lung, in
utero, undergoes extensive modelling and remodel-
ling yet these processes are entirely appropriate to
the normal process of lung development. Many of
the cytokines and growth factors thought to be pro-
inflammatory in asthma and in COPD are also
expressed normally without detriment to the devel-
oping lung; these include: members of the fibroblast
growth factor family, the transforming growth factor
family, epithelial-derived growth factor, granulo-
cyte–macrophage colony stimulating factor,
platelet-derived growth factor, vascular endothelial
growth factor and hepatocyte growth factor1,9.
Accordingly the working definition of remodelling
proposed herein recognizes that the process of
remodelling per se is not of necessity abnormal. It is:
an alteration in size, mass or number of tissue struc-
tural components that occurs during growth or in
response to injury and/or inflammation. It may be
appropriate, as in normal lung development or that
which occurs during acute reaction to injury, or
‘inappropriate’ when it is chronic and associated
with abnormally altered tissue structure and func-
tion as, for example, in asthma or COPD.

In wound healing (in the skin) the components of
an appropriate response include: clot formation,
swelling/edema, rapid restitution of the denuded
areas by epithelial dedifferentiation, proliferation
and migration from the margins of the wound. This

is normally associated with an inflammatory reac-
tion, i.e. early infiltration of the injured tissue by
neutrophils and later by lymphocytes and macro-
phages. Reticulin is deposited within days and this
may mature to form interstitial collagen, a scar,
within 2–3 weeks. In addition, healing may involve
contraction of the surrounding tissue (in the case of
an open wound), by myofibroblasts that may pro-
liferate transiently in relatively large numbers10.
Vasodilatation, congestion and mucosal oedema are
also cardinal signs of acute inflammation and the
angiogenesis of the granulation tissue is an integral
part of the reparative response. Thus, normal tissue
architecture and function is restored consequent to
an entirely appropriate inflammatory reaction with
which there has been an associated remodelling
process. Each of these stages in normal wound
healing and many of the inflammatory cell types and
cytokines involved appear also in asthma and in
COPD, but in these last two conditions both the
inflammation and remodelling persist and result in
exaggerated remodelling inappropriate to the main-
tenance of normal (airway) function. The reasons for
the persistence of the inflammation are unknown
but may be the result of repeated inhalation of aller-
gen or exposure to high concentrations of allergen,
irritation (e.g. by tobacco smoke) or persistent infec-
tion or a genetically influenced abnormal host
inflammatory response or a defective repair process.

Lumenal secretions

Sputum and bronchoalveolar lavage

The examination of spontaneously produced or
saline-induced sputum has become a much used
and relatively non-invasive method for determining
the extent of inflammation in the asthmatic
airway11,12 (Fig. 1.3(a), 1.2(b), see colour plate
section). Corkscrew-shaped twists of condensed
mucus (Curshmann’s spirals), clusters of surface
airway epithelial cells (referred to as Creola bodies
and named after the first patient in whom they were
described)13, and the presence of Charcot–Leyden
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crystals, composed of eosinophil cell and granule
membrane lysophospholipase (Fig. 1.3(a), (b), see
colour plate section14), together with eosinophils
and metachromatic cells, are characteristic features
of sputa obtained from asthmatic, but not bron-
chitic patients15. Sputum eosinophilia has, however,
also been reported in non-asthmatics in the absence
of the airways hyper-responsiveness (AHR) charac-
teristic of asthma16. In contrast, sputa from bron-
chitic patients may be mucoid or, during infective
exacerbations, purulent when neutrophils may be
present in large numbers. BAL in mild (allergic)
asthma demonstrates the presence of sloughed epi-
thelial cells, the numbers of which show an associa-
tion with AHR,17 and of eosinophils and their highly
charged secreted products (such as eosinophil cat-
ionic protein (ECP) and major basic protein
(MBP))18. In contrast, in smoker’s bronchitis, macro-
phages are the most usually reported cell type and
neutrophils are numerous as are their secreted prod-
ucts.

Airway plugging

Examination, postmortem, of cases of fatal asthma
has shown that the lungs are hyperinflated and
remain so on opening the pleural cavities due to the
widespread presence of markedly tenacious airway
‘plugs’ in both large (segmental) and small bronchi
(Fig. 1.4(a)), see colour plate section). Even intra-
bronchial inflation with fixative to a 1.5-metre head
of pressure hardly moves these sticky lumenal
plugs19. Histologically the airway plugs in asthma are
composed predominantly of inflammatory exudate
together with mucus in which lie: eosinophils, lym-
phocytes and desquamated surface epithelial cells.
The arrangement of the eosinophilic elements of the
plug is often as concentric, multiple lamellae sug-
gesting that several episodes of inflammation have
led to their formation rather than a single terminal
event (Fig. 1.4(b), see colour section). The non-
mucinous, proteinaceous contribution is the result
of increased vascular permeability and includes a
fibrin. Electrostatic interaction of positively charged
(cationic) eosinophil products and serum constitu-

ents and negatively charged (due to carboxyl and
sulfate groups) mucin likely contributes to the par-
ticular stickiness of the airway plug. There are,
however, reports of sudden death in asthmatics in
which intraluminal plugs are absent20 but these are
rare. In the absence of a history of smoking, emphy-
sema in fatal asthma and right ventricular hypertro-
phy is uncommon. However, areas of atelectasis and
petechial hemorrhages may be present in asthma
due to bronchial obstruction, reabsorption collapse
and repeated forced inspiratory efforts. The asth-
matic who has smoked will likely have features
which overlap between asthma and COPD and, in
these cases, there may be focal evidence of centriac-
inar (i.e.bronchocentric) alveolar destruction (see
Fig. 1.4(a), colour plate section).

Inflammation

To the physiologist, inflammation is characterized
by cardinal signs: redness, heat, swelling, pain and
loss of normal function. To the pathologist, inflam-
mation is recognized in tissue sections as congestion
of vessels together with the recruitment (i.e. margi-
nation within and emigration from vessels) of a
variety of morphologically and immuno-phenotypi-
cally distinct inflammatory cells. It is now recog-
nized that both asthma21,22 and COPD are
inflammatory conditions albeit the relative magni-
tude and site of the inflammatory infiltrate and the
predominant inflammatory cell phenotype differs.

Asthma

Studies of biopsies obtained by fibreoptic bronchos-
copy or at open lung biopsy in asthma demonstrate
the presence of an inflammatory cell infiltrate even
in patients with newly diagnosed asthma23. The infil-
trate comprises CD3 immuno-positive (T) lympho-
cytes of the CD4 (i.e. T-helper) subset and
eosinophils17,24–26. An increase in leukocytes, includ-
ing lymphocytes and eosinophils, occurs in rela-
tively mild atopic, occupational and intrinsic
asthma and it is associated with an increase of ‘acti-
vation’ markers for both lymphocytes (CD25�cells)

6 P.K. Jeffery



and eosinophils (EG2�cells)21,24,26–28. In sympto-
matic atopic asthmatics, in electron microscopic
studies, irregularly shaped lymphomononuclear
cells appear and these may represent ultrastructural
forms of the CD25�(activated) lymphocyte. EG2 is a
marker for the cleaved (‘secreted’) form of eosino-
phil cationic protein that can be found both within
eosinophils and diffusely in the wall, often in associ-
ation with the epithelial reticular basement mem-
brane. Eosinophil-derived products such as major
basic protein29 together with toxic oxygen radicals
and proteases probably all contribute to the epithe-
lial fragility described in asthma (see below).
Eosinophil cytolysis or disintegration and release of
granules30,31 and of cytokines may also stimulate
nearby fibroblasts to produce additional reticulin
and so induce thickening of the reticular basement
membrane.

In fatal asthma there is a marked infiltrate
throughout the airway wall, in sputum and also in
the occluding plug. Compare Fig. 1.5(a) and (b), see
colour plate section, see Figs. 1.3(a) and 1.4(b), see
colour plate section: lymphocytes are abun-
dant22,32,33 and (EG2�)eosinophils are characteristic
(Fig. 1.6, see colour plate section)22,34,35. Neutrophils
are sparse in mild asthma21 albeit they are present in
relatively large numbers in sputa during infective
exacerbations36, in biopsies of severe asthmatics
refractory to high dose treatment with corticoster-
oids37 and in status asthmaticus when death is
sudden (i.e. within 24 hours of the attack)38. It has
been suggested based on examination of biopsy
tissue that two forms of asthma may be usefully dis-
tinguished: those with a relatively high eosinophil
count and those with predominant neutrophilia39.
The inflammation of the airway wall may involve
the adjacent pulmonary artery33 and, in small
(distal) airways, may spread to surrounding alveolar
septae40. Alveolar walls may thus show evidence of
eosinophilic infiltration40 and alveolar spaces may
contain a fibrillar-rich component, most likely
fibrin (author’s unpublished observations).
However, destruction of the parenchyma (i.e.
emphysema) is not a feature of asthma. Thus, both
small and large airways may be inflamed in asthma:

transbronchial biopsy studies of relatively severe
asthma and studies of resection tissue in asthmatics
have demonstrated infiltration of bronchioli by
eosinophils and lymphocytes40,41. There are also
recent data in severe asthma that demonstrate the
inner wall to be infiltrated by neutrophils in
numbers considerably greater than in larger
airways42. Thus the pattern of inflammation in
severe asthma appears to be different from that in
mild and, in order to be effective, treatment needs to
be tailored accordingly. The association of tissue
eosinophilia and asthma is a strong one. However,
the extent of tissue eosinophilia varies greatly with
each case and with the duration of the terminal
episode22,38,43. The variation may be due, in part, to
eosinophil degranulation, which makes cell iden-
tification difficult. In comparison with mild asthma,
fatal asthma is reported to be associated with a
higher concentration of eosinophils in the large
airways and a reduction of lymphocytes in the
peripheral (smaller) airways35.

The role of the activated T-helper (Th) lymphocyte
in controlling and perpetuating the chronic inflam-
matory reaction in asthma has received much atten-
tion24,44. The T-lymphocyte is thought to control
allergic inflammation via the selective release of the
proinflammatory cytokines (interleukins) IL-4 and
IL-5, which characterize the T-helper (type 2) phe-
notype45. IL-5 gene expression has been shown to be
increased in bronchial biopsies from symptomatic
atopic asthmatic subjects46 (Fig. 1.10), and this is
supported by studies of cells obtained at broncho-
alveolar lavage47,48 and peripheral blood49. IL5
appears to be a key cytokine required to induce ter-
minal differentiation of eosinophils and, together
with IL4, enhances their vascular retention and lon-
gevity in tissues. It is also a key cytokine in the late
phase reaction to allergen challenge48. IL4 is also
increased in atopic asthma50,51 and may be impor-
tant in both the initiation and persistence of allergic
inflammation. IL4 encourages the selective recruit-
ment of eosinophils by up-regulating adhesion
molecules (V-CAM) on bronchial endothelium
whose ligand on the eosinophil cell surface is VLA-4.
The last is absent from the surface of neutrophils
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and helps to explain the eosinophil predominance
in mild asthma. There is currently debate as to the
involvement of IL4 in asthma of the intrinsic (i.e.
non-atopic) form52. IL4 and IL5 are not, however,
unique to asthma and may occur in other inflamma-
tory conditions such as fibrosing alveolitis53. Whilst
IL5 may be important in promoting eosinophil ter-
minal differentiation, and the release of eosinophils
into the blood from bone marrow, other molecules
such as eotaxin and RANTES (regulated on activa-
tion normal T-cell expressed and secreted) are
involved as selective chemokines inducing eosino-
phil emigration from blood vessels and their migra-
tion through the mucosa to the airway lumen from
whence they are cleared54–56. The same or distinct
molecules may be involved in eosinophil activation,
a process about which little is as yet known.
Symptomatic asthma is associated with the produc-
tion of additional cytokines including TNF�,
GM–CSF, IL1�, IL2 and IL645,57. GM–CSF has also
been reported to increase during the late phase reac-
tion to allergen58. In addition to their production of
toxins and lipid-derived mediators, eosinophils
themselves may also produce proinflammatory
cytokines and growth factors as evidenced by their
gene expression for TNF�, IL6 and GM-CSF�45,59,60.
Macrophages have been reported to increase in
number in more severe asthma of the intrinsic
form28.

Mast cells have long been thought to play a key
role in the immediate (type I sensitivity) reaction in
asthma through their release of a variety of media-
tors including those which bronchoconstrict i.e. his-
tamine, prostaglandin D2 and leukotriene D4. Mast
cells are now thought to act as an important source
of IL4 and other proinflammatory cytokines whose
secretion may act as a trigger to the induction of sub-
sequent persistent production of IL4 and IL5 by lym-
phocytes61,62. There are reports of decreases,
increases and no change of mast cell numbers. Early
biopsy studies demonstrated an apparent reduction
in bronchial mast cell numbers in asthma due to
their degranulation63. Studies of bronchoalveolar
lavage report increased intralumenal mast cell
numbers together with increased numbers of T-

helper cells and eosinophils and evidence of hista-
mine release and of eosinophil degranulation18,64,65.

Although considered to be important in allergic
conditions, little is known of the role of basophils in
these conditions albeit there is evidence for
increased recruitment of basophils and their precur-
sors to sites of allergic reaction in atopic patients66.
Asthma is also characterized by infiltration of the
bronchial surface epithelium by dendritic cells
(i.e. Langerhans’ cell equivalent)67. These non-
phagocytic histiocytes are rich in surface receptors
and their functions are thought to include the pres-
entation of antigenic information to T lymphocytes;
very few Langerhans’ cells are found in the normal
lung although there is a rich network of their prob-
able precursor dendritic cells68. Thus lymphocytes of
the T-helper (CD4�) subset appear to be key to the
controller cell and eosinophils the prime effector
cell in mild asthma. However, with increasing sever-
ity of asthma and in infective exacerbations there is
an increasing involvement of neutrophils and
perhaps also of macrophages and these changes
appear to be more refractory to conventional treat-
ment with inhaled or even oral corticosteroids.
Alternative approaches would seem to be required
to treat more severe than mild asthma and the
reasons for this may in part be explained by the
altered pattern of inflammation.

COPD

T-lymphocytes appear also to be key controller cells
in COPD but in contrast to asthma it is the CD8�

cells that are the predominant cells in COPD69. It is
currently presumed that the majority of these CD8�

cells are T-lymphocytes of the cytotoxic/suppressor
subset, but this is as yet unproven and these may
also include natural killer cells and even a dendritic
cell sub-type. The altered CD8:CD4�cell ratio
appears, however, to be a fundamental distinction
between the CD4�T-cell, allergen-driven process of
allergic asthma in non-smokers and the CD8�T-
cell, cigarette smoked-induced inflammation of
COPD70.

Smoking tobacco per se induces an inflammatory
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response. Smoking shortens the transit time of neu-
trophils through the bone marrow, causes a leukocy-
tosis and alters the immunoregulatory balance of
T-cell subsets found in blood, bronchoalveolar
lavage (BAL), and tissues of the conducting airways
and lung71–73. Smoking initiates a peripheral blood
leukocytosis and a reversible decrease in the nor-
mally high CD4 to CD8 cell ratio in blood of heavy
smokers (i.e.�50 pack–years). There is also a signifi-
cant reduction of the CD4:CD8�cell ratio in BAL
fluid but not blood of a group of milder smokers ( i.e.
on average who have smoked 14 pack–years). The
increase in the number of BAL and tissue CD8�T-
cells is positively associated with pack–years
smoked72,74,75.

Chronic bronchitis

Histological examination of airway tissues (taken at
resection for tumour) from smokers demonstrates
that inflammatory cells are present in and around the
area of mucus-secreting submucosal glands and that
scores of inflammation show a better association
with the subjects who have symptoms of mucus
hypersecretion than does gland size per se76. In bron-
chial biopsies of subjects with mild stable chronic
bronchitis and COPD there is infiltration of the
mucosa by inflammatory cells75,77–79 (Fig. 1.7, see
colour plate section): this is associated with up-
regulation of cell surface adhesion molecules of rele-
vance to the inflammatory process80. In the surface
epithelium where, in contrast to the subepithelium,
CD8�cells normally predominate, Fournier and col-
leagues have demonstrated by comparison with non-
smokers, an increase in all inflammatory cell types in
smokers with chronic bronchitis and mild COPD81. In
a subepithelial zone (also referred to as the lamina
propria), bronchial lymphomononuclear cells
appear to form the predominant cell type with scanty
neutrophils (in the absence of an exacerbation): the
lymphomononuclear component is composed of
lymphocytes, plasma cells and macrophages.
Significant increases are reported in the numbers of
CD45 (total leukocytes), CD3 (T-lymphocytes), CD25
(i.e.activated) and VLA-1 (late activation) positive

cells, presumed to be T-lymphocytes and of macro-
phages. The endobronchial biopsy studies of
O’Shaughnessy and co-workers have demonstrated
that by comparison with normal non-smokers, T-
lymphocytes and neutrophils increase in the surface
epithelium whilst T-lymphocytes and macrophages
increase in the subepithelium of smokers with
COPD79,82. In contrast to asthma, in COPD it is the
CD8�cell and not the CD4�T-cell subset, which
increases in number and proportion to become the
predominant T-cell subset. Furthermore, the increase
of CD8�cells shows a negative association with the
forced expiratory volume in one second (FEV1
expressed as a percentage of predicted). This novel
distinction between the relative proportions in T-cell
subsets of smokers with mild stable COPD and non-
smoking mild asthmatics has received the support of
subsequent studies of both resected tissues and bron-
chial biopsies74,83,84. The increase of the CD8�phe�

notype and of the CD8/CD4 ratio seen in the mucosa
also occurs deeper in the airway wall in association
with submucosal mucus-secreting glands in bron-
chitic smokers83. In addition neutrophils increase in
the surface epithelium and glands especially when
the disease increases in severity (Fig. 1.8, see colour
plate section).

Similarity between COPD and asthma

COPD and asthma would seem to differ at the tissue
level in a number of respects; for example the
marked tissue eosinophilia and thickening of the
reticular basement membrane of asthma (see
below) is not usually a feature of COPD85. However,
compared to normal healthy control tissue, there are
a number of studies that report a small but signifi-
cant increase in the number of tissue eosinophils in
subjects with chronic bronchitis or COPD76,79,86.
Sputum eosinophilia is also reported in cases of
‘eosinophilic bronchitis’, i.e. patients without a
history of asthma and without bronchial hyper-
responsiveness12,87. Furthermore, in mild COPD, the
numbers of tissue eosinophils are markedly and sig-
nificantly increased when there is an exacerbation of
bronchitis (defined as a need by the patient to seek
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medical attention due to a sudden worsening of
dyspnoea or an increase in sputum volume or puru-
lence)88,89. In such mild cases of COPD the exacerba-
tion is associated with an increase in eosinophil
chemoattractants, especially RANTES90. The bron-
chial mucus-secreting glands of smokers may also
show gene expression for both IL4 and IL5 and the
numbers of these cells are significantly higher in
smokers with chronic hypersecretion as compared
with their asymptomatic controls91. Thus, IL4, IL5
and eosinophil chemoattractant gene expression is
not restricted to asthma and, like the recent reports
of fibrosing lung disease92, these regulatory cyto-
kines can be expressed also in chronic bronchitic
smokers.

Chronic bronchiolitis

Histologically, the earliest observed effects of cigar-
ette smoke in small airways and surrounding alveoli
is a marked increase in the number of macrophages
and neutrophils, both in human and experimentally
in animal studies. The increase is seen within
both the tissue and lumena and can be detected in
bronchoalveolar lavage fluid (BAL)93. Examination
of small airway tissue in lungs resected from
smokers also shows that the same profile of CD8-
predominant inflammation reported in bronchial
biopsies of the larger airways occurs deeper in the
lung in both the ‘small’ airways74,84 and also the lung
parenchyma94,95. As with the findings in the large
conducting airways there are significant negative
associations of the numbers of CD8�cells and
FEV1% of predicted in both the small (peripheral)
conducting airways and lung parenchyma.
However, at these sites the negative correlations are
stronger than in the large airways. Thus the patterns
of inflammation are similar at both proximal and
distal sites. However, in contrast to the larger
airways, the CD8�T-cell predominance in the small
airways and lung parenchyma is more closely asso-
ciated with decreased lung function in these sub-
jects with COPD.

The infiltration of the airway wall by lymphocytes
is associated with loss of alveolar attachments to the

outer wall of small airways, a characteristic of centri-
acinar emphysema. The accompanying loss of radial
traction and lung elastic recoil leads to early airway
closure during expiration (Fig. 1.9(a), (b), see colour
plate section). The loss of alveolar–bronchiolar
attachments is thought to be due to the circumfe-
rential spread of small airway wall inflammation.

Emphysema

In the normal, the macrophage is the resident phag-
ocyte of the alveolus: neutrophils are rarely
present96. Neutrophils are recruited to the lung in
smokers, albeit the extent of tissue neutrophilia is
highly variable. On exposure to cigarette smoke,
there is recruitment of macrophages and phagocy-
tosis of cigarette smoke components. A macrophage
alveolitis and respiratory bronchiolitis are the early
changes in young cigarette smokers97,98. As in the
large and small conducting airways in COPD, CD8�

cells also become the predominant inflammatory
cell phenotype in the parenchyma and their
numbers show a strong inverse correlation with
FEV1% of predicted95.

Inflammation and the pathogenesis of COPD

The neutrophil, the macrophage and the CD8�cell
may each be involved in the destruction of the lung
parenchyma by distinct mechanisms.

The neutrophil

The alveolar microcirculation is composed of a
network of short interconnecting tubules of average
diameter 5 µm. The average diameter of circulating
neutrophils is 7.0 µm, which necessitates their def-
ormation as they squeeze through capillary seg-
ments. Neutrophil traffic through the capillaries of
the lung is normally slower (i.e. there is a higher
transit time) than that of red blood cells as they are
700 times less deformable than RBCs99. Studies with
radioactively labelled neutrophils have demon-
strated that the normal delay in neutrophil transit is
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further exaggerated, transiently, even in healthy
subjects during smoking. Exposure of neutrophils to
cigarette smoke in vitro and in vivo results in
decreased deformability associated with polymer-
ization of actin microfilaments99,100. This is the likely
mechanism of the observed cigarette smoke-
induced increase in transit time. Factors chemotac-
tic for neutrophils, and which will induce their
emigration from the microcirculation are released
by the alveolar macrophages of smokers and the
alveolar neutrophil population may increase from
1% to 5% of inflammatory cells. Cigarette smoke
itself may contain substances chemoattractant for
neutrophils, a possibility that is supported by the
associated peripheral blood leukocytosis widely
reported101. Cigarette smoke or factors released from
cigarette smoke-exposed macrophages encourage
the release of neutrophil elastase which may
degrade lung elastin even in the presence of antipro-
tease102–104. Such neutrophil-derived serine pro-
teases have been implicated in the pathogenesis of
COPD since the appreciation of the emphysematous
change that results from alpha-1 antitrypsin (AAT)
deficiency in man. AAT protects against the proteo-
lytic effects of neutrophil elastase, cathepsin G and
proteinase 3, each of which has been shown to
induce emphysematous change in experimental
animal models of emphysema. These and earlier
results led to the protease/antiprotease hypothesis
in which emphysema develops if there is an imbal-
ance favouring proteolytic digestion of the elastic
framework of the lung (Fig. 1.10). Recent studies
have shown that, when released from the cell, the
concentrations of neutrophil elastase far outweigh
the antiprotease in the immediate vicinity of the
neutrophil cell surface. In the absence or reduction
of the antiprotease this pericellular zone of proteo-
lysis is greatly increased105.

The macrophage

The role of the macrophage in the pathogenesis of
COPD has been controversial. However, the data of
recent studies support the hypothesis that the

macrophage may play a critical role in regulating the
inflammatory response and also directly in the
tissue destruction associated with COPD106,107.
Macrophages are able to synthesize significant
amounts of matrix metalloproteinases (MMPs)
including macrophage elastase (MMP12), collage-
nase 1 (MMP1), gelatinase B (MMP9) and
others106,108. The hypothesis is that dysregulated
expression of macrophage MMPs, induced either
directly or indirectly by cigarette smoke, leads to the
lung destruction characteristic of human emphy-
sema. There is support for the hypothesis from
experimental animal work using gene manipulated
strains in conjunction with exposure to passive cig-
arette smoke106. MMP1 over expression in mice is
associated with enlargement of airspaces suggesting
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Fig. 1.10 Gross appearance of the cut surface of a lung in

which the distribution of centracinar emphysema caused by

proteolytic digestion is characteristically restricted to the

upper aspects of each lobe. Scale�10 cm. (By courtesy of

Professor B. Heard.)



that collagen degradation may also be important in
the generation of emphysema. Moreover, when
macrophage MMP12-deficient (-/-)mice are
exposed chronically to cigarette smoke, they fail to
develop emphysema and fail to recruit macrophages
to the lung: in contrast the smoke-exposed MMP12
intact (�/�) mice developed it109. Also in humans
there are data from cultured macrophages of
patients with COPD that show that there is increased
expression of MMP1, MMP9 and MMP12110. MMP12
can be detected by immunohistochemistry and in
situ hybridization in the alveolar macrophages of
patients with emphysema but not in normal lung106.
It appears that macrophage elastase is required for
both macrophage accumulation and the emphy-
sema that results from inhalation of cigarette smoke.
The current working hypothesis is that cigarette
smoke induces constitutive macrophages to
produce MMPs that cleave lung elastin, generating
fragments chemotactic for monocytes. This positive
feed-back loop would perpetuate the accumulation
of macrophages and lung tissue destruction. Zinc-
containing metalloproteases released from the cig-
arette smoke-stimulated macrophages are not
inhibited by the normal antiprotease of the alveolus
and may thus also degrade alpha1-antitrypsin per
se111.

The CD8�cell

There are several differences between the CD4�and
CD8�subsets of T-lymphocytes112. CD4�T-cells
have been well studied in the context of asthma and
the Th2-type allergic response. However, until
recently relatively little has been known about the
CD8�cell and smokers with COPD. CD8�T-cells
are generally associated with Th1-type immunity
and play a role in generating protective immunity to
Mycobacterium sp.113. LPS from gram negative bac-
teria cause selective activation of the CD8�T-cell
subset. Currently there is more speculation than
knowledge about the role of this predominant cell in
COPD. A recent study has shown they may interact

with virus infected epithelial cells in a way that gen-
erates a chemotactic factor (MCP-1) for macro-
phages, an accumulation of which may then destroy
host tissue107. CD8�T-lymphocytes produce inter-
feron gamma a cytokine that when overexpressed
has been shown to induce emphysema experimen-
tally in mice114. In addition, the CD8�T-cell can
produce perforin and granzymes, which may con-
tribute to the apoptosis and cell destruction
reported in emphysema115. Consequently the paren-
chymal damage associated with COPD could also be
CD8�cell driven.

One hypothesis is that individuals with a geneti-
cally determined low CD4�/CD8�T-cell ratio and
those who smoke would be more likely to have an
exaggerated CD8�T-cytotoxic response to viral
infection. Increased frequency of virally-associated
exacerbations in this group would likely lead to lung
tissue destruction and the development of COPD. In
this respect the prevailing balance of CD4�and CD8
�cells in the tissues is likely to be critical70,116.
Finally, there are recent interesting data on the role
of retinoic acid in influencing alveolar number and
the repair of established emphysematous lung sug-
gesting that nutrition may also act as an important
additive factor in the emphysematous process117.
Thus the patterns of inflammation in mild COPD in
smokers and mild asthma in non-smokers differ but
the distinctions become less clear when there is an
exacerbation in mild COPD when eosinophilia
develops in association with up-regulation of
RANTES, an eosinophil chemoattractant usually
thought of as characteristic of asthma. These altera-
tions in COPD may explain why exacerbations in
COPD may be responsive to corticosteroid treat-
ment whereas the inflammation of ongoing mild to
moderate COPD is not118,119.

Vascular inflammation

There are few studies that examine the inflamma-
tory process in pulmonary arteries of subjects with
COPD. There is inflammation of these vessels due
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probably to the close approximation of airways and
pulmonary arteries and the spread of the inflamma-
tory process from the bronchiolar wall to the adja-
cent pulmonary artery. An inflammatory process
similar to that present in the conducting airways and
in the lung parenchyma, consisting predominantly
of CD8�T-lymphocytes, has been reported in the
adventitia of pulmonary arteries in smokers with
COPD95,120. The vascular infiltration of CD8�T-lym-
phocytes correlates with the degree of airflow limita-
tion in these subjects95, supporting a role for
vascular inflammation in the progression of the
disease. The vascular inflammatory process is
also associated with impairment of endothelium-
dependent vascular relaxation. The endothelium
plays a crucial role in the regulation of vascular cell
growth and tone through the release of endothe-
lium-derived relaxing factors. Endothelial dysfunc-
tion, which results in an impaired release of these
factors, has been shown in patients with end-stage
COPD undergoing lung transplantation121. In this
study, the degree of endothelial dysfunction was cor-
related with both the severity of pulmonary vascular
remodelling and the arterial oxygen tension, sug-
gesting that in end-stage obstructive lung disease,
hypoxemia is the principal factor determining the
endothelial dysfunction that leads to vasoconstric-
tion. However, endothelial dysfunction and intimal
thickening may be present also in smokers with mild
COPD122 who are not hypoxemic, indicating that
factors other than hypoxemia might be capable of
producing the vascular changes in smokers. It is pos-
sible that endothelial damage by cigarette smoking
is the first vascular alteration occurring in COPD.
This early alteration may predispose smokers to
develop further vascular damage due to additional
factors such as hypoxemia and inflammation, ulti-
mately leading to the development of pulmonary
hypertension120.

Further studies of the distinctive patterns inflam-
mation, cytokine gene expression and protein secre-
tion in the airways and vessel walls of asthma and
COPD should prove to be of scientific, clinical and
therapeutic interest.

Remodelling

Surface epithelium

Histologically, damage and shedding of the airway
surface epithelium are reported in asthma postmor-
tem (compare Fig. 1.5(a), (b)) (Fig. 1.11(a), (b), see
colour plate section) but this change is highly vari-
able with some airways having completely intact
surface epithelium in the presence of marked
inflammation and other structural changes123.
Subepithelial edema has been suggested to be one
mechanism responsible for lifting of the overlying
surface epithelium where this occurs32. Repeated
loss of the epithelium induces a healing process as
evidenced by squamous cell metaplasia and/or
goblet cell hyperplasia. Histologically, damage and
shedding of airway surface epithelium appears to be
an early feature of asthma, particularly of the allergic
form124: it has been reported in biopsy specimens of
patients with stable mild disease and is not a usual
feature of smokers with bronchitis or COPD (see Fig.
1.11(a), (b))17,24,25,125. Loss of superficial epithelium is
accompanied by mitotic activity in the remaining
epithelial cells in normal healthy individuals126.
There is repeated epithelial regeneration in the form
of simple and then stratified cells prior to restoration
of the normal ciliated and goblet cell phenotypes,
the entire process taking approximately 2 weeks.
However, there are reports that such mitotic activity
is deficient in asthma and this has led to the sugges-
tion that there may be defective repair of epithelium
in asthma with the consequent release of a range
of factors that would promote a remodelling
response126,127. These factors include epithelial-
derived growth factor and granulocyte–macrophage
colony stimulating factor and would induce altera-
tions to the epithelial reticular basement mem-
brane, via activation of adjacent fibroblasts/
myofibroblasts, and deeper structures including
bronchial smooth muscle, mucus-secreting glands
and wall vessels. The release of these and other
molecules including IL8, eotaxin and RANTES
would also provide a chemoattractant gradient to
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both inflammatory and phenotypically altered
structural cells. Aggregations of platelets together
with fibrillary material, thought to be fibrin have
been observed in association with the damaged
surface24. Such fibrin deposits are also seen during
the late phase response following allergen challenge
(author’s unpublished results). The greater the loss
of surface epithelium in biopsy specimens the
greater appears to be the degree of airways hyper-
responsiveness24.

It is recognized that there is inevitably artefactual
loss of surface epithelium during the taking and
preparation of such small biopsy pieces, even nor-
mally, which makes interpretation of the epithelial
loss seen in bronchial biopsies controversial. In the
author’s opinion, the observed loss reflects the fra-
gility of the epithelium in vivo that facilitates slough-
ing during the bronchoscopy procedure. The
fragility of the epithelium in vivo in asthma is sup-
ported by the frequent appearance of clusters of
sloughed epithelial cells in sputa (see Fig. 1.3(b), see
colour plate124) and the increased presence of bron-
chial epithelial cells in bronchoalveolar lavage of
asthmatics with mild disease17. Other researchers
have found no significant loss of epithelium in biop-
sies of mild asthmatics128,129: this may be due to
differing methods of measurement of such loss or to
differences in the severity of the patients sampled.

The fragility of the surface may be associated with
disruption of epithelial cell tight junctions130,131 and
this may be facilitated by allergens per se, several of
which have been shown to have proteolytic activ-
ity132. Tight junctions normally act as a selective
barrier to the passage of ions, molecules and water
between cells: their disruption may lower the
threshold for stimulation of intraepithelial nerves
leading to axonal reflexes, stimulation of mucus-
secreting submucosal glands, vasodilatation and
oedema through the release of sensory neuropep-
tides (i.e. referred to as neurogenic inflamma-
tion)133,134. Experimentally there is also evidence that
the sensitivity of bronchial smooth muscle to sub-
stances placed in the airway lumen correlates
strongly with the integrity of the surface epithe-
lium135. Loss or damage of surface epithelium in

asthma would thus lead to a reduction in the con-
centration of factors normally relaxant to bronchial
smooth muscle with resultant increased sensitivity
and ‘reactivity’ of bronchial smooth muscle.

Apart from their role as stem cells, the basal cells
of normal pseudostratified surface epithelium have
been suggested to act as a bridge, enhancing the
adhesion of ‘superficial’ cells to epithelial basement
membrane136. When superficial cells are lost in
asthma the preferential plane of cleavage appears to
be between superficial and basal cells137, leaving
basal cells still attached to their basement mem-
brane. Epithelial cells also act as effector cells by
their synthesis and release of cytokines such as IL-6,
IL-8, GM-CSF and chemokines such as RANTES138

and eotaxin. Disruption of the epithelium and
attempts at repair may increase production of these
proinflammatory cytokines by those cells that
remain.

In contrast, epithelial loss is a less often reported
feature of bronchial biopsies taken from smokers
with bronchitis or COPD when goblet cell hyperpla-
sia and/or squamous metaplasia are often seen (Fig.
1.11(b), see colour plate section)139,140.

Reticular basement membrane

Thickening of the reticular basement membrane
(i.e. the lamina reticularis) which lies external to (or
below) the epithelium has long been recognized as a
consistent change in allergic, non-allergic and occu-
pational forms of asthma24,32,141–143: this may occur in
response to repeated loss and healing of the surface
epithelium (see Fig. 1.12(a)(b) and 1.5 (a)(b), see
colour plate). Whilst there may be focal and variable
thickening of the reticular layer in COPD and other
inflammatory chronic diseases of the lung such as
bronchiectasis and tuberculosis143, the lesion, when
homogenous and hyaline in appearance, is highly
characteristic of asthma and is not usually found in
COPD. The reticular layer appears to be absent in the
fetus (at least up to 18 weeks of gestation)144 but
develops in normal, healthy individuals, presum-
ably during early childhood: its thickening in
asthma begins early145, even before asthma is diag-
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nosed146. The thickening remains even when asthma
is mild and well controlled by antiasthma treat-
ment147 and is present in patients with a long history
of asthma but who have not died of their asthma142.
The extent of thickening is maximal early on in the
development of asthma and does not appear to
increase significantly with age, duration or severity
of disease7,145.

It should be noted that the basal lamina (i.e. the so-
called ‘true’ epithelial basement membrane), which
consists mainly of type IV collagen, glycosaminogly-
cans and laminin, is not thickened in either asthma
or COPD. The thickening of the lamina reticularis (i.e.
reticular basement membrane) (Fig. 1.13(a)(b))
which is immuno-positive for collagen types III and
V together with tenascin148 and fibronectin but not
laminin has been referred to as ‘subepithelial
fibrosis’141. In the author’s opinion this is an unfortu-
nate use of the term as the thickened layer of reticu-
lin is ultrastructurally different from the banded
collagen that lies deeper in the airway wall or that
which is characteristic of scarring. The reticular layer
is composed of thinner fibres of reticulin linked to a

tenascin-rich matrix in which there are sugars
together with entrapped molecules such as heparin
sulphate and serum-derived components such as
fibronectin: these molecules may modulate the state
of differentiation and function of overlying epithe-
lium. In the author’s opinion, swelling of this subepi-
thelial reticular layer may also contribute to its
thickening in asthma. Interestingly the thickened
layer does not behave as a barrier to the transmigra-
tion of inflammatory cells, which by the release of
enzymes (such as matrix metalloproteinases) or by
the presence of pre-existing pores149 can pass
through it with apparent ease (see Fig. 1.13(b)). An
association between the numbers of ‘myofibroblasts’
underlying the reticular layer and the thickness of the
reticular layer has been demonstrated in asthma
indicating these cells may secrete additional material
contributing to its thickening150.

In contrast to asthma, a study of bronchial biop-
sies, in carefully characterized patients with COPD,
reports that the reticular layer is not thickened140. A
recent report confirms this and demonstrates that
the reticular layer in smokers with irreversible
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Fig. 1.12 Scanning electron micrographs demonstrating the airway mucosa in (a) the non-asthmatic with epithelium attached to a

reticular basement membrane (RBM) of normal thickness (arrows) beneath which there is interstitial collagen. Scale�50 �m. (b) A

subject with a 25-year history of asthma, but who died of non-respiratory cause demonstrating the thickened RBM and damaged

epithelium. Scale�10 �m.

(a) (b)
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Fig. 1.13 Transmission electron micrographs

of the epithelium and basement membrane:

(a) normal epithelium of ciliated and goblet

cells resting on the basal lamina (arrows) with

relatively thin RBM and bronchial blood

vessel (V) beneath. Scale�10 �m. (b) Mild

atopic asthmatic showing sloughing of basal

epithelial cells (B) and thickened RBM and

eosinophils with electron-dense granules

beneath. Two mononuclear inflammatory

cells (probably lymphocytes) are traversing

the RBM (arrows). Scale�10 �m.

(a)

(b)



disease is similar to that in normal healthy non-
smokers and is significantly thinner than that of
asthmatics who had been treated with inhaled corti-
costeroids147. There are, however, subpopulations of
non-asthmatic smokers with COPD, defined by their
smoking history and irreversibility to inhaled beta-2
agonist, who show significant airways reversibility
(within the asthma range) to a 14-day course of oral
prednisolone. These ‘responders’ have a thicker
reticular basement membrane than normal and evi-
dence of BAL eosinophilia: neither are present in the
‘non-responder’ group151. This interesting COPD
group with a significant degree of reversibility dem-
onstrates further the potential overlap that may exist
between asthma and COPD at the tissue level.

Connective tissue

There is no consensus as to whether there is
increased interstitial collagen in asthma or whether
it increases with disease severity or duration. A
recent study of bronchial biopsies obtained from
asthmatics of varying severity reports increasing
scores for collagen152, whereas another reports no
difference in collagen content153. Electron micro-
scopic quantitative assessment of interstitial colla-
gen in biopsies of mild asthmatics found no
difference in the area of the mucosa occupied by col-
lagen fibres26. There is similar controversy over loss
of elastic tissue in asthma, one study demonstrating
there is not26 and others indicating that there is
either elastolysis or altered ultrastructure of elastic
tissue154,155. In contrast, airway wall fibrosis is gener-
ally, but not always, considered a feature of the
airways in smokers who develop COPD, albeit these
studies have focused on small rather than large
airways156–158.

Bronchial smooth muscle

The percentage of bronchial wall occupied by bron-
chial smooth muscle often increased substantially in
fatal asthma19 (Fig. 1.14(a), (b)). The absolute
increase in muscle mass is reported to be particu-
larly striking in large intrapulmonary bronchi of

lungs obtained following a fatal attack as compared
with that in asthmatic subjects dying of other
causes123: it is an important contributor to the thick-
ening of the airway wall and hence to the marked
increase in resistance to airflow which may become
life threatening159–162. Using a morphometric tech-
nique Dunnill showed that approximately 12% of the
wall in segmental bronchi obtained from cases of
fatal asthma was composed of muscle compared
with about 5% in normals. Other studies have con-
firmed this trend in airways larger than 2 mm diam-
eter and demonstrated a three- to fourfold increase
over normal in the area of the wall occupied by bron-
chial smooth muscle7,163,164. The increase in muscle
mass in small airways is not as great in absolute
terms as in the large airways although as a percent-
age of the airway wall airway smooth muscle occu-
pies a relatively larger percentage in the smaller than
in the larger airway. Thus small increases of muscle
in small airways may have a more significant effect
functionally than similar increases in more proximal
bronchi. In the absence of wheeze, values for muscle
mass in segmental bronchi in chronic bronchitis
and emphysema fall largely within the normal range
but intermediate levels are present in so-called
wheezy bronchitis165,166.

Few studies in COPD have focused attention on
the larger (cartilaginous) airways. One systematic
study has described changes in large airway dimen-
sions in relation to the lung function of patients with
COPD8. These authors found that the wall area inter-
nal to the muscle was significantly thickened over
the entire range of cartilaginous airways measured
and that this was associated with a reduction in
FEV/FVC. However, alterations in large airway
smooth muscle mass were not observed and there
was no correlation between muscle mass and
airflow limitation. There was a positive association
between peripheral airway inflammation and large
airway inner wall area and the authors argued that
their findings and those of others favour inflamma-
tion as the cause of the increasing inner airway wall
thickness that occurs in both large and small airways
in COPD. Airway smooth muscle increases signifi-
cantly in the small airways in COPD84,98,158,167. In a
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Fig. 1.14 Increased bronchial smooth muscle: (a) a histological section of the airway wall of a case

of fatal asthma stained with H&E to show enlarged smooth muscle blocks lying relatively close to

the surface epithelium. Scale�80 �m. (b) Scanning electron microscopy of part of the mucosa in

fatal asthma demonstrating the three-dimensional appearance of the enlarged blocks of

bronchial smooth muscle (SM) and dilatation of bronchial vessels (V) which both contribute to

thickening of the airway wall. The arrowheads show the position of the RBM from which the

epithelium has been lost. Scale�70 �m.

(a)

(b)



study of small (membranous) airways of 15 patients
with COPD compared to the lungs of non-
obstructed subjects and a group of asthmatic
patients, it was only the airway smooth muscle area
that was significantly increased in COPD168. In
asthma, the increase in the wall area occupied by
muscle, in absolute terms, is not as striking in small
airways as in the large123. It is considered that the
increased muscle mass that occurs at all generations
of airway is likely to be the most important abnor-
mality responsible for the increased airflow resis-
tance observed in response to bronchoconstricting
stimuli in both asthma and COPD169. Further studies
and a greater understanding of the changes occur-
ring in small airways is required as is a means of
effective delivery of anti-inflammatory and antire-
modelling therapy to this distal anatomic site.
Whether the increase in muscle mass in asthma is
due to muscle fibre proliferation (i.e. hyperplasia)170

or hypertrophy is at present unclear. Two patterns of
distribution of increased muscle mass have been
described in asthma: one in which the increase is
restricted to the largest airways and another in
which the increase occurs throughout the airways: it
is suggested that in the former hyperplasia of muscle
fibres predominates whereas hypertrophy predomi-
nates when there is increased muscle occurring
throughout the bronchial tree171.

A newly proposed mechanism involves dediffer-
entiation of existing smooth muscle bundles. Cells
that have ultrastructural features of both a contrac-
tile and secretory phenotype have been found in
substantial numbers in the late phase response to
allergen challenge. It has been suggested that, with
repeated exposure to allergen, these may contribute
to the increased mass of bronchial smooth muscle
by a process of differentiation of existing smooth
muscle and its migration to a subepithelial site
where new muscle is formed172. The mechanisms
involved in this response are likely to be similar to
those occurring in atherosclerosis where there is
vascular smooth muscle dedifferentiation and
migration to form a neo-intima of increased vascu-
lar smooth muscle173.

Mucus-secreting elements

The sources of the lumenal mucus that contributes
to the airway mucus in both asthma and COPD are
the submucosal glands and epithelial goblet cells.
There is submucosal gland enlargement in both fatal
asthma and COPD19 and excessive production of
mucus. The eosinophilic inflammatory exudate of
asthma is probably responsible for the particularly
sticky tenacious plugs that plug the airways and are
associated with asphyxic death174. In asthma, there
is dilatation of submucosal gland ducts, referred to
as bronchial gland ectasia175. Whilst the characteris-
tic condensed twists of mucus in asthma referred to
as Curshman spirals (see Fig. 1.3(b) see colour plate
section) are often said to represent the casts of small
airways, their size is more in keeping with that of
gland ducts which is their more likely origin. The
normal proportion of serous and mucous secretory
acini is retained in asthma whereas in COPD there is
a shift towards a greater than normal predominance
of mucous acini176. Goblet cell hyperplasia is a
feature of both asthma177 and bronchitis178. The
mucous metaplasia that results in newly differen-
tiated goblet cells in small bronchi and bronchioli of
less than 2 mm diameter, where they are normally
absent or sparse, is a feature of small airways disease
in COPD167: whether mucous metaplasia also occurs
in asthma is debated. It is considered by some that
the mucus present at this distal site in asthma may
have been aspirated from larger airways. In cases of
fatal asthma where mucous metaplasia has
occurred, the lumenal mucus secreted from surface
goblet cells appears to remain adherent maintaining
continuity between the cell’s secretions and the
plug, suggesting the secretory process or the mucin
itself is altered in fatal asthma177,179.

Airway vessels

Dilatation of bronchial mucosal blood vessels, con-
gestion and wall edema are consistently reported fea-
tures of fatal asthma and these can account for
considerable swelling and stiffening of the airway wall
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(Fig. 1.14(b), 1.15, see colour plate section168,169,180).
There are indications that the increased proportion of
the wall occupied by vessel may be due in part to a
proliferation of bronchial vessels (angiogenesis)181.
Whilst angiogenesis has been reported in mild
asthma182 it is particularly marked in severe corticos-
teroid-dependent asthma183. Whether these changes
are the consequence of chronic allergic inflammation
or due to the response to chronic (or latent) viral,
mycoplasm or bacterial infection is not known.

Whilst proliferation of the bronchial vasculature is
a feature of bronchiectasis and occurs in response to
infection, changes to the bronchial vasculature have
not been reported as a particular feature of COPD168.
However, patients with moderate to severe COPD do
have elevated pulmonary vascular pressures during
exercise and there are structural changes in the pul-
monary arteries consistent with endothelial dys-
function and pulmonary hypertension when
compared with patients with minimal or no disease.
Small (	500 �m) pulmonary vessels in airway
obstructed smokers show intimal thickening as
compared with those of non-obstructed non-
smokers: in severely obstructed smokers, there is
medial hypertrophy also122,184,185. Such structural
changes likely contribute to the narrower lumens
and vascular obstruction of these vessels. There is
infiltration of the pulmonary arterial wall by T-lym-
phocytes. The CD8(�) T-cell phenotype is increased
in both non-obstructed smokers and smokers with
COPD compared with non-smokers and the inten-
sity of the inflammatory infiltrate has been shown to
correlate with both endothelium-dependent relaxa-
tion and intimal thickness120.

Emphysema

Destruction of the lung parenchyma can be detected
microscopically in the alveolar walls of smokers
even when there is no evidence of airspace enlarge-
ment on gross examination (see Fig. 1.16). The
microscopic measurement of such parenchymal
destruction can, therefore, allow early identification
of the disease, at a time when emphysema is not
detectable macroscopically. The functional signifi-

cance of such early destruction is demonstrated by
its correlation with indices of airflow limitation and
loss of elastic recoil of the lung186.

The two major forms of emphysema, centriacinar
and panacinar, have distinct mechanical properties
and distinct peripheral airway involvement187. In
particular, lung compliance is greater in panacinar
than in centriacinar emphysema, whereas the extent
of peripheral airway inflammation is greater in the
centriacinar than in the panacinar form. It is pos-
sible that, in centriacinar emphysema, airflow limi-
tation is primarily a function of peripheral airway
inflammation, as supported by the correlation
between reduced expiratory flow and increased
airway inflammation observed in this form of
emphysema. By contrast, in panacinar emphysema,
airflow limitation seems to be primarily a function of
loss of elastic recoil, as supported by the correlation
between reduced expiratory flow and increased
compliance observed in this form of emphysema187.

The current emphasis in smoking-related disease
is on emphysema associated with loss of alveolar-
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Fig. 1.16 SEM of human lung parenchyma illustrating

microscopic emphysema in a smoker. Alveolar walls are

peppered by fenestrae too small to be seen by the naked eye.

Such early lesions probably result in loss of lung elastic recoil.

Scale�150 �m.



bronchiolar attachments. Bronchioles are sup-
ported within the lung by attachment of the adjacent
alveolar walls. Loss of these attached alveolar walls
and an increase in the interalveolar attachment dis-
tance (IAAD) appear to be associated with func-
tional abnormalities, including a decrease in forced
expiratory volume in 1 second (FEV1) and abnormal-
ities of tests of small airway function188–191. There is
likely to be a role for airway wall inflammation in the
selective loss of alveolar–bronchiolar attachments.
It is possible that inflammatory cell activity may
weaken the alveolar tissue and facilitate its rupture,
particularly at the point where alveolar walls and
airway adventitia meet and where the mechanical
stress is likely to be greatest. This mechanism might
provide an explanation for the relationship of airway
inflammation and abnormalities of pulmonary
function reported in smokers. Surprisingly, the
majority of studies examining the pathology of
COPD have been performed in subjects with mild to
moderate disease, while pathological studies on
subjects with severe COPD are few. The largest study,
performed by Nagai and colleagues192, showed that
in subjects who had had severe disease both emphy-
sema and peripheral airway abnormalities were
present. Although the relative role of each of these
pathologic lesions in the development of airflow
limitation was difficult to establish, the authors con-
cluded that emphysema was the more important.
However, the findings of Nagai and colleagues
should be interpreted with caution156. Their data
indicate that, when emphysema is severe, loss of
elastic recoil assumes overwhelming importance as
the mechanism of airflow limitation, thus masking
the effects of peripheral airway abnormalities. By
contrast, when emphysema is mild, peripheral
airways abnormalities do appear to play a role in
causing airflow limitation.

While earlier suggestions that distinct clinical pat-
terns of disease, referred to as ‘pink puffers’ and ‘blue
bloaters’, represented morphologically different pat-
terns of pathology detected postmortem, more
recent studies have shown no correlation between
the amount of macroscopic emphysema and
chronic hypoxemia.

Studies of the relationships of macroscopically
assessed emphysema and gas transfer or radiologi-
cal changes have shown only moderate correlations.
With microscopically assessed emphysema,
however, carbon monoxide transfer coefficient
(KCO) shows a strong linear correlation (r�0.86) in a
group of patients, of whom only half showed macro-
scopic emphysema. When the microscopic assess-
ment of emphysema is expressed in terms of an
estimate of the density of alveolar tissue per unit
volume of lung (AWUV), there is good correlation
with assessment of emphysema using computed
tomography (CT)189,193. Such studies, based on
microscopic assessment of emphysema, represent a
significant advance in the ability to identify early
emphysema in life, and to follow its progression194.
By application of combinations of quantitative his-
tology and CT-determined lung volume data,
Coxson and colleagues have been able to provide
quantitative estimates of the extent of lung destruc-
tion in patients that may be followed longitudinally
in the future: this will allow pathogenesis to be better
understood and the effects of treatment to be deter-
mined195,196. Recent application of these methods
has allowed the number of inflammatory cells
present per unit surface area of lung parenchyma to
be investigated in COPD. The data from these inves-
tigations indicate that emphysematous lung
destruction is associated with a marked amplifica-
tion of the inflammatory response in patients with
emphysema compared to the lungs of smokers
without emphysema but with equivalent smoking
histories195.

Emphysema in COPD, is also the likely conse-
quence of a chronic CD8�cell inflammatory
process. The current definition of emphysema
excludes the presence of obvious fibrosis, yet it is
now known that fibrosis may also occur even in the
presence of alveolar wall loss197,198. The enlargement
of alveolar spaces, distal to the terminal bronchio-
lus, in COPD may thus represent the consequence of
lung injury and a failure to repair rather than of
destruction per se. The focal fibrosis that may be
identified in some cases of emphysema may repre-
sent the remainder of a repair component. Further
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studies of the mechanisms that balance the produc-
tion and degradation of collagen that occurs during
the reparative and remodelling response to lung
injury may yield important findings applicable to
the treatment or prevention of the parenchymal
lesions so important to COPD.

Airway wall nerves

The topic of airway wall innervation and its relation
to asthma is a large one133,134. There are data suggest-
ing that in fatal asthma there is an absence of
(relaxant) vasoactive intestinal polypeptide (VIP)-
containing nerve fibres and an increase in the
numbers of substance P-containing fibres (stimula-
tory to bronchial smooth muscle) contrasting mark-
edly with the innervation of the control lungs taken
at resection from chronic smokers199,200. The reduc-
tion has not, however, been confirmed in examina-
tion of bronchial biopsies in mild asthma201. Whilst
Sharma and colleagues have described a reduction
of airway VIP and �-adrenoreceptors in cystic fibro-
sis, the densities of both VIP receptors and �-
adrenoreceptors are reported to be similar in
asthma to those of grossly normal tissue of the lungs
of smokers resected for carcinoma202,203.

Conclusions

The key points of comparison between asthma and
COPD are summarized in Tables 1.1 and 1.2. There is
evidence of airways inflammation in both asthma
and COPD but there are marked differences in terms
of the predominant anatomic site involved, the pre-
dominant pattern of inflammatory cells and the
structural consequences of such inflammation. It
will be of interest to learn whether further studies
confirm or refute the hypothesis that chronic
asthma and COPD are two distinct conditions that
require equally distinct approaches to their manage-
ment. This notion has received support from the
recent findings of long-term trials of mild to moder-
ate disease in which inhaled corticosteroids have
been shown to be effective in the treatment of

mild/moderate asthma but not so in COPD.
However, the author predicts that the responses to
any one treatment will vary from patient to patient
depending not only on the diagnosis of ‘asthma’ of
‘COPD’ per se but rather on the particular prevailing
patterns of inflammatory cells, cytokines and
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Table 1.1. Asthma summary

The airway walls in asthma are thickened by inflammation

and ‘remodelling’ and there is lumenal narrowing.

The association of tissue eosinophilia and asthma is a strong

one and activated T-helper (CD4�) lymphocytes perpetuate

the chronic eosinophilia.

Neutrophils are sparse in mild asthma but they are present in

relatively large numbers in severe asthma

Mast cells play a role in the immediate (type I sensitivity)

reaction in asthma: little is known of the role of basophils

albeit they are considered important.

Epithelial fragility and loss are often but not always reported in

asthma: healing or abnormal repair may be driving

subsequent remodelling.

Thickening of the reticular basement membrane (i.e. the

lamina reticularis but not the lamina densa) is a consistent

change in allergic, non-allergic and occupational forms of

asthma.

There is no consensus as to increased interstitial collagen in

asthma.

The percentage of bronchial wall occupied by bronchial

smooth muscle increases substantially in fatal asthma: there

are several mechanisms that could explain the increase and

there may be parallels with the changes in vessel walls in

atheroma.

There is submucosal gland enlargement in fatal asthma and

excessive production of mucus that, together with the

inflammatory exudate, forms the sticky tenacious plugs that

block airway lumena.

Dilatation of bronchial mucosal blood vessels, congestion and

wall oedema are consistently reported features of fatal

asthma: these can account for considerable swelling of the

airway wall.

While corticosteroids are effective in treating the eosinophilic

inflammation of mild asthma new treatments need to be

found to treat the altered inflammation and the remodelling

of severe asthma.

Inflammation and remodelling may respond to distinct classes

of drug.



remodelling. The emerging data indicate that
inflammation will differ markedly in relation to
exacerbation and severity and perhaps also in
response to chronic but less than effective treat-
ment. It is also likely that the remodelling process
will require new classes of drug that target it more
specifically: it is likely more than a consequence of
chronic inflammation alone. The development,
results and consideration of a range of such agents is
now considered in the chapters that follow.
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Introduction

Corticosteroids are the most effective therapy cur-
rently available for asthma and improvement with
corticosteroids is one of the hallmarks of asthma. By
contrast, corticosteroids have little or no place in the
management of COPD1. Inhaled corticosteroids
have revolutionized asthma treatment and have
become the mainstay of therapy for patients with
chronic disease2,3. There is now a much better
understanding of the molecular mechanisms
whereby corticosteroids suppress inflammation in
asthma and this has led to changes in the way corti-
costeroids are used and may point the way to the
development of more specific therapies in the
future4. This chapter discusses current understand-
ing of the mechanism of action of corticosteroids
and how corticosteroids are used in the manage-
ment of asthma. The lack of benefit of corticoster-
oids in COPD is also discussed.

Molecular mechanisms

Corticosteroids are highly effective anti-
inflammatory therapy in asthma and the molecular
mechanisms involved in suppression of airway
inflammation in asthma are now better under-
stood4. Corticosteroids are effective in asthma
because they block many of the inflammatory path-
ways that are abnormally activated in asthma and
they have a wide spectrum of anti-inflammatory
actions.

Glucocorticoid receptors

Corticosteroids bind to a single class of glucocorti-
coid receptors (GR) which are localized to the cyto-
plasm of target cells. Corticosteroids bind at the
C-terminal end of the receptor, whereas the N-
terminal end of the receptor is involved in regulating
gene transcription. Between these domains is the
DNA-binding domain which has two finger-like
projections formed by a zinc molecule bound to
four cysteine residues that bind to the DNA double
helix. The inactive GR is bound to a protein complex
that includes two molecules of 90 kDa heat shock
protein (hsp90) and various other proteins that act
as a ‘molecular chaperone’ preventing the unoccu-
pied GR moving into the nuclear compartment.
Once corticosteroids bind to GR, conformational
changes in the receptor structure result in dissocia-
tion of these molecules, thereby exposing nuclear
localization signals on GR which then results in
rapid nuclear localization of the activated GR–
corticosteroid complex and its binding to DNA. Two
GR molecules bind to DNA as a dimer, resulting in
changed transcription. There is a splice variant of
GR, termed GR-�, that has been identified that does
not bind corticosteroids, but binds to DNA and may
theoretically interfere with the action of corticoster-
oids5.

Effects on gene transcription

Corticosteroids produce their effect on responsive
cells by activating GR to directly or indirectly regu-
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late the transcription of certain target genes6. The
number of genes per cell directly regulated by corti-
costeroids is estimated to be between 10 and 100,
but many genes are regulated indirectly through an
interaction with other transcription factors. GR
dimers bind to DNA at consensus sites termed glu-
cocorticoid response elements (GREs) in the 5’-
upstream promoter region of steroid-responsive
genes. This interaction changes the rate of transcrip-
tion, resulting in either induction or occasionally
repression of the gene. Interaction of the activated
GR homodimer with GRE usually increases
transcription, resulting in increased protein synthe-
sis. GR may increase transcription by interacting
with a large coactivator molecule, CREB binding
protein (CBP), which is bound at the start site of
transcription and switches on RNA polymerase,
resulting in formation of messenger RNA (mRNA)
and then synthesis of protein.

However, in controlling inflammation, the major
effect of corticosteroids is to inhibit the synthesis of
inflammatory proteins, such as cytokines. This was
originally believed to be through interaction of GR
with negative GRE sites, resulting in repression of
transcription. However, such negative GREs have
rarely been demonstrated. GR may also affect
protein synthesis by altering the stability of messen-
ger RNA, through effects on ribonucleases that break
down mRNA.

Interaction with transcription factors

Activated GRs may bind directly with several other
activated transcription factors as a protein–protein
interaction. This could be an important determinant
of corticosteroid responsiveness and is a key mech-
anism whereby corticosteroids switch off inflamma-
tory genes. Most of the inflammatory genes that are
activated in asthma do not appear to have GREs in
their promoter regions yet are repressed by cortico-
steroids. There is increasing evidence that this may
be due to interaction between the activated GR and
transcription factors that regulate the expression of
genes, that code for inflammatory proteins, such as
cytokines, inflammatory enzymes, adhesion mole-

cules and inflammatory receptors. These
‘inflammatory’ transcription factors include activa-
tor protein-1 (AP-1) and nuclear factor-
B (NF-
B)
which may regulate many of the inflammatory genes
that are switched on in asthmatic airways7,8.

Effects on chromatin structure

There is increasing evidence that corticosteroids
may have effects on the chromatin structure. DNA in
chromosomes is wound around histone molecules
in the form of nucleosomes. Several transcription
factors interact with large coactivator molecules,
such as CBP, and the related molecule p300, which
bind to the basal transcription factor apparatus.
Several transcription factors have now been shown
to bind directly to CBP, including AP-1, NF-
B and
GR9. Since binding sites on this molecule may be
limited, this may result in competition between
transcription factors for the limited binding sites
available, so that there is an indirect rather than a
direct protein–protein interaction (Fig. 2.1). At a
microscopic level that chromatin may become
dense or opaque due to the winding or unwinding of
DNA around the histone core. CBP and p300 have
histone acetylation activity, which is activated by the
binding of transcription factors, such as AP-1 and
NF-
B. Acetylation of histone residues results in
unwinding of DNA coiled around the histone core,
thus opening up the chromatin structure, which
allows transcription factors to bind more readily,
thereby increasing transcription. Repression of
genes reverses this process by histone deacetyla-
tion10. Deacetylation of histone increases the
winding of DNA round histone residues, resulting in
dense chromatin structure and reduced access of
transcription factors to their binding sites, thereby
leading to repressed transcription of inflammatory
genes. Activated GR may bind to several transcrip-
tion co-repressor molecules that associate with pro-
teins that have histone deacetylase activity, resulting
in deacetylation of histone, increased winding of
DNA round histone residues and thus reduced
access of transcription factors to their binding sites
and therefore repression of inflammatory genes11.
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Target genes in inflammation control

Corticosteroids may control inflammation by inhib-
iting many aspects of the inflammatory process
through increasing the transcription of anti-
inflammatory genes and decreasing the transcrip-
tion of inflammatory genes (Table 2.1).

Anti-inflammatory proteins
Corticosteroids may suppress inflammation by
increasing the synthesis of anti-inflammatory pro-
teins. For example, corticosteroids increase the syn-
thesis of lipocortin-1, a 37 kDa protein that has an
inhibitory effect on phospholipase A2 (PLA2), and
therefore may inhibit the production of lipid media-
tors. Corticosteroids induce the formation of
lipocortin-1 in several cells and recombinant
lipocortin-1 has acute anti-inflammatory proper-
ties. However, lipocortin-1 does not appear to be
increased by inhaled corticosteroid treatment in
asthma12. Corticosteroids increase the expression of

other potentially anti-inflammatory proteins, such
as interleukin (IL)-1 receptor antagonist (which
inhibits the binding of IL-1 to its receptor), secretory
leukoprotease inhibitor (which inhibits proteases,
such as tryptase), neutral endopeptidase (which
degrades bronchoactive peptides such as kinins)
CC-10 (an immunomodulatory protein), an inhibi-
tor of NF-
B (I
B-�) and IL-10 (an anti-
inflammatory cytokine).

�2-adrenoceptors
Corticosteroids increase the expression of �2-
adrenoceptors by increasing the rate of transcrip-
tion and the human �2-receptor gene has three
potential GREs. Corticosteroids double the rate of
�2-receptor gene transcription in human lung in
vitro, resulting in increased expression of �2-recep-
tors 13. This may be relevant in asthma as corticoster-
oids may prevent down-regulation of �-receptors in
response to prolonged treatment with �2-agonists.
In rats corticosteroids prevent down-regulation and
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Fig. 2.1 Effect of corticosteroids on chromatin structure. Transcription factors, such as STATs, AP-1 and NF-
B, bind to coactivator

molecules, such as CREB binding protein (CBP) or p300, which have intrinsic histone acetyltransferase (HAT) activity, resulting in

acetylation (-Ac) of histone residues. This leads to unwinding of DNA and allows increased binding of transcription factors resulting

in increased gene transcription. Glucocorticoid receptors (GR) after activation by corticosteroids bind to a glucocorticoid receptor

co-activator which is bound to CBP. This results in deacetylation of histone, with increased coiling of DNA around histone, thus

preventing transcription factor binding leading to gene repression.



reduced transcription of �2-receptors in response to
chronic �-agonist exposure14.

Cytokines
The inhibitory effect of corticosteroids on cytokine
synthesis is likely to be of particular importance in
the control of inflammation in asthma.
Corticosteroids inhibit the transcription of many
cytokines and chemokines that are relevant in
asthma (Table 2.1). These inhibitory effects are due,
at least in part, to an inhibitory effect on the
transcription factors that regulate induction of these
cytokine genes, including AP-1 and NF-
B. For
example, eotaxin which is important in selective
attraction of eosinophils from the circulation into
the airways is regulated in part by NF-
B and its
expression in airway epithelial cells is inhibited by
corticosteroids15. Many transcription factors are
likely to be involved in the regulation of inflamma-
tory genes in asthma in addition to AP-1 and NF-
B.
IL-4 and IL-5 expression in T-lymphocytes plays a

critical role in allergic inflammation, but NF-
B
does not play a role, whereas the transcription factor
nuclear factor of activated T-cells (NF-AT) is impor-
tant16. AP-1 is a component of the NF–AT transcrip-
tion complex, so that corticosteroids inhibit IL-5, at
least in part, by inhibiting the AP-1 component of
NF-AT.

There may be marked differences in the response
of different cells and of different cytokines to the
inhibitory action of corticosteroids and this may be
dependent on the relative abundance of transcrip-
tion factors within different cell types. Thus in alveo-
lar macrophages and peripheral blood monocytes
GM–CSF secretion is more potently inhibited by cor-
ticosteroids than IL-1� or IL-6 secretion.

Inflammatory enzymes
Nitric oxide (NO) synthase may be induced by pro-
inflammatory cytokines, resulting in NO produc-
tion. NO may amplify asthmatic inflammation and
contribute to epithelial shedding and airway hyper-
responsiveness through the formation of peroxyni-
trite. The induction of the inducible form of NOS
(iNOS) is inhibited by corticosteroids. In cultured
human pulmonary epithelial cells proinflammatory
cytokines result in increased expression of iNOS and
increased NO formation, due to increased transcrip-
tion of the iNOS gene, and this is inhibited by corti-
costeroids acting through inhibition of NF-
B.
Corticosteroids inhibit the synthesis of several other
inflammatory mediators implicated in asthma
through an inhibitory effect on the induction of
enzymes such as cyclo-oxygenase-2 (COX-2) and
cytosolic PLA2

17,18.
Corticosteroids also inhibit the synthesis of

endothelin-1 in lung and airway epithelial cells and
this effect may also be via inhibition of transcription
factors that regulate its expression.

Inflammatory receptors
Corticosteroids also decrease the transcription of
genes coding for certain receptors. Thus the gene for
the NK1-receptor, which mediates the inflammatory
effects of tachykinins in the airways, has an
increased expression in asthma and is inhibited by
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Table 2.1. Effect of corticosteroids on gene
transcription115

Increased transcription

Lipocortin-1 (phospholipase A2 inhibitor)

�2-Adrenoceptor

Secretory leukoprotease inhibitor

Clara cell protein (CC10; phospholipase A2 inhibitor)

IL-1 receptor antagonist

IL-1R2 (decoy receptor)

I
B-� (inhibitor of NF-
B)

Decreased transcription

Cytokines

IL-1, IL-2, IL-3, IL-4, IL-5,IL-6, IL-11, IL-12, IL-13, TNF�, GM-

CSF, SCF

Chemokines

IL-8, RANTES, MIP-1�, MCP-1, MCP-3, MCP-4, eotaxin

Inducible nitric oxide synthase (iNOS)

Inducible cyclooxygenase (COX-2)

Cytoplasmic phospholipase A2 (cPLA2)

Endothelin-1

NK1-receptors, NK2-receptors

Adhesion molecules (ICAM-1, E-selectin)



corticosteroids, probably via an inhibitory effect on
AP-119. Corticosteroids also inhibit the transcription
of the NK2-receptor which mediates the broncho-
constrictor effects of tachykinins20.

Adhesion molecules
Adhesion molecules play a key role in the trafficking
of inflammatory cells to sites of inflammation. The
expression of many adhesion molecules on endo-
thelial cells is induced by cytokines and corticoster-
oids may lead indirectly to a reduced expression via
their inhibitory effects on cytokines, such as IL-1�

and TNF�. Corticosteroids may also have a direct
inhibitory effect on the expression of adhesion
molecules, such as ICAM-1 and E-selectin at the
level of gene transcription. ICAM-1 and VCAM-1
expression in bronchial epithelial cell lines and
monocytes is inhibited by corticosteroids21.

Apoptosis
Corticosteroids markedly reduce the survival of
certain inflammatory cells, such as eosinophils.
Eosinophil survival is dependent on the presence of
certain cytokines, such as IL-5 and GM–CSF.
Exposure to corticosteroids blocks the effects of
these cytokines and leads to programmed cell death

or apoptosis, although the corticosteroid-sensitive
molecular pathways have not yet been defined22.

Effects on cell function

Corticosteroids may have direct inhibitory actions
on several inflammatory cells and structural cells
that are implicated in asthma (Fig. 2.2).

Macrophages
Corticosteroids inhibit the release of inflammatory
mediators and cytokines from alveolar macro-
phages in vitro. Inhaled corticosteroids reduce the
secretion of chemokines and proinflammatory cyto-
kines from alveolar macrophages from asthmatic
patients, whereas the secretion of IL-10 is
increased23.

Eosinophils
Corticosteroids have a direct inhibitory effect on
mediator release from eosinophils, although they
are only weakly effective in inhibiting secretion of
reactive oxygen species and eosinophil basic pro-
teins. More importantly corticosteroids induce
apoptosis by inhibiting the prolonged survival due
to IL-3, IL-5 and GM–CSF22, resulting in an increased
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Fig. 2.2 Cellular effect of corticosteroids.



number of apoptotic eosinophils in induced sputum
of asthmatic patients24. One of the best described
actions of corticosteroids in asthma is a reduction in
circulating eosinophils, which may reflect an action
on eosinophil production in the bone marrow.

T-lymphocytes
T-helper 2 lymphocytes (Th2) play an important
orchestrating role in asthma through the release of
cytokines such as IL-4 and IL-5 and may be an
important target for corticosteroids in asthma
therapy.

Mast cells
While corticosteroids do not appear to have a direct
inhibitory effect on mediator release from lung mast
cells, chronic corticosteroid treatment is associated
with a marked reduction in mucosal mast cell
number. This may be linked to a reduction in IL-3
and stem cell factor (SCF) production, which are
necessary for mast cell expression at mucosal sur-
faces. Mast cells also secrete various cytokines (TNF-
�, IL-4, IL-5, IL-6, IL-8), and this may also be
inhibited by corticosteroids.

Dendritic cells
Dendritic cells in the epithelium of the respiratory
tract appear to play a critical role in antigen presen-
tation in the lung as they have the capacity to take up
allergen, process it into peptides and present it via
MHC molecules on the cell surface for presentation
to uncommitted T-lymphocytes. In experimental
animals the number of dendritic cells is markedly
reduced by systemic and inhaled corticosteroids,
thus dampening the immune response in the
airways25.

Neutrophils
Neutrophils, which are not prominent in the biop-
sies of asthmatic patients, are not sensitive to the
effects of corticosteroids. Systemic corticosteroids
increase peripheral neutrophil counts, which may
reflect an increased survival time due to an inhibi-
tory action of neutrophil apoptosis (in complete

contrast to the increased apoptosis seen in eosino-
phils)26.

Endothelial cells
GR gene expression in the airways is most promi-
nent in endothelial cells of the bronchial circulation
and airway epithelial cells. Corticosteroids do not
appear to directly inhibit the expression of adhesion
molecules, although they may inhibit cell adhesion
indirectly by suppression of cytokines involved in
the regulation of adhesion molecule expression.
Corticosteroids may have an inhibitory action on
airway microvascular leak induced by inflammatory
mediators. This appears to be a direct effect on post-
capillary venular epithelial cells. The mechanism for
this antipermeability effect has not been fully eluci-
dated, but there is evidence that synthesis of a 100
kDa protein distinct from lipocortin-1 termed vaso-
cortin may be involved. Although there have been no
direct measurements of the effects of corticosteroids
on airway microvascular leakage in asthmatic
airways, regular treatment with inhaled corticoster-
oids decreases the elevated plasma proteins found
in bronchoalveolar lavage fluid of patients with
stable asthma.

Epithelial cells
Epithelial cells may be an important source of many
inflammatory mediators in asthmatic airways and
may drive and amplify the inflammatory response in
the airways through the secretion of proinflamma-
tory cytokines, chemokines and inflammatory pep-
tides. Airway epithelium may be one of the most
important targets for inhaled corticosteroids in
asthma27,28 (Fig. 2.3). Inhaled corticosteroids inhibit
the increased expression of many inflammatory pro-
teins in airway epithelial cells27. An example is iNOS,
which has an increase expressed in airway epithelial
and inflammatory cells in asthma and is reduced by
inhaled corticosteroids 29. This is reflected by a
reduction in the elevated levels of exhaled NO in
asthma after inhaled corticosteroids30.
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Mucus secretion
Corticosteroids inhibit mucus secretion in airways
and this may be a direct action of corticosteroids on
submucosal gland cells. Corticosteroids may also
inhibit the expression of mucin genes, such as
MUC2 and MUC5AC31. In addition, there are indi-
rect inhibitory effects due to the reduction in inflam-
matory mediators that stimulate increased mucus
secretion.

Effects on asthmatic inflammation

Corticosteroids are remarkably effective in control-
ling the inflammation in asthmatic airways and it is
likely that they have multiple cellular effects. Biopsy
studies in patients with asthma have now confirmed
that inhaled corticosteroids reduce the number and
activation of inflammatory cells in the airway
mucosa and in bronchoalveolar lavage27. These
effects may be due to inhibition of cytokine synthe-
sis in inflammatory and structural cells and suppres-
sion of adhesion molecules. The disrupted
epithelium is restored and the ciliated to goblet cell
ratio is normalized after 3 months of therapy with
inhaled corticosteroids. There is also some evidence
for a reduction in the thickness of the basement

membrane, although in asthmatic patients taking
inhaled corticosteroids for over 10 years the charac-
teristic thickening of the basement membrane was
still present.

Effects on airway hyper-responsiveness

By reducing airway inflammation inhaled corti-
costeroids consistently reduce airway hyper-
responsiveness (AHR) in asthmatic adults and
children32. Chronic treatment with inhaled cortico-
steroids reduces responsiveness to histamine, chol-
inergic agonists, allergen (early and late responses),
exercise, fog, cold air, bradykinin, adenosine and
irritants (such as sulfur dioxide and metabisulfite).
The reduction in AHR takes place over several weeks
and may not be maximal until several months of
therapy. The magnitude of reduction is variable
between patients and is in the order of one to two
doubling dilutions for most challenges and often
fails to return to the normal range. This may reflect
suppression of the inflammation but persistence of
structural changes which cannot be reversed by cor-
ticosteroids. Inhaled corticosteroids not only make
the airways less sensitive to spasmogens, but they
also limit the maximal airway narrowing in response
to spasmogens.
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Fig. 2.3 Inhaled corticosteroids may inhibit the transcription of several ‘inflammatory’ genes in airway epithelial cells and thus

reduce inflammation in the airway wall.



Clinical efficacy of inhaled corticosteroids

Inhaled corticosteroids are very effective in control-
ling asthma symptoms in asthmatic patients of all
ages and severity 7.33.34 (Table 2.2). Inhaled cortico-
steroids improve the quality of life of patients with
asthma and allow many patients to lead normal
lives, improve lung function, reduce the frequency of
exacerbations and may prevent irreversible airway
changes. They were first introduced to reduce the
requirement for oral corticosteroids in patients with
severe asthma and many studies have confirmed
that the majority of patients can be weaned off oral
corticosteroids35.

Studies in adults

As experience has been gained with inhaled corti-
costeroids they have been introduced in patients
with milder asthma, with the recognition that
inflammation is present even in patients with mild
asthma. Inhaled anti-inflammatory drugs have now
become first-line therapy in any patient who needs
to use a �2-agonist inhaler more than once a day, and
this is reflected in national and international guide-
lines for the management of chronic asthma. In
patients with newly diagnosed asthma inhaled cor-
ticosteroids (budesonide 600 µg twice daily)
reduced symptoms and �2-agonist inhaler usage
and improved peak expiratory flows. These effects
persisted over the 2 years of the study, whereas in a
parallel group treated with inhaled �2-agonists alone
there was no significant change in symptoms or lung
function36. In another study patients with mild
asthma treated with a low dose of inhaled cortico-
steroid (budesonide 400 µg daily) showed fewer
symptoms and a progressive improvement in lung
function over several months and many patients
became completely asymptomatic37. There was also
a significant reduction in the number of exacerba-
tions. Although the effects of inhaled corticosteroids
on AHR may take several months to reach a plateau,
the reduction in asthma symptoms occurs more
rapidly38.

High dose inhaled corticosteroids have now been

introduced for the control of more severe asthma.
This markedly reduces the need for maintenance oral
corticosteroids and has revolutionized the manage-
ment of more severe and unstable asthma. Inhaled
corticosteroids are the treatment of choice in noctur-
nal asthma, which is a manifestation of inflamed
airways, reducing night-time awakening and reduc-
ing the diurnal variation in airway function.

High doses of inhaled corticosteroids may also
substitute for a course of oral steroids in controlling
acute exacerbations of asthma. High dose flutica-
sone propionate (FP; 2000 �g daily) was as effective
as a course of oral prednisolone in controlling acute
exacerbations of asthma in general practice39.

Inhaled corticosteroids effectively control asth-
matic inflammation but must be taken regularly.
When inhaled corticosteroids are discontinued
there is usually a gradual increase in symptoms and
airway responsiveness back to pretreatment
values38, although in patients with mild asthma who
have been treated with inhaled corticosteroids for a
long time symptoms may not recur in some
patients40.

Studies in children

Inhaled corticosteroids are equally effective in chil-
dren. In an extensive study of children aged 7–17
years there was a significant improvement in symp-
toms, peak flow variability and lung function com-
pared to a regular inhaled �2-agonist which was
maintained over the 22 months of the study41, but
asthma deteriorated when the inhaled corticoster-
oids were withdrawn42. There was a high proportion

Glucocorticosteroids 39

Table 2.2. Effects of inhaled corticosteroids in
asthma

Control symptoms

Improve quality of life

Improve lung function

Prevent exacerbations

Reduce mortality (probably)

Prevent irreversible airway changes

Alter natural history of asthma?



of dropouts (45%) in the group treated with inhaled
�2-agonist alone. Inhaled corticosteroids are more
effective than a long-acting �2-agonist in controlling
asthma in children43. Inhaled corticosteroids are
also effective in younger children. Nebulized budes-
onide reduces the need for oral corticosteroids and
also improved lung function in children under the
age of three44. Inhaled corticosteroids given via a
large volume spacer improve asthma symptoms and
reduce the number of exacerbations in preschool
children and in infants.

Dose–response studies

Surprisingly, the dose–response curve for the clinical
efficacy of inhaled corticosteroids is relatively flat
and, while all studies have demonstrated a clinical
benefit of inhaled corticosteroids, it has been diffi-
cult to demonstrate differences between doses, with
most benefit obtained at the lowest doses used33,35,45.
This is in contrast to the steeper dose–response for
systemic effects, implying that while there is little
clinical benefit from increasing doses of inhaled cor-
ticosteroids the risk of adverse effects is increased.
However, the dose response effect of inhaled corti-
costeroids may depend on the parameters measured
and, while it is difficult to discern a dose–response
when traditional lung function parameters are
measured, there may be a dose–response effect in
prevention of asthma exacerbations. Thus, in a
recent study there was a significantly greater effect
of budesonide 800 �g daily compared to 200 �g daily
in preventing severe and mild asthma exacerba-
tions46. Normally, a fourfold or greater difference in
dose has been required to detect a statistically sig-
nificant (but often small) difference in effect on
commonly measured outcomes such as symptoms,
PEF, use of rescue �2-agonist and lung function and
even such large differences in dose are not always
associated with significant differences in response.
These findings suggest that pulmonary function
tests or symptoms may have a rather low sensitivity
in the assessment of the effects of inhaled cortico-
steroids. This is obviously important for the inter-

pretation of clinical comparisons between different
inhaled corticosteroids or inhalers. It is also impor-
tant to consider the type of patient included in clin-
ical studies. Patients with relatively mild asthma
may have relatively little room for improvement with
inhaled corticosteroids, so that maximal improve-
ment is obtained with relatively low doses. Patients
with more severe asthma or with unstable asthma
may have more room for improvement and may
therefore show a greater response to increasing
doses, but it is often difficult to include such patients
in controlled clinical trials.

More studies are needed to assess whether other
outcome measures such as AHR or more direct
measurements of inflammation, such as sputum
eosinophils or exhaled NO, may be more sensitive
than traditional outcome measures such as symp-
toms or lung function tests47–49. A recent study
showed that higher doses of inhaled corticosteroids
are needed to control AHR than to improve symp-
toms and lung function, but that this may have a
better long-term outcome in terms of reduction in
structural changes of the airways50.

Prevention of irreversible airway changes

Some patients with asthma develop an element of
irreversible airflow obstruction, but the pathophy-
siological basis of these changes is not yet under-
stood. It is likely that they are the result of chronic
airway inflammation and that they may be pre-
vented by treatment with inhaled corticosteroids.
There is some evidence that the annual decline in
lung function may be slowed by the introduction of
inhaled corticosteroids51. Increasing evidence also
suggests that delay in starting inhaled corticoster-
oids may result in less overall improvement in lung
function in both adults and children52–54. These
studies suggest that introduction of inhaled corti-
costeroids at the time of diagnosis is likely to have
the greatest impact53,54. Several large studies are now
under way to assess the benefit of very early intro-
duction of inhaled corticosteroids in children and
adults. So far there is no evidence that early use of
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inhaled corticosteroids is curative and even when
inhaled corticosteroids are introduced at the time of
diagnosis, symptoms and lung function revert to
pretreatment levels when corticosteroids are with-
drawn52.

Reduction in mortality

Inhaled corticosteroids may reduce the mortality
from asthma but prospective studies are almost
impossible to conduct. In a retrospective review of
the risk of mortality and prescribed antiasthma
medication, there was a significant apparent protec-
tion provided by regular inhaled beclomethasone
dipropionate (BDP) therapy (adjusted odds ratio of
0.1), although numbers were small55.

Comparison between inhaled corticosteroids

Several inhaled corticosteroids are currently pre-
scribable in asthma, although their availability
varies between countries. There have been relatively
few studies comparing efficacy of the different
inhaled corticosteroids, and it is important to take
into account the delivery system and the type of
patient under investigation when such compari-
sons are made. Because of the relatively flat
dose–response curve for the clinical parameters
normally used in comparing doses of inhaled corti-
costeroids, it may be difficult to see differences in
efficacy of inhaled corticosteroids and most com-
parisons have concentrated in differences in sys-
temic effects at equally efficacious doses, although
it has often proved difficult to establish true clinical
efficacy. In the UK BDP, budesonide and FP are
available, whereas in the USA BDP, flunisolide, tri-
amcinolone, FP and budesonide are available. There
are few studies comparing different doses of inhaled
corticosteroids in asthmatic patients. Budesonide
has been compared with BDP and in adults and
children appears to have comparable antiasthma
effects at equal doses, whereas FP appears to be
approximately twice as potent as BDP and budeso-
nide. There do appear to be some differences

between inhaled corticosteroids in terms of their
systemic effects at comparable antiasthma doses,
however.

Clinical use of inhaled corticosteroids in asthma

Inhaled corticosteroids are now recommended as
first-line therapy for all patients with persistent
symptoms. Inhaled corticosteroids should be
started in any patient who needs to use a ß2-agonist
inhaler for symptom control more than once daily
(or possibly three times weekly). It is conventional to
start with a low dose of inhaled corticosteroid and to
increase the dose until asthma control is achieved.
However, this may take time and a preferable
approach is to start with a dose of corticosteroids in
the middle of the dose range (400 µg twice daily) to
establish control of asthma more rapidly56. Once
control is achieved (defined as normal or best pos-
sible lung function and infrequent need to use an
inhaled �2-agonist) the dose of inhaled corticoster-
oid should be reduced in a stepwise manner to the
lowest dose needed for optimal control. It may take
as long as three months to reach a plateau in
response and any changes in dose should be made at
intervals of three months or more. This strategy
(‘start high – go low’) is emphasized in the most
recent US and UK guidelines57,58. When daily doses
of �800 µg daily are needed, a large volume spacer
device should be used with an MDI and mouth
washing with a dry powder inhaler in order to reduce
local and systemic side effects. Inhaled corticoster-
oids are usually given as a twice daily dose in order
to increase compliance. When asthma is more
unstable four times daily dosage is preferable59. For
patients who require �400 µg daily once daily
dosing appears to be as effective as twice daily
dosing, at least for budesonide60.

The dose of inhaled corticosteroid should be
increased to 2000 µg daily if necessary, but higher
doses may result in systemic effects and it may be
preferable to add a low dose of oral corticosteroid,
since higher doses of inhaled corticosteroids are
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expensive and have a high incidence of local side
effects. Nebulized budesonide has been advocated
in order to give an increased dose of inhaled cortico-
steroid and to reduce the requirement for oral corti-
costeroids61, but this treatment is expensive and may
achieve its effects largely via systemic absorption.

Additional bronchodilators

Conventional advice was to increase the dose of
inhaled corticosteroids if asthma was not controlled,
on the assumption that there was residual inflam-
mation of the airways. However, it is now apparent
that the dose response effect of inhaled corticoster-
oids is relatively flat, so that there is little improve-
ment in lung function after doubling the dose of
inhaled corticosteroids. An alternative strategy is to
add some other call of controller drug. In patients in
general practice who were not controlled on BDP
200 �g twice daily, addition of salmeterol 50 �g twice
daily was more effective than increasing the dose of
inhaled corticosteroid to 500 �g twice daily, in terms
of lung function improvement, use of rescue �2-
agonist use and symptom control62. This surprising
result was confirmed in a more severe group of
patients who were not controlled on 800–1000 �g
BDP daily63. Similar results have been found with
another long-acting inhaled �2-agonist formoterol,
which in addition reduced the frequency of mild and
severe asthma exacerbations46. This has led to the
development of fixed combinations of corticoster-
oids and long-acting �2-agonists, such as FP and sal-
meterol (Seretide), which may be more convenient
for patients64. Recent studies have also shown that
addition of low doses of theophylline (giving plasma
concentrations of	10 mg/l) were more effective
than doubling the dose of inhaled budesonide,
either in mild or severe asthma65,66. Similar data are
now emerging with antileukotrienes67. The reason
why these alternative treatments are more effective
than higher doses of inhaled corticosteroids remains
to be elucidated, but does suggest that there is a
reversible component of asthma that may not be
steroid-sensitive inflammation. It is possible that

this may be an abnormality in airway smooth
muscle itself (as a result of remodelling), edematous
swelling of the airway or production of cystei-
nyl–leukotrienes that is not sensitive to inhibition by
inhaled corticosteroids68.

Cost effectiveness

Although inhaled corticosteroids may be more
expensive than short-acting inhaled �2-agonists,
they are the most cost-effective way of controlling
asthma, since reducing the frequency of asthma
attacks will save on total costs69. Inhaled corticoster-
oids also improve the quality of life of patients with
asthma and allow many patients a normal lifestyle,
thus saving costs indirectly70.

Corticosteroid-sparing therapy

In patients who have serious side effects with main-
tenance corticosteroid therapy there are several
treatments which have been shown to reduce the
requirement for oral corticosteroids71. These treat-
ments are commonly termed corticosteroid-
sparing, although this is a misleading description
that could be applied to any additional asthma
therapy (including bronchodilators). The amount of
corticosteroid sparing with these therapies is not
impressive.

Several immunosuppressive agents have been
shown to have corticosteroid effects, including
methotrexate, oral gold and cyclosporin A. These
therapies all have side effects that may be more trou-
blesome than those of oral corticosteroids and are
therefore only indicated as an additional therapy to
reduce the requirement of oral corticosteroids. None
of these treatments is very effective, but there are
occasional patients who appear to show a good
response. Because of side effects these treatments
cannot be considered as a way to reduce the require-
ment for inhaled corticosteroids. Several other ther-
apies, including azathioprine, dapsone and
hydroxychloroquine have not been found to be ben-
eficial. The macrolide antibiotic troleandomycin is
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also reported to have corticosteroid-sparing effects,
but this is only seen with methylprednisolone and is
due to reduced metabolism of this corticosteroid, so
that there is little therapeutic gain72.

Pharmacokinetics

The pharmacokinetics of inhaled corticosteroids is
important in determining the concentration of drug
reaching target cells in the airways and in the frac-
tion of drug reaching the systemic circulation and
therefore causing side effects35. Beneficial proper-
ties in an inhaled corticosteroid are a high topical
potency, a low systemic bioavailability of the swal-
lowed portion of the dose and rapid metabolic clear-
ance of any corticosteroid reaching the systemic
circulation. After inhalation a large proportion of the
inhaled dose (80–90%) is deposited on the oropha-
rynx and is then swallowed and therefore available
for absorption via the liver into the systemic circula-
tion (Fig. 2.4). This fraction is markedly reduced by
using a large volume spacer device with a metered
dose inhaler (MDI) or by mouth washing and dis-
carding the washing with dry powder inhalers.
Between 10% and 20% of inhaled drug enters the

respiratory tract, where it is deposited in the airways
and this fraction is available for absorption into the
systemic circulation. Most of the early studies on the
distribution of inhaled corticosteroids were con-
ducted in healthy volunteers, and it is not certain
what effect inflammatory disease, airway obstruc-
tion, age of the patient or concomitant medication
may have on the disposition of the inhaled dose.
There may be important differences in the metabo-
lism of different inhaled corticosteroids. BDP is
metabolized to its more active metabolite beclo-
methasone monopropionate in many tissues
including lung, but there is no information about its
absorption or metabolism of this metabolite in
humans. Flunisolide and budesonide are subject to
extensive first-pass metabolism in the liver so that
less reaches the systemic circulation. Little is known
about the distribution of triamcinolone. FP is almost
completely metabolized by first-pass metabolism,
which reduces systemic effects.

When inhaled corticosteroids were first intro-
duced, it was recommended that they should be
given four times daily, but several studies have now
demonstrated that twice daily administration gives
comparable control, although four times daily
administration may be preferable in patients with
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more severe asthma. However, patients may find it
difficult to comply with such frequent administra-
tion unless they have troublesome symptoms. For
patients with mild asthma who require �400 �g
daily, once daily therapy may be sufficient.

Side effects of inhaled corticosteroids

The efficacy of inhaled corticosteroids is now estab-
lished in short- and long-term studies in adults and
children, but there are still concerns about side
effects, particularly in children and when high
inhaled doses are needed. Several side effects have
been recognized (Table 2.3).

Local side effects

Side effects due to the local deposition of the inhaled
corticosteroid in the oropharynx may occur with
inhaled corticosteroids, but the frequency of com-
plaints depends on the dose and frequency of
administration and on the delivery system used.

Dysphonia
The commonest complaint is of hoarseness of the
voice (dysphonia) and may occur in over 50% of
patients using MDI. Dysphonia is not appreciably

reduced by using spacers, but may be less with dry
powder devices. Dysphonia may be due to myopa-
thy of laryngeal muscles and is reversible when
treatment is withdrawn73. For most patients it is not
troublesome, but may be disabling in singers and
lecturers.

Oropharyngeal candidiasis
Oropharyngeal candidiasis (thrush) may be a
problem in some patients, particularly in the elderly,
with concomitant oral corticosteroids and more
than twice daily administration74. Large volume
spacer devices protect against this local side effect
by reducing the dose of inhaled corticosteroid that
deposits in the oropharynx.

Other local complications
There is no evidence that inhaled corticosteroid,
even in high doses, increases the frequency of infec-
tions, including tuberculosis, in the lower respira-
tory tract. There is no evidence for atrophy of the
airway epithelium and even after 10 years of treat-
ment with inhaled corticosteroids there is no evi-
dence for any structural changes in the epithelium.
Cough and throat irritation, sometimes accompa-
nied by reflex bronchoconstriction, may occur when
inhaled corticosteroids are given via a metered dose
inhaler. These symptoms are likely to be due to sur-
factants in pressurized aerosols as they disappear
after switching to a dry powder corticosteroid
inhaler device.

Systemic side effects

The efficacy of inhaled corticosteroids in the control
of asthma is undisputed, but there are concerns
about systemic effects of inhaled corticosteroids,
particularly as they are likely to be used over long
periods and in children of all ages33. The safety of
inhaled corticosteroids has been extensively investi-
gated since their introduction 30 years ago35. One of
the major problems is to decide whether a measur-
able systemic effect has any significant clinical con-
sequence and this necessitates careful long-term
follow-up studies. As biochemical markers of sys-
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Table 2.3. Side effects of inhaled corticosteroids

Local side effects

Dysphonia

Oropharyngeal candidiasis

Cough

Systemic side effects

Adrenal suppression

Growth suppression

Bruising

Osteoporosis

Cataracts

Glaucoma

Metabolic abnormalities (glucose, insulin, triglycerides)

Psychiatric disturbances



temic corticosteroid effects become more sensitive,
then systemic effects may be seen more often, but
this does not mean that these effects are clinically
relevant. There are several case reports of adverse
systemic effects of inhaled corticosteroids, and
these may be idiosyncratic reactions, which may be
due to abnormal pharmacokinetic handling of the
inhaled corticosteroid. The systemic effect of an
inhaled corticosteroid will depend on several
factors, including the dose delivered to the patient,
the site of delivery (gastrointestinal tract and lung),
the delivery system used and individual differences
in the patient’s response to the corticosteroid.

Effect of delivery systems
The systemic effect of an inhaled corticosteroid is
dependent on the amount of drug absorbed into the
systemic circulation. Approximately 90% of the
inhaled dose from an MDI deposits in the oropha-
rynx and is swallowed and subsequently absorbed
from the gastrointestinal tract. Use of a large volume
spacer device markedly reduces the oropharyngeal
deposition, and therefore the systemic effects of
inhaled corticosteroids, although this is less impor-
tant when oral bioavailability is minimal, as with FP.
For dry powder inhalers similar reductions in sys-
temic effects may be achieved with mouth-washing
and discarding the fluid. All patients using a daily
dose of �800 µg of an inhaled corticosteroid should
therefore use either a spacer or mouth-washing to
reduce systemic absorption. Approximately 10% of
an MDI enters the lung and this fraction (which pre-
sumably exerts the therapeutic effect) may be
absorbed into the systemic circulation. As the frac-
tion of inhaled corticosteroid deposited in the
oropharynx is reduced, the proportion of the
inhaled dose entering the lungs is increased. More
efficient delivery to the lungs is therefore accompa-
nied by increased systemic absorption, but this is
offset by a reduction in the dose needed for optimal
control of airway inflammation. For example, a
multiple dry powder delivery system, the
Turbuhaler, delivers approximately twice as much
corticosteroid to the lungs as other devices, and
therefore has increased systemic effects. However,

this is compensated for by the fact that only half the
dose is required.

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

There are many studies of HPA axis function in
asthmatic patients with inhaled corticosteroids, but
the results are inconsistent as they have often been
uncontrolled and patients have also been taking
courses of oral corticosteroids (which may affect the
HPA axis for weeks)35. BDP, budesonide and FP at
high doses by conventional MDI (�1600 µg daily)
give a dose-related decrease in morning serum cor-
tisol levels and 24 h urinary cortisol, although values
still lie well within the normal range. However, when
a large volume spacer is used doses of 2000 µg daily
of BDP or budesonide have little effect on 24 h
urinary cortisol excretion. Stimulation tests of HPA
axis function similarly show no consistent effects of
doses of 1500 µg or less of inhaled corticosteroid. At
high doses (�1500 µg daily) budesonide and FP
have less effect than BDP on HPA axis function. In
children no suppression of urinary cortisol is seen
with doses of BDP of 800 µg or less. In studies where
plasma cortisol has been measured at frequent
intervals there was a significant reduction in cortisol
peaks with doses of inhaled BDP as low as 400 µg
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daily, although this does not appear to be dose
related in the range 400–1000 µg. The clinical signifi-
cance of these effects is not certain, however.

Overall, the studies which are not confounded by
concomitant treatment with oral corticosteroids,
have consistently shown that there are no significant
suppressive effects on HPA axis function at doses of
�1500 µg in adults and �400 µg in children.

Effects on bone metabolism
Corticosteroids lead to a reduction in bone mass by
direct effects on bone formation and resorption and
indirectly by suppression of the pituitary–gonadal
and HPA axes, effects on intestinal calcium absorp-
tion, renal tubular calcium reabsorption and secon-
dary hyperparathyroidism75. The effects of oral
corticosteroids on osteoporosis and increased risk of
vertebral and rib fractures are well known, but there
are no reports suggesting that long-term treatment
with inhaled corticosteroids is associated with an
increased risk of fractures. Bone densitometry has
been used to assess the effect of inhaled corticoster-
oids on bone mass. Although there is evidence that
bone density is less in patients taking high dose
inhaled corticosteroids, interpretation is con-
founded by the fact that these patients are also
taking intermittent courses of oral corticosteroids.

Changes in bone mass occur very slowly and
several biochemical indices have been used to
assess the short-term effects of inhaled corticoster-
oids on bone metabolism. Bone formation has been
measured by plasma concentrations of bone-
specific alkaline phosphatase, serum osteocalcin or
procollagen peptides. Bone resorption may be
assessed by urinary hydroxyproline after a 12-hour
fast, urinary calcium excretion and pyridinium
cross-link excretion. It is important to consider the
age, diet, time of day and physical activity of the
patient in interpreting any abnormalities. It is also
necessary to choose appropriate control groups as
asthma itself may have an effect on some of the
measurements, such as osteocalcin. Inhaled corti-
costeroids, even at doses up to 2000 µg daily, have no
significant effect on calcium excretion, but acute
and reversible dose-related suppression of serum

osteocalcin has been reported with BDP and budes-
onide when given by conventional MDI in several
studies. Budesonide consistently has less effect than
BDP at equivalent doses and only BDP increases
urinary hydroxyproline at high doses. With a large
volume spacer even doses of 2000 µg daily of either
BDP or budesonide are without effect on plasma
osteocalcin concentrations, however. Urinary pyri-
dinium and deoxypyridinoline cross-links, which
are a more accurate and stable measurement of
bone and collagen degradation, are not increased
with inhaled corticosteroids (BDP�1000 µg daily),
even with intermittent courses of oral corticoster-
oids. It is important to monitor changes in markers
of bone formation as well as bone degradation, as
the net effect on bone turnover is important.

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

There is no evidence that inhaled corticosteroids
increase the frequency of fractures. Long-term treat-
ment with high dose inhaled corticosteroids has not
been associated with any consistent change in bone
density. In elderly patients there may be an increase
in bone density due to increased mobility.

Effects on connective tissue
Oral and topical corticosteroids cause thinning of
the skin, telangiectasiae and easy bruising, probably
as a result of loss of extracellular ground substance
within the dermis, due to an inhibitory effect on
dermal fibroblasts. There are reports of increased
skin bruising and purpura in patients using high
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doses of inhaled BDP, but the amount of intermittent
oral corticosteroids in these patients is not known.
Easy bruising in association with inhaled cortico-
steroids is more frequent in elderly patients76 and
there are no reports of this problem in children.
Long-term prospective studies with objective meas-
urements of skin thickness are needed with different
inhaled corticosteroids.

Ocular effects
Long-term treatment with oral corticosteroids
increase the risk of posterior subcapsular cataracts
and there are several case reports describing cata-
racts in individual patients taking inhaled cortico-
steroids35. In a recent cross-sectional study in
patients aged 5–25 years taking either inhaled BDP
or budesonide no cataracts were found on slit-lamp
examination, even in patients taking 2000 µg daily
for over 10 years77. However, epidemiological studies
have identified an increased risk of cataracts in
patients taking high dose inhaled steroids over pro-
longed periods78. A slight increase in the risk of glau-
coma in patients taking very high does of inhaled
corticosteroids has also been identified79.

Growth
There has been particular concern that inhaled cor-
ticosteroids may cause stunting of growth and
several studies have addressed this issue. Asthma
itself (as with other chronic diseases) may have an
effect on the growth pattern and has been asso-
ciated with delayed onset of puberty and decelera-
tion of growth velocity that is more pronounced with
more severe disease. However, asthmatic children
appear to grow for longer, so that their final height is
normal. The effect of asthma on growth makes it
difficult to assess the effects of inhaled corticoster-
oids on growth in cross-sectional studies, particu-
larly as courses of oral corticosteroids is a
confounding factor. Longitudinal studies have dem-
onstrated that there is no significant effect of
inhaled corticosteroids on statural growth in doses
of up to 800 µg daily and for up to 5 years of treat-
ment35. A meta-analysis of 21 studies, including over
800 children, showed no effect of inhaled BDP on

statural height, even with higher doses and long
duration of therapy80 and in a large study of asth-
matics treated with inhaled corticosteroids during
childhood there was no difference in statural height
compared to normal children81.

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

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

Hematological effects
Inhaled corticosteroids may reduce the numbers of
circulating eosinophils in asthmatic patients, pos-
sibly due to an effect on local cytokine generation in
the airways. Inhaled corticosteroids may cause a
small increase in circulating neutrophil counts.

Central nervous system effects
There are various reports of psychiatric disturbance,
including emotional lability, euphoria, depression,
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aggressiveness and insomnia, after inhaled cortico-
steroids. Only eight such patients have so far been
reported, suggesting that this is very infrequent and
a causal link with inhaled corticosteroids has usually
not been established.

Safety in pregnancy
Based on extensive clinical experience inhaled cor-
ticosteroids appear to be safe in pregnancy,
although no controlled studies have been per-
formed. There is no evidence for any adverse effects
of inhaled corticosteroids on the pregnancy, the
delivery or on the fetus35,82. It is important to recog-
nize that poorly controlled asthma may increase the
incidence of perinatal mortality and retard intra-
uterine growth, so that more effective control of
asthma with inhaled corticosteroids may reduce
these problems.

Systemic corticosteroids

Oral or intravenous corticosteroids may be indi-
cated in several situations. Prednisolone, rather than
prednisone, is the preferred oral corticosteroid as
prednisone has to be converted in the liver to the
active prednisolone. In pregnant patients predni-
sone may be preferable as it is not converted to pred-
nisolone in the fetal liver, thus diminishing the
exposure of the foetus to corticosteroids. Enteric-
coated preparations of prednisolone are used to
reduce side effects (particularly gastric side effects)
and give delayed and reduced peak plasma concen-
trations, although the bioavailability and therapeu-
tic efficacy of these preparations is similar to
uncoated tablets. Prednisolone and prednisone are
preferable to dexamethasone, betamethasone or tri-
amcinolone, which have longer plasma half-lives
and therefore an increased frequency of adverse
effects.

Short courses of oral corticosteroids (30–40 mg
prednisolone daily for 1–2 weeks or until the peak
flow values return to best attainable) are indicated
for exacerbations of asthma, and the dose may be

tailed off over 1 week once the exacerbation is
resolved. The tail-off period is not strictly necessary,
but some patients find it reassuring.

Maintenance oral corticosteroids are only needed
in a small proportion of asthmatic patients with the
most severe asthma that cannot be controlled with
maximal doses of inhaled corticosteroids (2000 µg
daily) and additional bronchodilators. The minimal
dose of oral corticosteroid needed for control should
be used and reductions in the dose should be made
slowly in patients who have been on oral corticoster-
oids for long periods (e.g. by 2.5 mg per month for
doses down to 10 mg daily and thereafter by 1 mg per
month). Oral corticosteroids are usually given as a
single morning dose as this reduces the risk of
adverse effects since it coincides with the peak
diurnal concentrations. There is some evidence that
administration in the afternoon may be optimal for
some patients who have severe nocturnal asthma83.
Alternate day administration may also reduce
adverse effects, but control of asthma may not be as
good on the day when the oral dose is omitted in
some patients.

Intramuscular triamcinolone acetonide (80 mg
monthly) has been advocated in patients with severe
asthma as an alternative to oral corticosteroids84,85.
This may be considered in patients in whom compli-
ance is a particular problem, but the major concern
is the high frequency of proximal myopathy asso-
ciated with this fluorinated corticosteroid. Some
patients who do not respond well to prednisolone
are reported to respond to oral betamethasone, pre-
sumably because of pharmacokinetic handling
problems with prednisolone.

Acute severe asthma

Intravenous hydrocortisone is given in acute severe
asthma. The recommended dose is 200 mg i.v.86.
While the value of corticosteroids in acute severe
asthma has been questioned, others have found that
they speed the resolution of attacks87. There is no
apparent advantage in giving very high doses of
intravenous corticosteroids (such as methylprednis-
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olone 1 g). Intravenous corticosteroids have occa-
sionally been associated with an acute severe myo-
pathy88. In a recent study no difference in recovery
from acute severe asthma was seen whether i.v.
hydrocortisone in doses of 50, 200 or 500 mg 6 hourly
were used89 and another placebo controlled study
showed no beneficial effect of i.v. corticosteroids90.
Intravenous corticosteroids are indicated in acute
asthma if lung function is	30% predicted and in
whom there is no significant improvement with neb-
ulized �2-agonist. Intravenous therapy is usually
given until a satisfactory response is obtained and
then oral prednisolone may be substituted. Oral
prednisolone (40–60 mg) has a similar effect to intra-
venous hydrocortisone and is easier to adminis-
ter87,91. Oral prednisolone is the preferred treatment
for acute severe asthma, providing there are no
contraindications to oral therapy57.

Corticosteroid-resistant asthma

Although glucocorticoids are highly effective in the
control of asthma and other chronic inflammatory
or immune diseases, a small proportion of patients
with asthma fail to respond even to high doses of
oral glucocorticoids92,93. Resistance to the therapeu-
tic effects of glucocorticoids is also recognized in
other inflammatory and immune diseases, includ-
ing rheumatoid arthritis and inflammatory bowel
disease. Corticosteroid-resistant patients, although
uncommon, present considerable management
problems. Recently, new insights into the mecha-
nisms whereby corticosteroids suppress chronic
inflammation has shed new light on the molecular
basis of corticosteroid-resistant asthma.

Corticosteroid-resistant asthma is defined as a
failure to improve FEV1 or PEF by�15% after treat-
ment with oral prednisolone 30–40 mg daily for 2
weeks, providing the oral steroid is taken (verified by
plasma prednisolone level or a reduction in early
morning cortisol level). These patients are not
Addisonian and they do not suffer from the abnor-
malities in sex hormones described in the very rare

familial glucocorticoid resistance. Plasma cortisol
and adrenal suppression in response to exogenous
cortisol is normal in these patients, so they suffer
from side effects of corticosteroids.

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

It is important to establish that the patient has
asthma, rather than chronic obstructive pulmonary
disease (COPD), ‘pseudoasthma’ (a hysterical con-
version syndrome involving vocal cord dysfunc-
tion)94, left ventricular failure or cystic fibrosis that
do not respond to corticosteroids. Asthmatic
patients are characterized by a variability in PEF
and, in particular, a diurnal variability of�15% and
episodic symptoms. It is also important to identify
provoking factors (allergens, drugs, psychological
problems) that may increase the severity of asthma
and its resistance to therapy. Biopsy studies have
demonstrated the typical eosinophilic inflamma-
tion of asthma in these patients93.

Mechanisms of corticosteroid resistance

There may be several mechanisms for resistance to
the effects of glucocorticoids. Certain cytokines (par-
ticularly IL-2, IL-4 and IL-13) may induce a reduction
in affinity of glucocorticoid receptors in inflamma-
tory cells such as T-lymphocytes, resulting in local
resistance to the anti-inflammatory actions of corti-
costeroids93. Another mechanism is an increased
activation of the transcription factor AP-1 by inflam-
matory cytokines, so that AP-1 may consume acti-
vated glucocorticoid receptors and thus reduce their
availability for suppression of inflammation at
inflamed sites95. There is an increased expression of
c-Fos, one of the components of AP-196. The reasons
for this excessive activation of AP-1 by activating
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enzymes is currently unknown, but may be geneti-
cally determined.

Corticosteroids in COPD

Inhaled corticosteroids are now widely used in the
treatment of COPD. In my opinion this is incorrect
and indeed patients may suffer from systemic side
effects.

COPD as an inflammatory disease

There is increasing evidence that COPD is associated
with chronic inflammation in the airways and
parenchyma. This has been used as a rationale for
the use of inhaled corticosteroids in COPD by
analogy with the striking suppressive effects of
inhaled corticosteroids on airway inflammation and
symptoms in asthma. But the inflammatory pattern
in COPD differs markedly from that seen in asthma,
with a preponderance of macrophages and CD8�T-
lymphocytes in the airways and lung parenchyma,
and an increase in macrophages and neutrophils in
sputum and bronchoalveolar lavage, in contrast to
the increase in eosinophils and activation of mast
cells and CD4�T-cells that are characteristic of
asthma97,98. In both chronic diseases there is an
increased production of cytokines, but the pattern
differs with IL-8 and TNF-� predominating in COPD,
compared to IL-4, IL-5 and IL-13 in asthma.

Corticosteroids do not suppress inflammation in
COPD

Corticosteroids are very effective at suppressing
airway inflammation in asthma and have potent
inhibitory effects on eosinophilic inflammation,
with reduced production, recruitment, activation
and particularly survival of eosinophils35. By con-
trast, double-blind placebo-controlled studies in
carefully characterized patients with COPD have
shown that even high doses of inhaled corticoster-
oids do not reduce inflammatory cell numbers, con-
centrations of cytokines or proteases99,100. Even high

doses of oral corticosteroids, given because there
was concern that the inhaled steroid may not reach
inflammatory sites in patients with severe COPD,
were without any effect99. Another study found a
small inhibitory effect of inhaled corticosteroids on
neutrophil counts in induced sputum of patients
with COPD, but this study was not controlled and
there was a high eosinophil count, suggesting that
asthmatic patients had been included101. The lack of
effect of corticosteroids on inflammatory markers in
induced sputum has been confirmed in a prelimi-
nary study showing no effect in bronchial biop-
sies102. It appears that COPD is a steroid-resistant
disease.

Clinical studies with inhaled corticosteroids in
COPD

Since inhaled corticosteroids are so clearly effective
in asthma, it is important that patients with asthma
are rigorously excluded from any trial of inhaled cor-
ticosteroids. Approximately 10% of patients are
likely to have both asthma and COPD and share fea-
tures of the two diseases; these patients may show a
beneficial response to steroids and should be
labelled as asthmatic. A 2-week course of oral ster-
oids and perhaps a 3-month trial of inhaled cortico-
steroids are indicated in order to exclude any
asthmatic component. Several studies that purport
to show a benefit of inhaled steroids in COPD
include a large proportion of patients with
asthma51,103. The remaining patients, with ‘pure’
COPD, do not appear to respond to corticosteroids.
Several studies have failed to show any beneficial
effect of inhaled corticosteroids in patients with
COPD where asthma has been rigorously excluded.
Inhaled steroids do not improve airway responsive-
ness to bronchoconstriction and have little or no
effect on spirometry in COPD104,105. Three recent
studies examined the effects of inhaled corticoster-
oids in controlled trials of large numbers of patients
over 2–3 years and showed no significant reduction
in the accelerated decline in lung function, indicat-
ing that there is no effect of inhaled steroids on the
progressive inflammatory disease process106–108. A
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high dose of inhaled steroids does not reduce the
total number of acute exacerbations in patients with
severe COPD, although they were less severe109.

Why are inhaled corticosteroids ineffective in
COPD?

There are several possible reasons why corticoster-
oids may not be effective in suppressing the inflam-
matory disease process in COPD, while they are
highly effective in asthma. Neutrophilic inflamma-
tion is generally resistant to corticosteroids, whereas
eosinophilic inflammation is suppressed.
Corticosteroids decrease the survival of eosinophils
in vitro, whereas they prolong the survival of neu-
trophils by inhibiting apoptosis26,110. In normal sub-
jects ozone inhalation induces a neutrophilic
inflammatory response (with an increase in neu-
trophils of a similar magnitude to that seen in
patients with COPD) and this is unaffected by high
doses of inhaled corticosteroids111. There may even
be an active resistance to the effects of inhaled cor-
ticosteroids in COPD, since corticosteroid therapy
fails to suppress cytokines, such as TNF-� and IL-8,
that are inhibited by steroids in vitro. The molecular
mechanisms underlying this resistance are currently
under investigation.

Adverse effects of inhaled corticosteroids

As patients with COPD respond so poorly to inhaled
corticosteroids, they are commonly prescribed high
doses that may be associated with systemic side
effects. Patients with COPD may be particularly vul-
nerable to these systemic effects as they are often
elderly, immobile and have poor nutrition, thus
increasing the risks of osteoporosis. Elderly patients
may also have an increased risk of developing cata-
racts, glaucoma and diabetes. In a recent large study
of inhaled corticosteroids in patients with mild
COPD 10% of patients developed skin bruising com-
pared to 4% in the control group107. Any discussion
of the use of inhaled corticosteroids in patients with
COPD must weigh the real risk of systemic side
effects against the minimal clinical value provided

by this treatment. High doses of inhaled corticoster-
oids are expensive and, as they provide little or no
benefit, cannot be justified in terms of cost-
effectiveness.

Systemic corticosteroids in COPD

In contrast to the lack of effects of inhaled cortico-
steroids, oral corticosteroids have a well-established
place in the treatment of acute exacerbation. There
is evidence that systemic steroids (intravenous
methylprednisolone for 3 days followed by oral
prednisolone) improve the time of recovery from an
acute exacerbation, although the risk of systemic
side effects, such as hyperglycemia, is high112. Oral
steroids speed the recovery from acute exacerba-
tions, so that patients may be discharged home
earlier, although the effect is rather small113. The
reasons why steroids are effective in acute exacerba-
tions but not chronic disease may be related to
differences in the inflammatory process in acute
exacerbations, where there is evidence for an eosin-
ophil component114.
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Introduction

�2-adrenoceptor agonists afford symptomatic
bronchodilator relief against a wide range of stimuli
including antigen, exercise, pharmacological ago-
nists, physiological stimuli and chemical irritants
and are therefore the agents of first choice in the
treatment of the symptoms of asthma. The major
action attributed to these agonists is functional
antagonism of airway smooth muscle contraction.
However, it is also recognized that these agonists
inhibit the activity of various cell types within the
lung including mast cells, which may also contrib-
ute toward their beneficial action. The relatively
short duration of action of bronchodilator agonists
including salbutamol, terbutaline and fenoterol has
led to the development of longer acting agonists
including salmeterol and formoterol. These agents
have a considerably longer duration of action that
is advantageous in the treatment of nocturnal
asthma and in the day-to-day management of
asthma and chronic obstructive pulmonary disease
(COPD). There is no doubting the effectiveness of
this drug class in acute exacerbation of asthma.
However, a number of studies have raised concerns
that regular chronic treatment with �2-adrenocep-
tor agonists may also have a detrimental impact in
asthma, a controversy which has intensified follow-
ing the introduction of salmeterol and formoterol.
This chapter will summarize our current under-
standing of the pharmacology of this drug class and
their use in the chronic treatment of asthma and
COPD.

Structure and metabolism

The majority of the �2-adrenoceptor agonists cur-
rently used in asthma are derived from the known
structure of adrenaline and share a phenylethyla-
mine structure, with a catechol, resorcinol or related
moiety that confers potency and an ethanolamine
side chain, which confers selectivity to the molecule.
The chemical structure of a number of these ago-
nists is illustrated in Fig. 3.1.

Adrenaline

Adrenaline possesses a benzene ring structure that
is hydroxylated in the 3 and 4 position (catechol). It
also contains a methyl ethanolamine side chain.
Hence, adrenaline possesses activity at both �- and
�-adrenoceptors, the latter of greater importance in
the clinical efficacy of this drug in asthma. The phar-
macological action of adrenaline is predominantly
terminated by tissue uptake (extraneuronal uptake)
in airway smooth muscle, gut and liver. However,
adrenaline is also sequestered into storage vesicles
of nerve endings (neuronal uptake), although this is
the smaller of the two uptake compartments1.
Following uptake into sympathetic nerve terminals,
adrenaline is metabolized by deamination and oxi-
dation by monoamine oxidase (MAO) to 3,4 dihy-
droxymandelic acid1. Adrenaline is predominantly
metabolized by catechol-O-methyl transferase
(COMT) following uptake into extraneuronal sites,
resulting in the formation of 3-O-methyl adrenaline
(metanephrine). Thus, the combined effects of the
two metabolic pathways result in the secretion of
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3-methoxy-4-hydroxy mandelic acid (vanillyl man-
delic acid)1. Adrenaline is a short-acting but potent
bronchodilator that is active following inhaled and
parenteral but not oral administration.

Isoprenaline

Isoprenaline, like adrenaline, is a catecholamine and
was developed in an attempt to increase agonist
selectivity for �-adrenoceptors. Significantly greater
�-adrenergic selectivity was achieved with isoprena-
line by the incorporation of an isopropyl ethanola-
mine side chain. Following oral administration, large
doses are required to produce pharmacological
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effects since isoprenaline undergoes sulphate con-
jugation in the gut and liver2,3 while mainly
unchanged drug is excreted in the urine following
intravenous administration3. However, the powerful
cardiovascular stimulatory effect of isoprenaline can
preclude its intravenous use. Isoprenaline also
undergoes significant 3-O-methylation when
administered intrabronchially or by inhalation in
man3,4. Only approximately 10% of a conventionally
delivered metered inhaled dose (MDI) of isoprena-
line is deposited into the lungs, while the remainder
is swallowed and largely inactivated by sulphate
conjugation3. Hence, a greater selectivity for pulmo-
nary �-adrenoceptors is achieved when the agonist
is given by the inhaled route.

Salbutamol

In an attempt to minimize enzymatic degradation, a
number of modifications were made to the basic
structure of the catecholamines. Resistance to
COMT degradation was achieved by the addition of
a methyl group to the 3-hydroxyl group, forming a
saligen derivative (e.g. salbutamol). Furthermore,
greater selectivity for �2 over �1-adrenoceptors was
achieved following the addition of a tertiary butyl
group to the ethanolamine side chain5.

Salbutamol is orally active, although it remains
susceptible to 4-O’-sulphate conjugation in the
intestinal wall and liver in man6,7. Following intra-
bronchial administration of salbutamol there is
rapid clearance with no metabolism across the
airway wall8. Both the free drug and sulfate metabo-
lite appear in the urine following aerosol adminis-
tration, indicating that much of the aerosol dose is
swallowed6,7. Salbutamol is also active following
intravenous administration of this drug, with lesser
amounts of the sulfate conjugate appearing in
the urine compared with the inhaled and oral
route6,7.

Salbutamol exists as a racemic mixture of the R
(eutomer) and S isomer (distomer) and, while the
pharmacological activity of this drug resides with
the eutomer, there is increasing evidence that the
distomer may exert pharmacological activity unre-

lated to �2-adrenoceptor occupancy. This may con-
tribute to the possible adverse effects observed fol-
lowing regular therapy with short-acting agonists9.
Oral dosing of R,S salbutamol is characterized by sig-
nificantly greater plasma levels and reduced excre-
tion of the distomer over the eutomer which would
be consistent with a greater first pass metabolism
and elimination of the eutomer over the dis-
tomer10,11. In vitro studies have shown that the rate
of sulfate conjugation of the eutomer is an order of
magnitude greater than for the distomer in liver, gas-
trointestinal tract12 and human airway epithelial
cells.13 This would account for the preferential accu-
mulation of the distomer over the eutomer via the
oral route of administration.

The administration of R,S-salbutamol by the
inhaled route is also associated with greater plasma
levels of the distomer over the eutomer. However, a
majority of any inhaled dose is swallowed and this
difference is most likely attributed to preferential
sulphate conjugation of the eutomer across the gas-
trointestinal tract and in the liver11. Moreover, a
recent study has demonstrated the preferential
retention of the distomer by the lung following inha-
lation with a metered dose inhaler and a holding
chamber to minimize gastrointestinal deposition14,
suggest that the S isomer may accumulate in the
lung following regular treatment.

Terbutaline

Another method employed to confer resistance to
metabolism by COMT led to the synthesis of terbu-
taline, a �2-adrenoceptor agonist that possesses a
resorcinol ring structure15. Its �2-selectivity is
defined by the tertiary butyl group on the N termi-
nus as for salbutamol. Terbutaline is also susceptible
to sulphate conjugation when given by the oral route
in man16,17. Predominantly unchanged drug is
detected in plasma following intratracheal adminis-
tration of terbutaline in rats, indicating the absence
of metabolism across the airway wall18,19. Thus, ter-
butaline is effective when given by the inhaled, oral
or intravenous route20. In contrast to salbutamol, S-
terbutaline shows preferential sulphate conjugation
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in the liver21, although it is not known whether the
distomer is preferentially retained in the lung.

Fenoterol

Fenoterol has a resorcinol ring structure and thus,
like salbutamol and terbutaline, is also resistant to
metabolism via COMT. Fenoterol has increased
selectivity for �2- over �1-adrenoceptors by virtue of
a large cyclic structure attached to the N terminal.
However, fenoterol appears to be less selective for
�2-adrenoceptors than salbutamol and terbutaline5.
Fenoterol is effective orally although it is susceptible
to 5-O’-sulfation22,23. Fenoterol is also effective by
intravenous injection and by inhalation and is
excreted in the urine relatively slowly, with 12% of a
inhaled dose excreted after 24 h22,23.

Salmeterol

Salmeterol is derived from salbutamol and consists
of a phenylethanolamine head and a long non-polar
N-substituent (Fig. 3.1) that confers a substantial
increase in duration of activity of this molecule24.
There is a paucity of published papers concerning
the pharmacokinetics of salmeterol. Salmeterol is
significantly bound to plasma protein in vitro, exten-
sively metabolized by aliphatic oxidation and slowly
eliminated in urine and feces25,26. Following inhala-
tion of salmeterol (400 �g), oral bioavailability
accounted for 28–36% of the systemic response to
this drug27 and indicates that systemic side effects of
this drug are predominantly attributed to the
inhaled route. The enantiomeric disposition of sal-
meterol following inhalation remains to be estab-
lished.

Formoterol

Formoterol contains a formamide group in the 3
position on the benzene ring and an N-aralkyl side
chain (Fig. 3.1). Only 10% and 24% of an oral and
inhaled dose, respectively, of formoterol was recov-
ered in the urine after 24 h28,29. Following oral
administration of formoterol (80 mg), 6% and 8% of

the dose was recovered over a 10 h period, as the
unchanged and glucuronide conjugate, respec-
tively29. The appearance of formoterol in the sys-
temic circulation following inhalation of 120 �g dose
in healthy subjects is described by a two-compart-
ment model. A consequence of rapid absorption
from the airways and mucosal surfaces, accounting
for approximately 70% of the concentration of for-
moterol detected systemically and a delayed
appearance with slower time course, from the gas-
trointestinal tract30. A similar model (see below,
abstracted papers) was required to describe the sys-
temic appearance of formoterol following oral
administration. It is unclear whether differences in
enantiomeric metabolism of formoterol occur but
may be inferred since pharmacodynamic modelling
shows that formoterol is significantly less potent in
reducing plasma potassium levels via the inhaled
compared with oral route30. Moreover, if like salbu-
tamol preferential sulfate conjugation of the
eutomer and retention of the distomer within the
lung is known to occur11,14, this might account for
the lower levels of RR formoterol detected in the
urine31. However, further studies are required to
quantify the levels of RR and SS formoterol in the
plasma to confirm whether the distomer is preferen-
tially retained within the lung.

Mechanism of action

�2-adrenoceptor agonists mediate their effects by
binding to cell surface glycoproteins which belong
to the family of guanosine nucleotide binding
protein (G protein) coupled receptors characterized
by 7 transmembrane spanning regions (Fig. 3.2). The
agonist/receptor complex stabilizes the receptor in
its active conformation resulting in the stimulation
of heterotrimeric guanine nucleotide regulatory (G)
proteins. The G proteins dissociate into � and �

subunits which modulate the activity of a variety of
effectors including adenylyl cyclase. The activation
of adenylyl cyclase results in the production of the
second messenger, cyclic-3’,5’-adenosine mono-
phosphate (cAMP) and subsequent action of protein
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Fig. 3.2 Diagrammatic representation of the �2-adrenoceptor highlighting the characteristic seven transmembrane (TSM) spanning

regions of the protein together with the localization of three polymorphisms at amino acid positions 16, 27 and 164. For the sake of

clarity, the intracellular loops linking TSM5/6 and TSM6/7 are not shown. The amino acids critical for the binding of isoprenaline to

the �2-adrenoceptor are located within the core of the receptor protein.451 Asp113 (TSM3) and Ser204, 207 (TSM5) are anchoring

points for the amine group and hydroxyl groups on the catechol ring, respectively; while interaction between Asn293 (TSM6) binds

and the �-hydroxyl group confers stereoselectivity of catecholamine binding. Specific amino acid sequences within TSM4, 6 and 7

are thought to play an important role in anchoring the aliphatic chain of salmeterol (see text). As a consequence of ligand binding,

conformational change by the receptor leads to signalling via G protein (not shown), activation of adenylyl cyclase and formation of

the intracellular messenger, cyclic AMP. Phosphorylation of the receptor by G-protein coupled receptor kinases (e.g. �ARK) leads to

homologous desensitization and termination of G-protein signalling. Cyclic AMP in turn, activates protein kinase A which can

activate multiple pathways that account for the pharmacological action of �2-adrenoceptor agonists in the airways. Abbreviations:

Arg, arginine; Gly, glycine; Gln, glutamine; Glu, glutamate; Thr, threonine; Ile, isoleucine; PKA, protein kinase A; MLCK, myosin light

chain kinase; Ca(K) channel, calcium-activated potassium channel; CREB, cyclic AMP response element binding protein.



kinase (PK)A. PKA phosphorylates a number of pro-
teins including Na�/K�ATPase, myosin light chain
kinase (MLCK), large conductance Ca(K) channels,
calcium channels and transcription factors (cyclic
AMP response element binding protein; CREB)32,33.
Activation of the �-adrenoceptor has recently been
shown to stimulate tyrosine phosphorylation of
adaptor proteins and signalling via the Ras pathway,
implicated in cell growth and differentiation34,
although the consequence of this novel signalling
pathway in the clinical efficacy of these drugs
remains to be established.

Specific regions within the receptor core are
essential for agonist binding and the subsequent
conformational change induced by this interaction
leads to activation of the receptor and intracellular
signalling. Alterations to the structure of the adren-
aline molecule has led to the development of ago-
nists with significantly greater selectivity and
potency for the �2-adrenoceptor and improved
duration of action, which is considerable for for-
moterol and salmeterol. In vitro studies demon-
strate that formoterol is more potent than
salmeterol in relaxing human airway smooth
muscle35,36 reflected by the greater efficacy of for-
moterol than salmeterol37 since both drugs have
similar affinity for �2-adrenoceptors38. Despite this,
salmeterol has considerably longer duration of
action compared with formoterol in vitro35,39 but
both drugs have long duration of action in vivo40,41.
The long duration of action of salmeterol is attrib-
uted to an interaction between the non-polar N-
substituent of salmeterol and the hydrophobic core
of the �2-adrenoceptor24. This was confirmed in
studies using site-directed mutagenesis showing
that removal of amino acids 149–173 within trans-
membrane spanning domain (TSM)4, significantly
reduced the ability of salmeterol to persist at the �2-
adrenoreceptor42. However, binding of salmeterol
to this chimeric receptor was not abolished and led
investigators to further probe other sites within the
receptor protein that might account for the ‘tether-
ing’ of this molecule to the receptor. Recent studies
have suggested that specific amino acid sequences
within TSM6 and/or 7 may also be important loci for

‘exosite’ binding by salmeterol43,44. The hypothesis
of tethering to the receptor is not universally
accepted and another view is that the lipophilic
nature of salmeterol is a major determinant of its
long duration of action45,46. The tethering of salmet-
erol to the receptor does not apply to formoterol
since it lacks the non-polar N-substituent and its
duration of actions is thought to be a consequence
of retention within the plasma membrane47.

Prolonged incubation of �2-adrenoceptors with
their agonist results in a dose- and time-dependent
loss in agonist activity due to receptor phosphoryla-
tion, uncoupling from G proteins, receptor internal-
ization and down-regulation of receptor protein.
Agonist binding to receptor leads to the activation
by G protein coupled receptor kinases (GRKs) and
phosphorylation of serine and threonine residues
on the C terminus of the protein. This facilitates
binding of a cytoplasmic inhibitory protein, �-
arrestin which uncouples the receptor from G
protein and subsequent internalization, a process
known as homologous desensitization (Fig. 3.2).
Phosphorylation of the �2-adrenoceptor can also
occur via a PKA dependent pathway that can also
mediate desensitization of other G protein-coupled
receptors, and is termed heterologous desensitiza-
tion48. High efficacy agonists including adrenaline,
isoprenaline, fenoterol and formoterol are more
efficient than low efficacy agonists like salmeterol in
causing �2-adrenoceptor desensitization, internal-
ization and phosphorylation49–51, as these events
are determined by the ability of an agonist to stabi-
lize the receptor in the activated state. Thus, one
might predict tolerance to low efficacy agonists
would require a longer period of time to develop in
vivo.

Receptor desensitization also appears to be tissue
dependent. Thus, airway smooth muscle is resistant
to desensitization compared with inflammatory
cells including mast cells and lymphocytes. The level
of �-adrenoceptor receptor kinase (�ARK) mRNA in
airway smooth muscle was 11% of the level found in
mast cells and little �ARK protein was found in
airway smooth muscle compared with mast cells.
GRK activity was tenfold greater in mast cells despite
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similar levels of PKA activity. These differences in
enzyme activity may explain why �2-adrenoceptors
on mast cells are more susceptible to desensitization
than airway smooth muscle52. It has been suggested
that the ability of agonists to induce desensitization
is not dependent upon receptor number50. However,
it is clear that tissues with a greater receptor reserve
exhibit a greater degree of resistance to desensitiza-
tion53. Thus, in the clinical setting, �2-adrenoceptor
desensitization will have a greater impact on the
function of cell types with low receptor reserve,
while airway smooth muscle function would be
more resistant to the development of tolerance.

At least nine different variants (polymorphisms)
of the �2-adrenoceptor exist and the three most
common polymorphisms are changes in amino
acid 16, from arginine to glycine (Gly16); amino acid
27 from glutamine to glutamic acid (Glu27); and
amino acid 164, from threonine to isoleucine
(Ile164) (Fig. 3.2). The allelic frequencies of these
polymorphisms are 54%, 24% and 1% respectively,
in asthmatic subjects with moderate to severe
asthma, which is similar to that observed in healthy
subjects54. The functional consequences of these
polymorphisms has been investigated and it has
been shown that the downregulation of the �2-
adrenoceptor is influenced by two common poly-
morphisms in the �2-adrenoceptor gene, which
alter the N-terminal domain of the receptor. The
Gly16 polymorphism undergoes enhanced receptor
down-regulation while Glu27 polymorphism
confers resistance to down-regulation. Receptors
expressing both Gly16 and Glu27 are also suscepti-
ble to desensitization in vitro55,56. The Ile164 poly-
morphism results in a receptor with a fourfold loss
in binding affinity for adrenaline, reduced coupling
to G protein and desensitization57. The clinical sig-
nificance of the Gly16 allele include a greater fre-
quency in the occurrence of nocturnal symptoms58;
asthmatic subjects are more likely to be glucocorti-
costeroid dependent54; and asthmatic children are
less likely to bronchodilate in response to salbuta-
mol59. However, this allele is not a major determi-
nant of the prevalence of asthma in children or
adults54,59–62 and therefore is not a major factor in

the pathophysiology of asthma but may be an
important pharmacogenetic factor in the treatment
of asthmatic subjects. In contrast, asthmatic sub-
jects with the Glu27 polymorphism are less likely to
demonstrate bronchial hyperresponsiveness62,63

and there is an association between Gln27 polymor-
phism and childhood asthma61, total IgE64 and
bronchial hyperresponsiveness63. While these
studies have investigated the associations between
single polymorphisms and the asthma phenotype,
population based studies have begun to examine
haplotypes of the �2-adrenoceptor gene and their
association with bronchial hyperresponsiveness. It
appears that the �2-adrenoceptor haplotype with
Gly16/Gln27 polymorphism is associated with
bronchial hyperresponsiveness65, although in
another study, the Gly16/Gln27/Thr164 haplotype
appeared to be protective for bronchial hyperres-
ponsiveness66. The need to repeat these studies in
populations solely consisting of asthmatic subjects
with bronchial hyperresponsiveness will be critical
in furthering our understanding of the role of �2-
adrenoceptor polymorphism in asthma.

Route of administration

Maximal bronchodilator activity can be achieved by
the oral, intravenous or inhaled route resulting in a
dose-dependent increase in forced expiratory
volume in 1 second (FEV1) for a number of agonists
including isoprenaline and salbutamol67, terbuta-
line68, fenoterol23 and formoterol69. The increase in
heart rate observed with maximal bronchodilator
doses of the non-catecholamine agonists are con-
siderably lower than those achieved for isoprena-
line. However, to achieve maximal bronchodilation
by the systemic route, cardiac stimulation is
unavoidable as a consequence of a reduction in total
peripheral resistance resulting in reflex activation of
cardiac �1-adrenoceptors70. Furthermore, because a
significant population of �2-adrenoceptors exists in
the human heart some cardiac activation is to be
expected for even very selective �2-adrenoceptor
agonists71–73.
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The inhaled route offers a number of advantages
over the systemic route including direct access to the
lung and rapid onset of action with considerably
lower systemic activity. Comparison of the
dose–effect curves for terbutaline68, salbutamol74

and formoterol75 given systemically or by inhalation,
demonstrate that at maximal levels of bronchodila-
tion, the systemic side effects are considerably less
significant by the inhaled than by the systemic route.

In mild asthmatic subjects, inhaled salbutamol
was shown to provide better bronchodilator relief
than intravenous salbutamol74. In contrast, patients
with acute severe asthma who responded poorly to
inhaled salbutamol, responded favourably to intra-
venous salbutamol76,77. The diminished bronchodi-
lator efficacy observed in severe asthma is possibly a
consequence of reduced penetration of the bron-
chodilator due to mucus plugging and edema78. In
contrast, a number of studies have shown the
inhaled route to be as effective as the intravenous
route in acute severe or moderately severe
asthma79–81. The difference in the results may be
related to the severity of the disease and the size of
the population studied. Recently a large multicentre
study demonstrated that in severe acute asthma, sal-
butamol was more efficacious by the inhaled route
than by the intravenous route. Consequently, it has
been recommended that nebulized bronchodilator
should be used in the treatment of severe acute
asthma82.

Duration of action by inhaled route

Baseline FEV1

Catecholamines including isoprenaline and isoeth-
arine exert their maximal bronchodilator effect
within 5 min. In contrast, the non-catecholamines
including salbutamol, terbutaline and fenoterol
produce 80% maximal bronchodilation within 5
min, with maximal bronchodilation between 15
and 60 min.1 The duration of bronchodilation for
equieffective doses of the non-catecholamine �2-
adrenoceptor agonists is sustained for approxi-

mately 2–6 h23,83–91. In contrast, both formote-
rol40,41,75,92 and salmeterol40,41,93 are potent bron-
chodilator agonists compared with salbutamol,
although the onset of the bronchodilator response
to salmeterol is much slower than for salbutamol
and formoterol40,41. These clinical findings are con-
sistent with in vitro functional studies documenting
that formoterol and salmeterol are considerably
more potent than salbutamol in relaxing human
airway smooth muscle in vitro35,36,94 and the onset
time for salmeterol is considerably slower than for
formoterol and salbutamol35.

The duration of bronchodilation is also consider-
ably longer for salmeterol and formoterol compared
with short acting �2-adrenoceptor agonists. Both
formoterol75,92,95–97 and salmeterol91,93,98 provide sus-
tained bronchodilation for 6–12 h in adult asthmatic
subjects. Formoterol also provides sustained bron-
chodilation in asthmatic children for a similar length
of time99,100. Since the duration of drug activity is
dependent on the dose,101 it is possible that the long
duration of action of these drugs in vivo, might be
attributed to the use of maximal doses of broncho-
dilator. However, formoterol40,99 and salmeterol40

produce sustained bronchodilation for 6–12 h com-
pared with 2–6 h for an equieffective dose of salbu-
tamol. In vitro studies in human airways
demonstrate that salmeterol has a considerably
longer duration of action compared with formote-
rol35,36. However, equieffective doses of formoterol
and salmeterol cause sustained bronchodilation for
at least 12 h40,41. Interestingly, the duration of bron-
chodilation for equieffective doses of orally admin-
istered salbutamol and formoterol are similar69,
although the reason for this is unclear.

Bronchospasm

The duration of action of �2-adrenoceptor agonists
following spasmogen-induced bronchoconstriction
has also been investigated and is of particular inter-
est as an exacerbation of asthma can be triggered by
many provoking stimuli and it is desirable to obtain
prolonged and effective bronchoprotection, thereby
reducing the severity of asthma symptoms.
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The duration of action of a number of non-
catecholamine �2-adrenoceptor agonists at clini-
cally relevant doses against histamine-90,91,102,
exercise-103 and eucapnic and isocapnic hyperventi-
lation-induced104,105 bronchospasm peaks between
1 and 2 h and resolve by 4 h. Hence, these agonists
provide less protection against bronchoconstriction
to provoking stimuli compared with their prolonged
effect on baseline FEV1. This presumably reflects the
inability of these drugs to functionally antagonize
bronchospastic agonists at a time when the concen-
tration at effector sites is reduced, although high
enough to induce maximal reduction of baseline
FEV1

90.
In contrast to the short acting �2-adrenoceptor

agonists, both salmeterol91,98,106 and formote-
rol99,106–108 provide significant bronchoprotection
against direct acting stimuli including histamine
and methacholine for up to 24 h. Furthermore, sig-
nificant protection against exercise-induced bron-
chospasm was afforded for up to 12 h by
salmeterol103,109–114 and formoterol115–118 which is
considerably greater than the protection (less than 4
h) provided by an equieffective dose of salbutamol.
Similarly, formoterol afforded protection against
cold air hyperventilation-induced bronchospasm
for 8 h, while the beneficial effect of salbutamol had
resolved after 4 h119. Salmeterol provided significant
protection against bronchoconstriction induced by
sulfur dioxide120 and distilled water121 for up to 20 h.
This substantially longer duration of action by sal-
meterol and formoterol compared with shorter
duration �2-adrenoceptor agonists is obviously of
clinical importance in providing symptomatic relief
over a prolonged period of time to stimuli which
asthmatic subjects are likely to encounter in their
environment.

In the clinical setting �2-adrenoceptor agonists
are generally taken during an exacerbation of
asthma and the onset of action is of considerable
importance. In this regard, it has been shown that
salmeterol is significantly slower than both salbuta-
mol and formoterol in reversing bronchoconstric-
tion induced by methacholine122,123 and therefore
salmeterol should not be used as rescue medication.

�-adrenoceptor agonist selectivity and efficacy

Selectivity

Isoprenaline provides fast bronchodilator relief,
although it possesses powerful cardiac stimulatory
activity. It was subsequently shown that the rise in
asthma deaths during the 1960s was correlated with
the consumption of isoprenaline and while provid-
ing short-term bronchodilator relief, contributed to
the delay in the introduction of corticosteroid
therapy in patients whose asthma was deteriorating
because of worsening inflammation or toler-
ance124,125. It was also thought that the powerful
cardiac stimulatory effects may have been a contrib-
uting factor126. The demonstration of �-adrenocep-
tor subtypes127 prompted the development of more
�2-selective and potent bronchodilators such as sal-
butamol, fenoterol and terbutaline.

Fenoterol is a full agonist compared with salbuta-
mol and terbutaline in relaxing airway smooth
muscle obtained from asthmatic128 and non-
diseased lung36,37,128. Functional studies in the
guinea-pig trachea and atria reveal that while fenot-
erol is significantly more potent than salbutamol
and terbutaline on guinea-pig trachea, both salbuta-
mol and terbutaline are approximately twofold more
�2-selective than fenoterol5,129,130. Similarly, a recent
radioligand binding study has confirmed that salbu-
tamol is 2.9-fold more selective for �2 than �1-
adrenoceptors compared with fenoterol.38 This
increase in �2-adrenoceptor selectivity might be
expected to confer airway vs. systemic selectivity
and thereby reduce systemic side effects. However,
this receptor subtype is present on human cardiac
muscle that also is responsible for mediating both
chronotrophic and inotrophic effects131. Thus, �2-
adrenoceptor agonists can have both direct cardiac
stimulation and reflex action due to stimulation of
presynaptic �2-adrenoceptors.

A number of studies have shown that fenoterol has
greater inotrophic, chronotrophic, electrocardio-
graphic and hypokalaemic effects than salbutamol
and terbutaline in both healthy individuals132–135 and
asthmatic subjects136–138. Fenoterol is approximately
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twofold more potent than salbutamol with regard to
increasing heart rate and reducing plasma levels of
potassium132,134,138. The cardiostimulatory and
hypokalemic effect of �2-selective agonists observed
in the studies cited above occurs at doses that are not
recommended by the manufacturers. However,
under conditions of severe exacerbation of asthma
large doses of these agonists may be consumed,
which might result in cardiostimulatory and hypo-
kalaemic side effects. This is particularly relevant for
fenoterol since it is marketed at a higher equivalent
dose than salbutamol and, as a consequence, side
effects are more likely to be manifested in asthmatic
subjects who undergo acute exacerbation of
asthma138. However, it is important to recognize that
tolerance to these extrapulmonary effects occurs
following chronic �2-adrenoceptor agonist
therapy131,139.

Formoterol and salmeterol are considerably more
potent than salbutamol. A number of studies have
shown that formoterol and salmeterol are 116–323
and 2–62 fold more potent, respectively, than salbu-
tamol in relaxing human airway smooth muscle.35–37

In rat atria, salmeterol is three orders of magnitude
less potent than isoprenaline as a cardiac stimulant
and behaves as a partial agonist94. In contrast, for-
moterol is 12-fold more �2-selective than salbutamol
and is a full agonist in guinea-pig atria130, and radio-
ligand binding studies have confirmed that formot-
erol and salmeterol are 60 and 190 times,
respectively, more selective for �2- than �1-adreno-
ceptors38.

While it is clear that formoterol and salmeterol are
more potent than salbutamol on airway smooth
muscle, they are not devoid of systemic side effects.
In healthy volunteers, both formoterol (24 �g) and
salbutamol (200 �g) increased cardiovascular
parameters including heart rate and QTc interval to
a similar degree, although less than for fenoterol
(400 �g)140. In contrast, fenoterol and formoterol
were more effective than salbutamol in reducing
serum potassium levels. Similarly, salmeterol is at
least eight times more potent than salbutamol at
producing systemic side effects in healthy volun-
teers141. In asthmatic subjects, significant falls in

serum potassium and increased tremor was
observed following inhalation of high doses of for-
moterol (60–120 �g) and salmeterol (500 �g)142.
Together, these studies show that formoterol and
salmeterol also demonstrate airway vs. systemic
selectivity, but are not devoid of systemic side
effects, particularly at doses not recommended by
the guidelines.

Efficacy

Efficacy is a dimensionless proportionality factor
that describes the ability of an agonist to induce a
response in a particular tissue. Hence, an agonist
with high efficacy can elicit a maximal response by
occupying relatively fewer receptors (greater pro-
portion of spare receptors) than an agonist with low
efficacy143.

A number of in vitro studies using airway smooth
muscle have demonstrated an inverse relationship
between the level of contraction induced by a spas-
mogen and the potency and maximum degree of
relaxation induced by �2-adrenoceptor ago-
nists144–147. Thus, under normal contractile condi-
tions, �2-adrenoceptor agonists may induce
maximal relaxation, but the capacity of these ago-
nists to induce relaxation of highly contracted
muscle may differ146. The ability of these agonists to
induce maximal relaxation was significantly
reduced in maximally contracted preparations of
human bronchus148, guinea pig trachea146,149, bovine
trachea145 and canine trachea147. Other studies have
examined whether application of these drugs prior
to the addition of a bronchoconstrictor agonist pre-
empted contraction of airway smooth muscle.
Contraction induced by methacholine was func-
tionally antagonized by isoprenaline in bovine
trachea145 and by salbutamol and fenoterol149 but
not terbutaline150 in guinea pig tracheal tissue. The
reasons for the failure of Gustafsson and Persson150

to observe similar phenomena with terbutaline are
puzzling, but may be due to the use of low concen-
trations of these agonists. These studies indicate that
�2-adrenoceptor agonists are effective at inhibiting
the development of contraction, and the ability to
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functionally antagonize spasmogen-induced con-
tractile responses is also dependent on the contrac-
tile agonist used as demonstrated in vitro144,145,151

and in vivo152. Very few studies have compared the
efficacy of the different �2-adrenoceptor agonists.
The efficacy of fenoterol is twice that of salbutamol
in guinea-pig trachea149; and while equieffective
doses of salbutamol, fenoterol and terbutaline are
indistinguishable with respect to their ability to
increase baseline FEV1

88,153,154, salbutamol and
fenoterol were more potent than terbutaline in
antagonizing histamine-induced bronchospasm in
asthmatic subjects138.

Salmeterol is less effective than formoterol and
salbutamol in reversing baseline tone in human
airways,35–37 which suggests that salmeterol has
lower efficacy than formoterol and this difference in
efficacy is highlighted further if bronchial tone is
increased36,37,155,156. The clinical implications of the
differences in efficacy between formoterol and sal-
meterol remain to be established. However, while
equieffective doses of these agonists produces a
similar degree of bronchodilation in asthmatic sub-
jects, formoterol produced a greater degree of bron-
choprotection than salmeterol142, and the
implications of this study is that, during a severe
exacerbation of asthma, formoterol will afford better
bronchoprotection than salmeterol. The potential
disadvantage of a high efficacy �2-adrenoceptor
agonist is that, during exacerbations of asthma
when consumption may be high, drugs like fenote-
rol138 and formoterol142 have the potential to
produce greater cardiovascular side effects than
drugs with lower efficacy including salbutamol and
salmeterol.

Sites of action

Airway smooth muscle

A variety of functional, biochemical, radioligand
binding and autoradiographic techniques have con-
firmed the presence of �2-adrenoceptors on human
airway smooth muscle157. Activation of these recep-

tors leads to relaxation, which is a consequence of
inhibition of myosin light chain kinase, mem-
brane hyperpolarization, reduction in intracellular
calcium, inhibition of phosphoinositide hydrolysis
and stimulation of Na�/K�ATPase32,33. Both salmet-
erol and formoterol are potent inhibitors of airway
smooth muscle function, characterized by long
duration of action. The inhibition of contractile
responses elicited by cholinergic nerve stimulation
is abolished for at least 12 h following termination of
exposure with salmeterol94. The duration of action of
formoterol is longer than salbutamol but consider-
ably shorter than salmeterol, as assessed against
reversal of basal tone in human isolated bron-
chus35,36. The difference in duration of action
between formoterol and salmeterol in vitro is prob-
ably a consequence of the tethering of salmeterol to
the receptor, a feature not exhibited by formoterol.
The greater potency of formoterol and retention
within the plasma membrane may help explain its
long duration of action in vivo. The proliferation of
human airway smooth muscle is also a function of
considerable importance in the context of airway
remodelling that occurs in asthma. �2-Adrenoceptor
agonists have been demonstrated to attenuate the
proliferation of human airway smooth muscle cells
in culture in response to various mitogens158,159,
although it remains to be established whether this
class of drug has significant antiproliferative action
in asthma.

Mast cells

In 1968, it was shown that isoprenaline inhibited his-
tamine release from leukocytes isolated from allergic
individuals.160 It was subsequently demonstrated
that �2-adrenoceptor agonists inhibit histamine
release from passively sensitized chopped human
lung161–164, human dispersed mast cells165,166 and
human mast cells in culture.167 The activation of �2-
adrenoceptors present on mast cells inhibits not
only the release of histamine, but also prostaglan-
din (PG)D2, cysteinyl leukotriene (LT)C4 and
LTD4

162,164,166–168. Similarly, both salmeterol169 and
formoterol39 are potent inhibitors of mediator
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release from human lung mast cells following stimu-
lation of IgE-dependent pathways. �2-Adrenoceptor
agonists are potent mast cell stabilizers, approxi-
mately 2000 – 30 000 times more potent than the
putative mast cell stabilizer disodium cromoglycate,
with respect to inhibiting mediator release from
human lung mast cells in vitro162,163,166. Similarly, for-
moterol was shown to be approximately 12 000 times
more potent than disodium cromoglycate with
respect to inhibiting IgE-dependent release of slow
releasing substance of anaphylaxis from rat perito-
neal mast cells170.

Mast cells are also repositories for various cyto-
kines (e.g. tumour necrosis factor (TNF)�, interleu-
kin (IL)-4 and IL-5) and chemokines (e.g. monocyte
inflammatory protein (MIP)1�), which are thought
to play an important role in airway inflammation.
The release of TNF� from human skin mast cells by
antigen is inhibited by salbutamol171 and salmeterol,
an effect that is blocked by �-adrenoceptor antago-
nists172. Similarly, granulocyte monocyte colony
stimulating factor (GMCSF), IL-5 and MIP1� release
from human mast cells in culture, is also inhibited by
salbutamol173. Together, these studies demonstrate
that, as a class, �2-adrenoceptor agonists are potent
inhibitors of mast cell function and therefore have
the potential to inhibit mast cell-dependent path-
ways in vivo.

Following acute allergen provocation in asthmatic
subjects, a rise in circulating plasma levels of hista-
mine and neutrophil chemotactic factor174,175 and a
rise in the level of histamine, PGD2, and cysteinyl leu-
kotrienes in bronchoalveolar lavage (BAL) fluid have
been documented176–179. In asthmatic subjects, sal-
butamol inhibits the allergen-induced rise in plasma
histamine and neutrophil chemotactic factor174,176

and is two orders of magnitude more effective than
disodium cromoglycate (a drug considered to be a
mast cell stabilizing agent) at inhibiting allergen-
induced mediator release in vivo176. In contrast, both
salbutamol and salmeterol failed to attenuate the
allergen-induced rise in urinary excreted LTE4,
which may suggest that �2-adrenoceptor agonists
have little effect on mast cell mediator release in vivo,
although it is far from clear whether urinary LTE4

levels reflect only mast cell-derived LTE4
180. A

number of cells including airway epithelial cells,
macrophages and eosinophils secrete sulfidopep-
tide leukotrienes181 and activation of the �2-adreno-
ceptor residing on these cells may impart a lesser
inhibitory response than for mast cells.

Despite a significant improvement in morning
peak expiratory flow (PEF) and reduced nocturnal
symptom scores following 6-week treatment with
salmeterol (50 �g b.i.d.), there was no reduction in
mast cell number in bronchial biopsies or levels of
mast cell-derived mediators in BAL fluid182.
Similarly, regular treatment with formoterol had no
effect on mast cell number in bronchial biopsies,
and failed to reduce the level of tryptase in BAL
fluid183. However, despite a reduction in mast cell
number following regular budesonide treatment,
this was not accompanied by a fall in tryptase levels
in BAL fluid. Thus, the effect of long-acting �2-
adrenoceptor agonists on mast cell function in vivo,
remains to be established. While there are several
challenges in determining whether these agonists
inhibit mast cell function in vivo, it seems likely that
�2-adrenoceptor agonists do have an action upon
mast cells. These cells are accessible to antigens
within the inspired air, and therefore would also be
accessible to inhaled �2-adrenoceptor agonist.
Furthermore, their location close to airway epithe-
lium, would make them a potential target for these
drugs.

Other evidence also supports the notion that mast
cells are targets for inhaled �2-adrenoceptor ago-
nists. Adenosine or the water soluble precursor,
adenosine monophosphate (AMP), mediates indi-
rect bronchoconstriction via degranulation of mast
cells and/or activation of afferent nerves. It is of
interest that terbutaline184,185, salbutamol152,186 and
formoterol187 functionally antagonized the bron-
choconstriction to adenosine to a significantly
greater extent than direct acting stimulants like his-
tamine and methacholine. This has been interpreted
as an indication that these drugs have actions addi-
tional to inhibition of airway smooth muscle func-
tion, including an inhibitory action of these drugs on
mast cell degranulation induced by adenosine. In
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contrast, salmeterol did not demonstrate preferen-
tial bronchoprotection to AMP compared with his-
tamine186,188 and might be a reflection of the low
efficacy demonstrated by salmeterol compared with
agonists of greater efficacy (e.g. formoterol189). In
cells with low �-adrenoceptor density, activation of
adenylyl cyclase by salmeterol is considerably less
efficient compared with adrenaline which has
greater efficacy50. This situation is likely to occur in
mast cells, which are known to have low receptor
reserve53 and under these circumstances, salmeterol
will be a poor inhibitor of mast cell function in vivo.

Endothelial cells

Local instillation of allergen onto the bronchial
mucosa of asthmatic subjects causes acute swelling
and narrowing of the airways as visualized through a
bronchoscope178,190,191. It appears that this response
is mediated by smooth muscle constriction and
bronchial wall edema. A number of pharmacologi-
cal agonists, including histamine, bradykinin, cys-
teinyl leukotrienes and capsaicin or activation of IgE
bearing cells, are capable of increasing plasma
protein extravasation and edema within the bron-
chial wall, as documented in studies in experimen-
tal animals192,193. Vascular leakage is a consequence
of endothelial cell contraction, thereby promoting
gap formation between endothelial cells in pulmo-
nary venules. It is presumed that the ‘anti-edema’
property of �2-adrenoceptor agonists is a conse-
quence of functional antagonism of endothelial cell
contraction194. Systemic administration of terbuta-
line attenuated topically applied histamine-,
bradykinin- and capsaicin-induced plasma protein
extravasation and/or edema in bronchial wall or
lumen192,193,195.

Several studies have failed to demonstrate this
‘anti-edema’ property. Intravenously administered
salbutamol failed to attenuate airway edema in
guinea-pigs induced by intravenously administered
PAF196 or topically applied LTD4

197. However, the
bronchospasm mediated by intravenously adminis-
tered LTD4 was inhibited. A number of factors
including hemodynamic changes mediated by the

intravenous administration of these agonists and
the failure to take into account residual blood
volume remaining within the pulmonary vascula-
ture, may confound analysis193. Such methodologi-
cal problems can be minimized by measuring
plasma protein extravasation and edema within the
bronchial lumen and/or introducing �2-adrenocep-
tor agonist directly to the lung193,198. It has subse-
quently been demonstrated that formoterol inhibits
plasma protein extravasation and lumenal edema in
response to allergen, bradykinin193 and histamine199.
The ‘anti-edema’ effect of formoterol was greater
than that of salbutamol in terms of potency and
duration of activity193. Similarly, salmeterol was also
effective against histamine-induced plasma protein
extravasation in guinea-pigs200.

The expression of adhesion molecules on vascular
endothelium plays a critical step for the transmigra-
tion of cells into sites of inflammation and the effect
of �2-adrenoceptor agonists on the expression of
adhesion molecules has received scant attention.
The expression of E-selectin following stimulation of
human microvascular endothelium with TNF� was
not inhibited by salbutamol, although the combina-
tion of salbutamol with a phosphodiesterase (PDE)4
inhibitor, rolipram, did attenuate the expression of
the adhesion molecule E-selectin but not ICAM-1 or
VCAM-1201.

In healthy individuals, the wheal response to
intradermal injection of bradykinin202, histamine202,
and both the wheal and flare response to intrader-
mal injection of anti-IgE203–205 are attenuated by
prior injection of �2-adrenoceptor agonists. A
similar finding has also been reported for the aller-
gen-induced early cutaneous response in atopic
subjects204,206. Furthermore, formoterol204 and sal-
meterol207 produce a longer lasting protection
against anti-IgE-induced wheal and flare response
and late cutaneous reaction than terbutaline in
healthy individuals205. It is possible that the effect of
formoterol on the edema response is secondary to
inhibition of mediator release from mast cells.
However, if formoterol is administered 30 min after
the induction of mast cell degranulation, the anti-
edema properties of formoterol were still evident208.
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Moreover, salmeterol inhibited the extravasation of
a plasma-derived protein, alpha2-macroglobulin,
into skin chambers induced by blisters on the
forearm of allergic rhinitis subjects209.

The inhibitory effect of �2-adrenoceptor agonists
on edema in the respiratory system has only recently
been investigated in the human. Analogous to
studies in the skin, edema can be assessed by meas-
uring the level of plasma derived proteins, including
albumin and alpha2-macroglobulin that is extrava-
sated into the airways by an inflammatory stimulus.
High doses of terbutaline210 and salmeterol211,212

administered to the nasal mucosa prior to antigen
challenge, significantly attenuated plasma protein
extravasation in response to intranasal antigen chal-
lenge. This effect was attributed to a direct action on
endothelial cells as there was no reduction in the
release of mast cell-derived mediators following
antigen challenge212. Similarly, inhalation of a single
dose of formoterol (18 �g) significantly attenuated
the increase in sputum levels of alpha2-macroglobu-
lin induced by histamine in healthy volunteers213.

Inflammatory cells

A number of inflammatory cells are thought to con-
tribute toward the pathogenesis of asthma, includ-
ing eosinophils214, lymphocytes215, platelets216, and
macrophages217. Since increasing the intracellular
level of cyclic AMP inhibits the function of many
inflammatory cells218, the role of �2-adrenoceptors
in modulating the function of inflammatory cells
has been investigated.

Platelets
Human platelets contain �2-adrenoceptors,
although they appear to be poorly coupled to
adenylyl cyclase.219 It is therefore of interest that sal-
butamol has been demonstrated to inhibit exercise-
induced platelet activation in subjects with
asthma220.

Eosinophils
The effect of �2-adrenoceptor agonists on eosinophil
function remains the subject of considerable debate.

Eosinophils obtained from individuals with blood
eosinophilia contain �2-adrenoceptors which are
coupled to adenylyl cyclase, although activation of
these receptors by salbutamol failed to inhibit super-
oxide generation and the release of eosinophil per-
oxidase (EPO) using a number of stimuli, including
C5a and IL-5221,222. However, EPO release induced by
FMLP was attenuated by salbutamol222–224. Similarly,
respiratory burst225,226 and LTC4 synthesis227 from
human eosinophils was inhibited by salbutamol and
isoprenaline. Salmeterol has been documented to
inhibit a variety of eosinophil functions in human
including respiratory burst222, adhesion222, EPO
release223, chemotaxis228 but not PAF and LTC4 syn-
thesis228. Eosinophil apoptosis appears to be delayed
by salbutamol, fenoterol and salmeterol, but
inhibited by theophylline and dibutyryl cyclic
AMP229, suggesting a non-�2-adrenoceptor-depen-
dent mechanism in the ability of these agonists to
delay apoptosis.

The anti-eosinophilic activity of salmeterol may
be unrelated to �2-adrenoceptor occupancy, since
the action of salmeterol was not reversed by beta-
adrenoceptor blockade222. Furthermore, salmeterol
failed to inhibit chemotaxis of rat eosinophils in vitro
in response to LTB4 and PAF, despite raising intracel-
lular levels of cyclic AMP230, nor inhibit respiratory
burst in guinea-pig eosinophils231. In contrast, other
studies have shown that salmeterol did inhibit
aggregation of guinea-pig eosinophils in response to
C5a and PAF via stimulation of �2-adrenoceptors232.
Since salmeterol is a partial agonist, it can be shown,
in some circumstances, to act as an antagonist in the
presence of drugs with higher efficacy and the ability
of salbutamol223 and formoterol231 to attenuate
eosinophil activity was antagonized following pre-
treatment with salmeterol.

A number of clinical studies have assessed the
effect of �2-adrenoceptor agonist therapy on pulmo-
nary eosinophil number and activation in asthma.
Regular 4-week treatment with inhaled terbutaline
(500 �g, q.i.d.) failed to alter the number of circulat-
ing eosinophils233 or to significantly reduce the level
of eosinophil cationic protein (ECP) recovered in BAL
fluid in mild asymptomatic asthmatic subjects234.
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Quantitative light and electron microscopic analysis
of bronchial biopsies from these patients also
revealed that regular treatment with terbutaline
failed to alter the number of eosinophils or foci of
eosinophil-derived granules235,236. Similarly, 16
weeks of regular treatment with salbutamol failed to
significantly reduce the number of activated eosino-
phils (positive for EG2) in bronchial biopsies237. In
contrast, anti-inflammatory agents, including
budesonide and disodium cromoglycate reduced
the levels of ECP234 and the number of eosinophils238

in BAL fluid from asthmatic subjects. Furthermore,
inhaled glucocorticosteroids are also effective in
reducing the number of eosinophils and foci of
eosinophil-derived granules in bronchial biopsies
obtained from asthmatic subjects and are associated
with clinical improvements in their asthma235,236,239.
Acute antigen challenge results in a significant
increase in eosinophils and EG2�cells recovered in
sputum that is reduced in asthmatic subjects treated
with inhaled glucocorticosteroid240. In contrast, the
number of eosinophils and EG2�eosinophils in
sputum observed 7 h after antigen challenge was sig-
nificantly increased following 7-day treatment with
salbutamol (200 �g, q.i.d.)241. Together, these studies
demonstrate that regular treatment with short-
acting �2-adrenoceptor agonists fails to exert any sig-
nificant anti-eosinophilic action, which is in direct
contrast to inhaled glucocorticosteroids.

Similarly, acute administration of salmeterol (50
�g or 100 �g), while inhibiting the early and late
asthmatic response, had no effect on blood eosino-
phil number and serum ECP levels242,243, while the
number of eosinophils and ECP levels in sputum
was attenuated 24 h following treatment244. How-
ever, the variability between the different treatment
groups was considerable in this study. Seven-day
treatment with salmeterol (50 �g b.i.d.) also had no
effect on blood eosinophil number but did result in
a twofold fall in serum ECP levels245. In contrast,
despite significant improvements in a variety of clin-
ical indices including diurnal variation in PEF and
improved morning PEF following 3-week treatment
with salmeterol (100 �g/day), there was no signifi-
cant reduction in sputum eosinophil number and

ECP levels. In contrast, treatment with beclometha-
sone was effective against both clinical parameters
and markers of inflammation246. Similarly, 8-week
treatment with salmeterol (50 �g b.i.d.) failed to sig-
nificantly reduce the number of eosinophils in BAL
fluid in asthmatic subjects regularly taking glucocor-
ticosteroids247. Conversely, salmeterol failed to
prevent the rise in sputum eosinophils following
stepwise reduction of inhaled glucocorticosteroid in
asthmatic subjects who required high dose gluco-
corticosteroid for control of their symptoms.248 The
administration of salmeterol during this period led
to stable asthma symptoms and significant
improvements in FEV1 and PEF; however, this was at
the expense of worsening airway inflammation as
reflected by an increase in sputum eosinophil
number. Similarly, while a significant reduction in
nocturnal awakening was observed after 6-week
treatment with salmeterol (100 �g b.i.d.), this was
not accompanied by a significant reduction in the
number of eosinophils in BAL fluid nor in levels of
eosinophil derived cationic proteins249. A recent
study has revealed that 8-week treatment with for-
moterol (24 �g, t.i.d.) failed to significantly reduce
the number of activated eosinophils in bronchial
biopsies, although in those subjects with a high
degree of activated eosinophils, formoterol had a
significant anti-inflammatory activity.183 However,
the interpretation of the data is difficult given that
budesonide treatment was without significant effect
on the number of activated eosinophils. Moreover, it
has also been shown that 6-week182 and 12-week250

treatment with salmeterol (50 �g b.i.d.) failed to
reduce the number of eosinophils or levels of EG2�

eosinophils, despite significant improvements in
morning and evening PEF and reduced asthma
symptoms compared with placebo control.

Thus, while there is some evidence that �2-adreno-
ceptor agonists can influence eosinophil function in
vitro, these anti-eosinophilic properties are poorly
translated in the clinical setting and, compared
with glucocorticosteroids, which have proven
anti-inflammatory activity, are considerably less
effective. This assessment is also valid for long-acting
�2-adrenoceptor agonists, which have little if
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any demonstrable anti-eosinophilic properties in
asthma.

Macrophages
Human alveolar macrophages may play a role in
asthma as they contain low affinity IgE receptors251

and are a potential source of inflammatory media-
tors217. The role of �2-adrenoceptors on human
alveolar macrophages is controversial. Radioligand
binding studies indicate that a small population of
�2-adrenoceptors reside on human alveolar macro-
phages and activation of these receptors results
in a two to sixfold increase in cyclic AMP252,253.
Isoprenaline and salbutamol failed to inhibit
zymosan- or IgE-induced release of mediators or
superoxide anions by human alveolar macro-
phages253–255. Similarly, salbutamol, terbutaline, for-
moterol and salmeterol were without effect upon
LTB4 release from human alveolar macrophages
stimulated by LPS or zymosan256. While salmeterol
was shown to inhibit the release of thromboxane
from human alveolar macrophages, this appeared to
beindependentoftheactivationof�2-adrenoceptors
and attributed to the stabilizing action of the ali-
phatic tail254.

A number of in vitro studies have investigated the
role of �2-adrenoceptors upon the release of cyto-
kines and chemokines from macrophages. The
release of TNF� and IL6 was decreased, while IL10
was increased in differentiated U937 cells by clenbu-
terol via a �2-adrenoceptor dependent mecha-
nism257. Similarly, MIP1� release from RAW264.7
macrophages stimulated by LPS was inhibited by
isoprenaline258. In contrast, salbutamol, terbutaline,
formoterol and salmeterol were without effect upon
IL1� release from human alveolar macrophages
stimulated by LPS or zymosan256. Further studies are
required to determine whether �2-adrenoceptor
agonists inhibit the release of other cytokines and
chemokines from human alveolar macrophages.

Lymphocytes
There is increasing evidence that lymphocytes play
an important role in asthma215 and COPD259. Human

lymphocytes contain �2-adrenoceptors, which are
coupled to adenylyl cyclase and are susceptible to
desensitization260–262. Stimulation of these receptors
leads to an alteration in lymphocyte function
including inhibition of lymphocyte proliferation,
cytokine generation, expression of cytokine recep-
tors and antibody production in vitro263,264. In
asthma, lymphocyte �-adrenoceptor density and
function are reduced as a consequence of
disease265–267 and following regular treatment with
�2-adrenoceptor agonists260–262. The consequences
of these changes in asthma are not known.

Lymphocytes are a heterogeneous population of
cells including B- andT-cells.The latter group may be
further subdivided into T-helper (Th, CD4�), T-sup-
pressor/cytotoxic (CD8�) and natural killer (NK)
cells. Radioligand binding studies demonstrate that
B-cells contain a large number of �-adrenoceptors
that are poorly coupled to adenylyl cyclase. In con-
trast, T-cell subsets possess �-adrenoceptors that are
functionally linked to adenylyl cyclase268. Following 7
days’ treatment with terbutaline (500 �g, t.i.d.) in
healthy individuals, there was a greater reduction in
cell number, �-adrenoceptor density and adenylyl
cyclase activity in circulating CD8�than CD4�cells,
resulting in an increase in the CD4�/CD8�

ratio268,269. These data suggest that there is differen-
tial regulation of T-cell subsets following �-adreno-
ceptor stimulation with a greater antiproliferative
action on CD8�than CD4�T-cells270. The ramifica-
tion of these changes in the context of asthma has yet
to be established. An increase in CD4�cells with a
concomitant reduction in CD8�cells is thought to
participate in the exacerbation of asthma271.

However, different functional subsets of CD4�T
lymphocytes have been classified on the panel of
cytokines they release and skewing of cytokine pro-
duction to a Th2 phenotype is implicated in the
pathogenesis of allergic disease215. Therefore, it is of
interest that �-adrenoceptor agonists inhibit the
production of IL-12 from human monocytes, a cyto-
kine implicated in the development of a Th1
response272 and consistent with the findings that
murine Th1 but not Th2 cells contain functional �2-
adrenoceptors, the density of which increases
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following activation273,274. During priming of neona-
tal T-lymphocytes, the presence of �-adrenoceptor
agonist promoted the development of Th2 cells272

and augments the ability of PDE4 inhibitors to atten-
uate the release of Th1 cytokines, IFN and IL-2 from
human peripheral blood mononuclear cells275.
Furthermore, it has recently been documented that
�2-adrenoceptor agonists facilitate the release of
Th2 cytokines from human mononuclear cells, pre-
sumably by inhibiting IFN production from Th1
cells276.

A number of studies have shown that high con-
centrations of salmeterol, salbutamol and isoprena-
line inhibited the proliferation of human peripheral
blood mononuclear cells and appeared to inhibit IL4
production277. However, the effect of salmeterol
upon human T-cell proliferation was not inhibited
by a �2-receptor antagonist278. In another study, sal-
butamol and fenoterol potentiated the effect of IL4
on IgE production279, presumably a consequence of
the ability of �-adrenoceptor agonists to inhibit
IFN production, a known inhibitor of B cell
function275,277,279. Isoprenaline downregulated the
expression of mRNA for IFN and upregulated
mRNA for IL5 in peripheral blood T-cells280.

T lymphocytes have been implicated as playing a
significant role in the pathogenesis of asthma281 and
it is clear that anti-inflammatory agents including
glucorticosteroids239,282 and theophylline283 reduce
the number of activated T-lymphocytes in bronchial
biopsies from asthmatic subjects. Few studies have
investigated the effect of regular treatment with �2-
adrenoceptor agonists on T-lymphocyte activation
in asthma. Regular treatment with terbutaline for a
3-month period significantly reduced the number of
T-lymphocytes in bronchial epithelium,236 although
this was not a consistent finding235. Regular treat-
ment with salmeterol182,250 or formoterol183 also
failed to reduce the number of CD4 or CD8 positive
lymphocytes or the proportion of activated (CD25
�) T-lymphocytes in bronchial biopsies from mild
asthmatic subjects. Thus, unlike glucocorticoster-
oids and theophylline, �2-adrenoceptor agonists do
not appear to exert any significant anti-lymphocytic
activity in asthma.

Neutrophils
A role for neutrophils in the pathophysiology of
asthma is less clearly defined, as some studies
have shown no difference in the number of neu-
trophils in bronchial biopsies in atopic asthmatic
subjects and healthy individuals284–286. However,
increased numbers of neutrophils are observed in
severe asthma287, during nocturnal asthma288 and in
COPD289. Human neutrophils possess �2-
adrenoceptors, which are linked to adenylyl
cyclase290–292, and the release of lysosomal �-glu-
curonidase, generation of superoxide anions and
inflammatory mediators from human neutrophils
activated by zymosan-treated serum and by calcium
ionophore A23187 are inhibited by �2-adrenoceptor
agonists293,294. Similarly, fenoterol inhibited C5a-
induced neutrophil migration in vitro, although it
did not modify the expression of various adhesion
molecules and did not affect intracellular killing of
bacteria or phagocytosis295. The ability of salmeterol
to inhibit respiratory burst in human neutrophils
stimulated with FMLP was not reversed by a �-
adrenoceptor antagonist296–298. Formoterol pro-
duced a modest inhibition of respiratory burst in
human neutrophils but unlike salmeterol possessed
only weak membrane stabilizing activity297.

The adhesion of human neutrophils to bronchial
epithelium was attenuated by salmeterol and iso-
prenaline in the presence of the non-selective PDE
inhibitor, IBMX299, and salbutamol (200 �g) inhib-
ited the pulmonary sequestration of radiolabelled
neutrophils induced by PAF in healthy volunteers300.

Beneficial clinical effects of �-adrenoceptor
agonists

Acute bronchospasm

Acute administration of �2-adrenoceptor agonists in
subjects with asthma results in a significant loss in
airway sensitivity to spasmogens. For example, sal-
butamol reduced airway sensitivity to various
spasmogens including histamine in both a
dose-90,102,301,302 and time-dependent90,91,102 manner,

72 D. Spina, C.P. Page and B.J. O’Connor



without an alteration in slope of the spasmogen
dose–response curve90,102,152,303. In contrast, some
studies have shown an increase in the slope of the
histamine dose–response curve following inhala-
tion of these agonists.302,304 The short-acting �2-
adrenoceptor agonists also afford protection
against bronchospasm induced by a wide range of
provocative stimuli, including allergen174,176,260,305,306,
eucapnic and isocapnic hyperventilation104,105,307,
exercise308–310, and hypo-osmolar311 and hyper-
osmolar stimuli312. Similarly, salmeterol and formot-
erol also reduce airways responsiveness to inhaled
spasmogens including histamine and methacho-
line91,97–99 and are potent inhibitors of the broncho-
constriction induced by allergen97,98,243, cold air
hyperventilation119,313,314, and exercise103,113–115,118,315.
This functional antagonism persists well after the
effects of shorter-acting �2-adrenoceptor agonists
have resolved and is a reflection of prolonged reten-
tion of salmeterol and formoterol in the lung com-
pared with salbutamol.

A number of studies have shown that there is
apparently no direct relationship between the ability
of �2-adrenoceptor agonists to induce an increase in
baseline FEV1 and their ability to reduce the potency
of bronchoconstrictor agents102,152,302,316–318. This
inability to obtain a direct relationship might be
attributed to the use of maximal bronchodilator
doses of �2-adrenoceptor agonist in these
studies102,302. A direct relationship between reduc-
tion in baseline FEV1 and the decrease in spasmogen
potency was found with submaximal doses of these
agonists301. However, the muscarinic receptor
antagonist, ipratropium bromide, failed to alter
airway sensitivity to histamine despite causing an
increase in baseline FEV1

301. These studies, together
with the demonstration of a difference in the effec-
tiveness of �2-adrenoceptor agonists against
changes in FEV1 and spasmogen potency in time
course studies90,102, illustrate that bronchodilation
per se is not necessary for the bronchoprotection
against a variety of bronchoconstrictor stimuli. It is
therefore the ability of these agonists to functionally
antagonize the response to spasmogens that is
important.

Late asthmatic response

A characteristic feature of some asthmatic subjects
is the development of a late phase airway obstruc-
tion 4–10 h following exposure to allergen that is
associated with pulmonary recruitment of eosino-
phils319 and increased bronchial responsiveness to
spasmogens305. Clinically relevant doses of short-
acting �2-adrenoceptor agonists, including salbuta-
mol, do not inhibit the development of the
allergen-induced late asthmatic response305,320. In
contrast, glucocorticosteroids, disodium cromogly-
cate305, theophylline321,322 and cysteinyl leukotriene
(cysLT)1 receptor antagonists323 inhibit the develop-
ment of the late asthmatic response via mechanisms
unrelated to bronchodilation. Due to the relatively
short duration of action of the short-acting �2-
adrenoceptor agonists, it is perhaps not surprising
that they are ineffective during the late asthmatic
response particularly when administered just prior
to antigen challenge. However, these agonists can
attenuate the late asthmatic response if adminis-
tered at the appropriate time. Both fenoterol and sal-
butamol were shown to reverse the fall in baseline
FEV1 when administered during the late asthmatic
response to house dust mite or occupational sensi-
tizing agents119,324.

The failure of salbutamol to attenuate the late
asthmatic response305, could be attributed to the use
of doses of salbutamol which are too low, since dura-
tion of action is dose dependent86. Inhalation of high
dose nebulized terbutaline (5 mg)325 and salbutamol
(2.5 mg)326, or high dose salbutamol by MDI (500
�g)327 prior to allergen challenge, appeared to atten-
uate the development of the late asthmatic
response. More recently it has been shown that, at
clinically relevant doses, both salmeterol98,243,328 and
formoterol97,327 inhibit the late asthmatic response
when given prior to allergen inhalation. It has been
suggested that the attenuation of the late response
by high dose salbutamol and salmeterol is due to
a putative anti-inflammatory effect based on
the diminished bronchodilator activity of �2-
adrenoceptor agonists at the time of the late
response98,326. However, these data only provide
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circumstantial evidence of anti-inflammatory activ-
ity, since the recruitment of inflammatory cells,
notably lymphocytes and eosinophils, was not
assessed during the late response. An alternative
explanation of the data is that these drugs mask the
expression of the late response due to functional
antagonism of the allergen-induced changes in
FEV1

97,243. Despite significant attenuation of the late
asthmatic response, salmeterol failed to inhibit the
rise in sputum eosinophils observed 7–48 h follow-
ing antigen challenge328. These observations are
consistent with the overwhelming evidence that this
class of drug has weak anti-eosinophilic properties
in asthma.

Bronchial hyperresponsiveness

The allergen-induced increase in airway responsive-
ness that commonly accompanies the late response
is not modified by inhaled salbutamol. In contrast,
both glucocorticosteroids and disodium cromogly-
cate attenuate this increase in airway responsive-
ness305. These data suggest that �2-adrenoceptor
agonists fail to modify the underlying inflammatory
process presumably responsible for the exacerba-
tion of bronchial hyperresponsiveness. However,
inhalation of nebulized salbutamol (2.5 mg), signifi-
cantly attenuated the allergen-induced increase in
airways responsiveness to histamine over a 3.5–7.5 h
period326. Similarly, salmeterol and formoterol have
both been demonstrated to attenuate the allergen-
induced exacerbation of bronchial hyperrespon-
siveness observed during, and 24–32 h following,
inhalation of allergen97,98. However, contradictory
conclusions have been drawn from these studies.
The inhibitory effect of high dose salbutamol326 and
salmeterol98 on exacerbation of bronchial hyperres-
ponsiveness was attributed to the possible anti-
inflammatory properties of these drugs. This
conclusion was based on the fact that the broncho-
dilator effect of high dose salbutamol during the late
asthmatic response and of salmeterol 32 h after
allergen inhalation, was minimal98. In contrast, the
beneficial effect provided by formoterol at 24 h

could be explained in terms of functional antago-
nism of changes in airway tone97.

Asthmatic subjects are extremely responsive to
spasmogens, and this is reflected by dose-response
curves that are positioned to the left and described
by an increase in maximum bronchoconstrictor
response, compared with healthy individuals329,330.
This excessive airway narrowing observed in asthma,
which is reflected by an increase in the maximum
response to spasmogens, is thought to be a conse-
quence of the inflammatory process330. It is therefore
of interest that 4 weeks’ regular treatment with
budesonide in mild asthmatic subjects resulted in a
small decrease in airways sensitivity to methacho-
line, but more importantly, was associated with a sig-
nificant reduction in the level of maximal airway
narrowing302. In contrast, 8 weeks regular treatment
with salmeterol caused a substantial decrease in
airways sensitivity to methacholine, but without
affecting the level of maximal airway narrowing331.
These data also suggest that �2-adrenoceptor ago-
nists lack anti-inflammatory activity and illustrate
the effectiveness of glucocorticosteroids in this
regard.

Nocturnal asthma

In normal individuals lung function varies in a circa-
dian rhythm with modest bronchoconstriction
occurring during the night. This is significantly exag-
gerated in most asthmatic subjects who are woken at
least occasionally by nocturnal wheeze and cough
with the frequency increasing in moderate to severe
asthma. It has been demonstrated that clinically
stable patients with nocturnal asthma become
hypoxemic during the night and have poorer
daytime cognitive performance and poorer subjec-
tive and objective sleep quality than normal sub-
jects. A decrement in sleep quality leads to muscle
fatigue and hypoxaemia, events which can be fatal in
patients with severe acute exacerbations332,333.

Nocturnal exacerbations of asthma are associated
with increased vagal activity334, platelet activation335,
reduced inhibitory non-adrenergic non-cholinergic
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activity336 and with increased recruitment and acti-
vation of inflammatory cells notably neutrophils,
eosinophils and T-lymphocytes249,337,338. The exag-
gerated bronchoconstriction observed in nocturnal
asthma can be attenuated by �2-adrenoceptor ago-
nists, ipratropium bromide, theophylline and gluco-
corticosteroids332,333. However, the choice of drug is
determined by the patient’s ability to tolerate side
effects and, in the case of �2-adrenoceptor agonists,
duration of action is an important consideration.
Slow release339 and maintenance salbutamol340 were
not entirely effective against nocturnal asthma, pre-
sumably due to a decline in clinically effective levels
of salbutamol in the airways. In contrast, oral terbu-
taline significantly protected asthmatic subjects
against nocturnal asthma, which was associated
with a marginal reduction in the use of inhaler
during the night341–243. Comparisons between differ-
ent bronchodilators is futile unless equieffective
doses are used. However, the protective effect of ter-
butaline was associated with no improvement in the
quality of sleep, as assessed by electroencephalogra-
phy342. These studies demonstrate that protection
against nocturnal asthma can be afforded by short-
acting agonists if used in high concentrations,
although this in itself may be a limiting factor.
Moreover, it may not be possible to provide effective
bronchoprotection during the night if bedtime is
early as is the case for children, and the duration of
effect wanes in the early hours of the morning.
It then becomes obvious that drugs with consider-
able duration of action, like formoterol and salmet-
erol would be far superior to conventional
�2-adrenoceptor agonists in the treatment of noc-
turnal asthma.

Formoterol provided significant protection
against nocturnal bronchoconstriction following a
single inhalation96, and significantly reduced the fre-
quency of sleep disturbances during 1-month344 and
3-month345 treatment periods. Similarly, 2-week
treatment with salmeterol provided better subjec-
tive sleep quality than salbutamol in asthmatic sub-
jects without nocturnal asthma346, while 1-week
treatment provided significant protection against

the fall in lung function during the night and
improved objective sleep quality347, although the
latter effect has been disputed348. Longer treatment
with salmeterol over a 6-week period provided sig-
nificant protection against nocturnal airway
obstruction, reduced the circadian variation in
PEF, reduced bronchial hyper-responsiveness to
methacholine349, reduced nocturnal awakenings249

and improved daytime cognitive performance350.
These improvements attributed to salmeterol were
also observed with fluticasone with no difference
between treatment groups349,350. Objective measure-
ments of improvements in the quality of sleep,
length of sleep or number of interruptions of sleep
were not made and it is difficult to ascribe the
improvements in daytime cognitive performance to
suppression of airways responsiveness and
improvements in baseline FEV1. A recent study has
shown that regular treatment with salmeterol is
associated with improvements in sleep quality
global scores351.

COPD

Bronchodilator drugs are currently used in the treat-
ment of COPD, a disease characterized by chronic
airflow obstruction, which leads to a gradual decline
in maximum expiratory flow and slow forced empty-
ing of the lung. The obstruction is often non-
reversible, although there can be a small degree of
airway reversibility352. Short-acting �2-adrenoceptor
agonists produce modest improvements in airflow
obstruction and exercise performance in COPD and
most likely reflects their short-effect duration352. In
contrast, a number of studies have reported sus-
tained bronchodilation for 12 h following inhalation
of a single dose of salmeterol and formoterol in
COPD subjects353–355. Similarly, regular treatment
with salmeterol for periods of up to 16 weeks is often
associated with a clear improvement in quality of life
and walking distance in COPD subjects, which
appears to be accompanied by modest increases in
pulmonary function356–360. This suggests that mech-
anisms additional to functional antagonism of
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airway smooth muscle, including increased muco-
ciliary clearance, pulmonary vasodilation and
decrease in neurotransmission, may account for the
beneficial action of these drugs in COPD. It remains
to be established whether treatment with long-
acting �2-adrenoceptor agonists reduces the decline
in lung function in this airway disease.

Chronic �-adrenoceptor agonist therapy

While there is no doubt concerning the clinical effi-
cacy of �2-adrenoceptor agonists in the sympto-
matic relief of asthma and COPD, there is some
evidence that chronic treatment may produce a
number of untoward effects including loss of bron-
chodilator and bronchoprotective effectiveness and
increased bronchial hyper-responsiveness in
asthma. The clinical significance of these findings
has not been resolved.

Bronchodilator tolerance

The clinical response to inhaled �2-adrenoceptor
agonists has been shown to diminish as the severity
of the disease increases361. A number of factors
accounting for this phenomenon include reduced
penetration of drug to the airways as lung function
deteriorates78; the increasing influence of inflamma-
tion and mucus plugging in determining airway
calibre which is not modified by this class of agonist
or loss of bronchodilator function due to increased
severity of bronchospasm361; and/or a consequence
of receptor desensitization362.

Healthy individuals continually exposed to �2-
adrenoceptor agonists become refractory to
�2-adrenoceptor stimulation363,364. However, asth-
matic subjects chronically treated with salbuta-
mol139,260,364,365, or terbutaline74,346 do not develop
tolerance to the bronchodilator activity of these ago-
nists as assessed by measurements of changes in
FEV1 and airways conductance. In the studies cited
above, bronchodilator dose–response curves were
performed to determine whether regular agonist
treatment exerted any bronchodilator tolerance.

However, in one study, the duration of the bron-
chodilator effect to salbutamol was monitored in
subjects who received salbutamol (180 �g, q.i.d.) for
13 weeks366. Of particular interest was the finding
that, while the peak bronchodilator response to
inhaled salbutamol was not altered, there was a sig-
nificant decrease in the duration of the broncho-
dilation. Thus, under appropriate conditions,
bronchodilator tolerance can be observed in asth-
matic subjects following regular treatment with sal-
butamol. However, it is clear that airway smooth
muscle �2-adrenoceptors are relatively resistant to
development of bronchodilator tolerance and this
may be a consequence of the presence of a large
receptor reserve, which can mask any loss in �2-
adrenoceptor function due to desensitization367. In
contrast, desensitization is observed in leukocytes
from asthmatic subjects following regular �2-
adrenoceptor agonist therapy 260 and extrapulmo-
nary responses including tremor and increased
heart rate are subject to tachyphylaxis74,139,260. This
would be consistent with the hypothesis that recep-
tor reserve is less in cells other than airway smooth
muscle. With the introduction of long-acting �-
adrenoceptor agonists into the clinic, a number of
studies have evaluated whether there is any loss in
bronchodilator activity of these drugs. Regular treat-
ment with formoterol344,368 and salmeterol331 did not
reduce the ability of these drugs to induce bron-
chodilation per se although this is not a consistent
observation369.

Under the current asthma guidelines, rescue med-
ication with short-acting �2-adrenoceptor agonists
is used in asthmatic subjects regularly treated with
salmeterol and formoterol and a number of studies
have addressed the issue of whether bronchodilator
potency to rescue medication is altered in these
patients. Asthmatic subjects who received salmete-
rol (50 �g b.i.d.) for a 4-week period became tolerant
to the bronchodilator effects of salbutamol370,
although this was not confirmed in a recent study371.
Similarly, no loss in bronchodilator potency to sal-
butamol is observed in subjects who have regularly
taken formoterol368, although loss in bronchodilator
efficacy to formoterol was observed following 2-
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week regular treatment with this drug369. This dis-
crepancy in the literature may be due to confound-
ing by an increase in baseline FEV1 following
treatment with long-acting �2-adrenoceptor
agonist, which would leave little room for improve-
ment in baseline FEV1 by inhalation of salbutamol,
and therefore could be interpreted as a loss in bron-
chodilator function. Alternatively, patients selected
in these studies may have differential susceptibility
to desensitization because of differences in �2-
adrenoceptor polymorphisms. Individuals with
Gly16 genotype undergo a greater loss in broncho-
dilation to formoterol372 but not to salbutamol373 fol-
lowing regular treatment with formoterol. Asthmatic
children with Gly16 allele were also less likely to
bronchodilate in response to single inhaled dose of
salbutamol59, although it was not clear whether
these subjects responded by increasing the dose of
salbutamol. Therefore, loss in bronchodilator func-
tion may be influenced by these polymorphisms in
selected patient groups.

The clinical significance of some of the reported
changes in bronchodilator sensitivity to rescue med-
ication following regular treatment with �2-adreno-
ceptor agonist appears to be small and may only be
of clinical relevance in subjects with the Gly16 allele.
However, increasing the dose of rescue medication
would be predicted to overcome this problem. Even
if there were impaired beta-adrenoceptor function,
as only a small percentage of the total receptor pool
is required for maximal bronchodilation, there
would have to be a considerable reduction in recep-
tor number to have any significant impact on bron-
chodilator potency. For asthmatic subjects
undergoing a severe exacerbation of asthma, the
impact of mucus plugging and edema would pose a
far greater problem in impeding access of bron-
chodilator to airway smooth muscle than any puta-
tive loss in bronchodilator efficacy secondary to
desensitization.

Loss in bronchoprotection

The effect of regular �2-adrenoceptor agonist
therapy on bronchoprotection to offending stimuli

is of more concern, since a loss in the ability of these
drugs to act as a functional antagonist to the effects
of spasmogens could leave individuals less pro-
tected during an exacerbation of asthma. This loss in
bronchoprotection can be studied in a variety of
ways, either the PC20 to spasmogen is determined at
various times during regular treatment with these
agonists374; or the ability to protect against bron-
choconstriction is measured at various times during
the regular treatment protocol331.

A number of studies have failed to demonstrate
any significant loss in bronchoprotection against
histamine following 3–5 week regular treatment with
salbutamol and terbutaline260,364,365. Conversely,
other studies have demonstrated this phenomenon
against histamine375 and methacholine184,374,376–378.
The discrepancies in the literature may reflect differ-
ences in methodology, patient selection, duration of
treatment and whether sufficient time is allowed for
bronchodilator to be eliminated from the airways
prior to the measurement of airways responsive-
ness, which may confound attempts to establish loss
in bronchoprotection. Similarly, various studies
have investigated the effect of antiasthma drugs on
the shape of the dose–response curve to inhaled
spasmogens. Salbutamol and salmeterol steepen
the dose–response curve to methacholine302,379 and
this may be of significance since the slope of the
dose–response curve is thought to reflect the degree
of airway narrowing and may represent an index of
thickened airway wall secondary to inflammation330.
These findings suggest that �2-adrenoceptor ago-
nists, while providing effective bronchoprotection
acutely, may mask the potential for rapid broncho-
constriction following exacerbation of airway nar-
rowing particularly following regular therapy. In
contrast, glucocorticosteroids like budesonide302

and fluticasone380 reduce the slope and restore the
plateau of the dose–response curve to methacho-
line, observations which have been taken as evi-
dence that, unlike �2-adrenoceptor agonists,
glucocorticosteroids can reduce airway wall thick-
ening by virtue of their anti-inflammatory proper-
ties. A reduction in protection afforded by
salmeterol was found following an 8-week treatment
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period. The loss in protection from 3.3 doubling
doses (DD) after a single dose to 1.1 DD was
observed after 4 and 8 weeks of treatment331, a
finding that has been confirmed in a number of
studies379,381–384. Similarly, bronchoprotection by for-
moterol was significantly reduced 12 h after the first
dose from 3.4 DD to 0.5 DD after 2 weeks’ treatment
with formoterol (24 �g b.i.d.)374.

While methacholine and histamine are often used
to assess loss in bronchoprotection, a number of
studies have investigated whether loss in broncho-
protection occurs to more clinically relevant stimuli
like exercise or antigen or to stimuli that activate
cellular components of the asthma response like
mast cells. Regular treatment with salbutamol or ter-
butaline resulted in a significant loss in broncho-
protection to AMP184,185; exercise385,386; acute
bronchoconstriction to antigen challenge261,376,378;
and increased the magnitude of the late asthmatic
response induced by allergen377. Loss in protection
against bronchoconstriction to adenosine189 and
antigen387,388 is also observed following 1 week’s
treatment with formoterol and salmeterol, respec-
tively. Similarly, 1–4 weeks’ regular treatment with
salmeterol (50 �g b.i.d.) also lead to a loss in protec-
tion against bronchospasm induced by exer-
cise110,113,114. In general, the use of indirect acting
stimuli including allergen, AMP and exercise are
more sensitive indicators of loss in bronchoprotec-
tion to regularly administered �2-adrenoceptor ago-
nists. The mechanism of this effect remains to be
established; however, the loss in bronchoprotection
to exercise observed following regular administra-
tion of salbutamol 386 or salmeterol110,113,114 was
reversed by acute administration of bronchodilator.
These studies suggest that airway smooth muscle �2-
adrenoceptor function is not unduly compromised
during regular treatment, and loss, if any, of receptor
function on airway smooth muscle can be overcome
by increasing concentrations of �2-adrenoceptor
agonist at effector sites.

The loss in bronchoprotection afforded by regular
treatment with �2-adrenoceptor agonists might also
have implications during an exacerbation of asthma
when rescue medication with salbutamol is often

employed. Regular treatment with terbutaline (1 mg
b.i.d.) for 6 weeks led to a twofold loss in the ability
of salbutamol to reverse an established increase in
baseline FEV1 with inhaled methacholine, in order to
mimic an exacerbation of asthma389. This suggests
that subjects may have to resort to using higher
doses of their rescue medication following regular
treatment with short-acting bronchodilator drugs.
Similarly, following a single dose or regular treat-
ment with salmeterol or formoterol, there was a sig-
nificant loss in bronchoprotection to rescue
medication with salbutamol when administered up
to 1.6 mg390–392. Whether these findings of loss in effi-
cacy to rescue medication following regular treat-
ment with �2-adrenoceptor agonists have an impact
in the clinical setting remains to be established. A
recent study has shown that subjects who were
taking regular salmeterol as part of their medication
responded to high dose salbutamol as rescue medi-
cation in the emergency room393.

It is clear that an overwhelming number of studies
provide evidence that a loss in bronchoprotection
can occur following regular �2-adrenoceptor agonist
treatment; however, it is recognized that not all sub-
jects are susceptible to this loss in bronchoprotec-
tion383,388,394 and this may reflect differences in
�2-adrenoceptor polymorphisms. In one study, the
loss in bronchoprotection to AMP following regular
treatment with formoterol did not appear to be
linked to Gly16 allelle189, although the small sample
size precludes any definitive assessment of these
polymorphisms and loss in bronchoprotection to
AMP. In a more recent study, the bronchoprotection
efficacy of salbutamol was attenuated after a single
administration of formoterol or salmeterol, which
appeared to correlate with those individuals with
Gly16 allelle391. More studies with a greater number
of subjects are required to investigate the relation-
ship between loss in bronchoprotection following
regular treatment and �2-adrenoceptor polymor-
phism. Thus, while a number of these studies seem
artificial, it may closely model the situation in the
general population where asthmatic subjects will be
less compliant with their medication. Under these
conditions, the loss of protection afforded by �2-
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adrenoceptor agonists will be manifested under
conditions of elevated basal tone, as would be
expected during an exacerbation of asthma. The
exact mechanism contributing to this loss in protec-
tion against bronchospastic stimuli following
regular bronchodilator therapy might be a conse-
quence of the inability of these agonists to control
the inflammatory process and/or desensitization.

If exacerbation of the inflammatory response
and/or desensitization are explanations for the loss
in bronchoprotection afforded by �2-adrenoceptor
agonists, then presumably concurrent treatment
with glucocorticosteroids may ameliorate this phe-
nomenon. Glucocorticosteroids control the synthe-
sis of �2-adrenoceptors by increasing gene
transcription and protein density in a variety of cells
within the lung and have the potential to reverse
desensitization and augment bronchodilator effi-
cacy in asthmatic subjects395. However, despite these
mechanisms of action, glucocorticosteroids failed to
reverse isoprenaline-induced desensitization in
human airway smooth muscle in vitro396 or desensi-
tization in alveolar macrophages during oral treat-
ment with terbutaline in healthy volunteers367. It
is unclear whether regular high doses of �2-
adrenoceptor agonist promote the sequestration of
the glucocorticosteroid–glucocorticosteroid recep-
tor complex from promoter regions within the �2-
adrenoceptor gene, and thereby reduce the ability of
glucocorticosteroids to normalize receptor func-
tion395.

It is therefore of considerable interest that the loss
in bronchoprotection to exercise113, acute allergen
challenge397, AMP185, and methacholine389 following
regular treatment with short- and long-acting �2-
adrenoceptor agonists was not abolished following
treatment with inhaled glucocorticosteroids in
steroid-naïve asthmatic subjects. Similarly, in asth-
matic subjects regularly taking glucocorticosteroids
as part of their therapy, loss in bronchoprotection to
AMP398 and methacholine374,382,383 was still evident
following regular treatment with salmeterol and for-
moterol. In contrast, the loss in bronchoprotection
against antigen challenge following regular treat-
ment with salmeterol is only partially restored when

subjects are treated with inhaled glucocorticoster-
oid388. However, loss in bronchoprotection to AMP
following regular treatment with formoterol is
reversed by an acute bolus dose of inhaled budeso-
nide (1.6 mg)398. Similarly, loss in bronchodilator
potency to formoterol following regular treatment
with this drug is reversed following acute (1 h)
administration of systemic glucocorticosteroid399.
The differences in the reported efficacy of glucocor-
ticosteroids between these studies does not appear
to be dependent upon the Gly16 polymorphism,
since the ability of glucocorticosteroid to reverse the
loss in bronchoprotection to AMP was independent
of this polymorphism398. While this loss in bron-
choprotection seen with regular �2-adrenoceptor
treatment is relatively resistant to glucocorticoster-
oid treatment, it is reassuring that high dose or sys-
temic administration of glucocorticosteroid can
overcome any deleterious action of �2-adrenoceptor
agonists on bronchoprotection398,399.

Bronchial hyperresponsiveness

The apparent lack of protection afforded by regular
�2-adrenoceptor agonist therapy against broncho-
spastic stimuli was investigated further in studies
assessing the effect of long-term treatment with
these agonists on bronchial hyperresponsiveness.
Initial studies found no significant change in bron-
chial responsiveness following regular 4-week treat-
ment with salbutamol (100–500 �g, q.i.d.)364,365 or
terbutaline (300 �g, t.i.d.)260 and following regular 2-
year treatment with terbutaline (375 �g, b.i.d.)400. In
contrast, regular administration of terbutaline (750
�g t.i.d.) for 2 weeks followed by cessation of admin-
istration for 23 h, resulted in a rebound increase in
bronchial responsiveness to histamine375. This
effect was attributed to desensitization that was not
sufficient to reduce the response to inhaled �2-
adrenoceptor agonists. However, it was sufficient to
reduce the protective effect of endogenous catechol-
amines in the lung and thus cause rebound bron-
chial hyperresponsiveness375.

In other chronic studies, a small increase in bron-
chial responsiveness was observed following regular
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2-week (500 �g, q.i.d.)233 and 6-month treatment
with terbutaline (500 �g, q.i.d.)401; and regular 2-
month treatment with fenoterol (200 �g, t.i.d.)402.
Similarly, a small increase in airway responsiveness
to histamine was observed following regular 1-year
treatment with salbutamol (400 �g, q.i.d.)403. Note
that the small increase in bronchial hyper-respon-
siveness to histamine was not attributable to desen-
sitization (as reflected by changes in baseline lung
function to salbutamol) and was not observed fol-
lowing regular treatment with ipratropium
bromide403; indicating that bronchodilation was not
responsible for the observed effect. The effect of
regular treatment with �2-adrenoceptor agonists on
bronchial hyper-responsiveness is conflicting, pos-
sibly due to patient selection, number and/or the
dose of agonist. One criticism of some of these
studies is the absence of a control group and the
clinical significance of these small changes. The
increase in bronchial hyperresponsiveness might
simply reflect a deterioration of the disease over
time. Bronchial hyperresponsiveness to histamine
was significantly reduced when the same
patients234,404 or a parallel group of patients233,401

were treated with glucocorticosteroid. Furthermore,
the change in bronchial hyperresponsiveness in
response to glucocorticosteroids was of a similar
magnitude to that observed with �2-adrenoceptor
agonist but in the opposite direction233,401,404. These
changes produced by glucocorticosteroids have
often been used to argue the beneficial anti-
inflammatory nature of this class of drug.

The magnitude of the changes in bronchial hyper-
responsiveness produced by regular treatment with
�2-adrenoceptor agonists is small, ranging from
0.6–1.5 DD of spasmogen233,375,400–402. The clinical
significance of these small changes in airway
responsiveness is not known. During the pollen
season, airway responsiveness is increased by a
similar order of magnitude and is associated with
exacerbation of symptoms that is reversible by glu-
cocorticosteroid treatment405,406. Furthermore, a
small change in bronchial hyperresponsiveness in
the population may significantly increase the pro-
portion of patients with severe asthma (Fig. 3.3)407.

In some studies, bronchial hyperresponsiveness was
not altered following regular agonist therapy,
although a deterioration in lung function408 and an
increase in asthma symptoms400 were observed. In
contrast, regular treatment with glucocorticoster-
oids not only significantly improves bronchial
hyper-responsiveness, but also improves lung func-
tion and reduces symptoms400,404. Together, these
studies indicate that, unlike glucocorticosteroids,
regular treatment with �2-adrenoceptor agonists fail
to control the disease.

Very few studies have investigated the effect of
regular treatment with salmeterol and formoterol
on airway responsiveness to bronchoconstrictor
stimuli. Rebound bronchial hyperresponsiveness
has not been documented after cessation of regular
treatment with salmeterol331,409 or formoterol410.

Regular vs. symptomatic therapy

Short-acting �-adrenoceptor agonists
Since the 1980s there has been a considerable
debate as to whether �2-adrenoceptor agonists
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should be used on a regular basis or only when
circumstances are such that symptomatic treatment
is necessary. The general consensus is that short-
acting �2-adrenoceptor agonists should only be
used when required, since regular use provides no
clinical advantage, and in some circumstances can
lead to deterioration in disease.

Regular 2-week treatment with inhaled salbuta-
mol was shown to provide better control of asthma
symptoms than salbutamol p.r.n411. However, closer
examination of the results demonstrate that, for a
similar degree of control of asthma symptoms, the
total aerosol consumption per day was 10.8 com-
pared with 5.7 puffs/day in the regular and p.r.n.
group, respectively. These findings indicate that
there was no advantage in taking regular salbutamol
over p.r.n. use. Conversely, better control of symp-
toms and lung function was apparently observed in
asthmatic subjects taking salbutamol regularly com-
pared with the ‘as needed’ use of salbutamol for 1
year, although none of the data was analysed statis-
tically412. However, the apparent beneficial effect
afforded with regular treatment with salbutamol was
at the expense of more bronchodilator; 5.0 com-
pared with 1.7 doses of salbutamol in the prophylac-
tic compared with the symptomatic group,
respectively. Furthermore, the FEV1 values in the
intermittent group tended to fall, together with
an increase in the consumption of rescue �2-
adrenoceptor agonist medication when this group
of patients was crossed over to regular bronchodila-
tor use. Conversely, the regularly treated group dem-
onstrated improved FEV1 with less consumption of
these drugs when crossed over to the intermittent
arm of the experiment412.

A number of studies have demonstrated that
regular treatment with �2-adrenoceptor agonists is
no better or worse than symptomatic treatment. No
significant difference in symptoms was observed in
asthmatic subjects taking regular or p.r.n. salbuta-
mol for 1 month413. However, to achieve comparable
control of symptoms and lung function, less bron-
chodilator was consumed when asthmatic subjects
were taking salbutamol ‘as needed’413. The effect of
6-month dry-powder inhaled fenoterol taken either

regularly (200 �g, q.i.d.) or p.r.n. in a double-blind,
placebo-controlled, randomized crossover study
was investigated. It was shown that asthmatic sub-
jects on regular compared with p.r.n. treatment had
improved daytime measurements of lung function.
However, this was at the expense of poorer control of
their asthma as assessed by a number of variables
and a 3.4-fold increase in total daily bronchodilator
use414. More importantly, these findings were also
observed in asthmatic subjects who were taking glu-
cocorticosteroid or disodium cromoglycate, and
bronchial hyperresponsiveness was higher in 34% of
the patients taking regular compared with sympto-
matic fenoterol414. A criticism of this study is the
absence of quantitative data. All comparisons are in
terms of the percentage of patients showing better
control during each of the two treatment arms. No
indication of the magnitude of the differences or
their possible clinical significance is made.
Furthermore, it has been suggested that, since the
patients in the study did not require frequent �2-
adrenoceptor agonist medication at the start of the
trial, these patients would be susceptible to desensi-
tization, which might account for the observed
results415. However, this seems unlikely given that a
deterioration in asthma was observed following
regular treatment with terbutaline for 2 years, in the
absence of desensitization400.

In a further study comparing regular and p.r.n. use
of bronchodilators, a 3–4 times greater annual
decline in FEV1 was observed in asthmatic subjects
treated regularly with salbutamol (400 �g q.i.d.) for 2
years408. The perception of quality of life and the
number and duration of exacerbations was similar
in the two groups of patients, despite the fall in
FEV1. This suggests that patients taking regular �2-
adrenoceptor agonist treatment may be unaware of
a true deterioration of disease408. A similar finding
was observed with ipratropium bromide, suggesting
that the decline in FEV1 is a feature common to bron-
chodilators. Patients preferred salbutamol treat-
ment, indicating that these drugs are better at
masking deterioration in asthma.

Despite an average consumption of 9.3 puffs/
day compared with 1.6 puffs/day in mild asthmatic
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subjects for a period of 16 weeks, there was no
difference in morning or evening peak flow, FEV1,
no difference in symptom score or quality-of-life
score416. Those individuals taking regular salbuta-
mol were associated with significantly greater
peak-flow variability and increased airways respon-
siveness to methacholine. These changes did not
lead to a worsening of their asthma and is not sur-
prising given that these subjects had mild asthma.
More importantly, these data clearly show that there
is no advantage in regular salbutamol treatment in
mild asthmatic subjects. The loss in symptom
control and lung function cannot be simply a conse-
quence of desensitization as these findings were
more readily observed in asthmatic subjects with the
Arg16 and not Gly16 phenotype, the latter linked to
susceptibility to desensitization417,418.

Similar studies have also been undertaken in sub-
jects with increased asthma severity. Mild to moder-
ate asthmatics who received salbutamol (400 �g
q.i.d.) for 24 weeks had significantly greater evening
PEF, improvements in daytime symptom score and
reduction in rescue medication, but the overall
control of asthma was no different to placebo409.
However, it is clear that there was a general decline
in the control of asthma during the course of treat-
ment as reflected by a significant increase in the
days spent during a major exacerbation of asthma
during the last 4 weeks of the study and the percent-
age of subjects with one or more exacerbations was
significantly greater than placebo. There was also a
trend for a greater consumption of rescue predni-
sone and number of major exacerbations. There
was no evidence of an increase in bronchial hyper-
responsiveness to methacholine, nor rebound
changes in methacholine PC20. Since many of these
subjects were taking glucocorticosteroid medica-
tion it is possible that this may have negated
any untoward change in airways responsiveness
observed in previous studies. Consistent with this
view is the finding that there was no difference in
asthma exacerbation rates in subjects receiving glu-
cocorticosteroid treatment and regularly treated
with salbutamol (400 �g q.i.d.) vs. p.r.n., despite a
PEF recording 3% higher in the regular treated

group419 and suggests no advantage in regular con-
sumption of short-acting �2-agonist in overall
symptom control in subjects taking glucocortico-
steroids prophylactically.

Together, these studies suggest that regular treat-
ment with short-acting �2-adrenoceptor agonists
offers no advantage over ‘as needed’ medication. In
many cases this can lead to deterioration in disease
control that may be of concern in subjects with more
severe asthma (Fig. 3.3) and therefore �2-agonists
should only be used in the symptomatic relief of
asthma.

Long-acting �-adrenoceptor agonists
Regular treatment with salmeterol (4 weeks; 12.5, 50,
100 �g, b.i.d.) was associated with significant
improvements in various physiological and clinical
indices420 and more effective than regular salbuta-
mol421–424. In a study of mild asthmatic children,
there were significant improvements in various lung
function parameters during 12 months’ treatment
with salmeterol (50 �g b.i.d.) compared with
placebo, despite the fact that there was no difference
in the overall control of symptoms425. There was no
change in bronchial hyperresponsiveness to
methacholine during this period and no evidence of
rebound bronchial hyperresponsiveness. Of partic-
ular interest, however, was the finding that regular
treatment with beclomethasone was similar to sal-
meterol with respect to improvements in various
spirometric indices, but far superior regarding
overall symptom scores and improving baseline
responsiveness to methacholine425.

A recent study comparing the effect of regular
treatment with salmeterol and salbutamol vs.
placebo demonstrated fewer minor and major exac-
erbations, improved day-time and night-time
symptom score and better control of asthma than
either salbutamol or placebo409. Moreover, there was
no evidence of increased bronchial hyper-respon-
siveness to methacholine nor rebound hyper-
responsiveness following termination of the study
and no evidence of loss in rescue bronchodilator
potency to salbutamol409. This particular study does
not support the view that loss in bronchodilator
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activity to rescue medication is an important conse-
quence of long-term salmeterol treatment.
Similarly, no evidence of loss in bronchoprotection
to methacholine was observed during 1–6 months
treatment with salmeterol compared with salbuta-
mol p.r.n. in mild asthmatic subjects, as reflected by
day-time asthma symptoms of wheezing, shortness
of breath and chest tightness426. Thus, while there
were significant but small improvements in morning
and evening PEF, subject-related symptoms, greater
number of symptom free days and reduced night-
time awakenings compared with salbutamol p.r.n.,
those individuals taking salbutamol p.r.n. had
similar exacerbation rates as the salmeterol group
and more importantly, did not become progressively
worse during the course of their treatment426.

Regular treatment with formoterol (3 months, 12
�g b.i.d.345 or 12 months, 12 �g, b.i.d.368) resulted in
greater increases in spirometry and/or peak flow
than placebo or salbutamol, and the number of
asthma episodes and sleep disruption were less with
formoterol than salbutamol345. In a 24-week study in
moderate asthmatics who were maintained on
inhaled glucocorticosteroid therapy (approx. 740
�g/day), regular treatment with formoterol (12 �g
b.i.d.) significantly reduced night-time and day-
time symptom scores, improved PEF compared
with on demand salbutamol treatment and was not
associated with loss in bronchoprotection to
methacholine over the treatment period. In addi-
tion, no evidence of rebound bronchial hyper-
responsiveness following termination of the study
was observed427. Similarly, 52-week treatment with
salmeterol (50 �g b.i.d.) in mild to moderate asth-
matics taking inhaled glucocorticosteroids were
shown to have greater changes in baseline lung
function than salbutamol p.r.n., despite the fact that
daily symptom scores were not significantly differ-
ent428. A small rebound increase in airway respon-
siveness to methacholine was observed following
termination of the study, but this was not associated
with a deterioration in symptom scores. Together,
these studies suggest that regular treatment with
long-acting �2-adrenoceptor agonists does not
lead to a worsening of asthma symptoms, loss in

bronchoprotection or increased bronchial hyper-
responsiveness when used in conjunction with glu-
cocorticosteroids.

The inability to observe any loss in bronchopro-
tection or increase in baseline hyperresponsiveness
following regular treatment with long-acting �2-
adrenoceptor agonists may be due to a number of
confounding factors. Following the termination of
bronchodilator treatment, there is a quick re-
establishment of baseline airways responsiveness to
prestudy levels409,423,425–427. This suggests that, during
chronic dosing with long-acting �2-adrenoceptor
agonists, the presence of drug within the lung,
despite attempts to minimize this by withholding
drug treatment prior to challenge test, may
confound any attempts to detect a loss in broncho-
protection and/or exacerbation of baseline hyper-
responsiveness. Secondly, while no evidence of
worsening of asthma was evident during regular
treatment, the continual presence of glucocortico-
steroid would tend to mask this phenomenon. The
termination of beclomethasone (2 weeks) after
regular treatment resulted in a small loss in bron-
choprotection to methacholine, whereas a greater
loss in bronchoprotection to methacholine was
observed in subjects who received salmeterol only425

and asthma control failed to improve or, indeed,
worsened following discontinuation of their inhaled
glucocorticosteroids and replaced with regular
administered salmeterol429 indicative of the disease
modifying characteristics of glucocorticosteroids
compared with �2-adrenoceptor agonists.

A number of studies have investigated the impact
of supplementing regular glucocorticosteroid treat-
ment with salmeterol429–431 and formoterol432 and, in
general, have shown that addition of bronchodila-
tor to glucocorticosteroid significantly improves
control of asthma symptoms compared with
either treatment or increasing the dose of glucocorti-
costeroid. The molecular mechanism of the
�2-adrenoceptor agonist/glucocorticosteroid inter-
action on asthma control remains to be estab-
lished, although one study has reported that
�2-adrenoceptor agonists facilitate glucocorticoster-
oid receptor translocation to the nucleus in vitro,
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following activation of the receptor and signalling via
PKA433. Since there is overwhelming evidence that
salmeterol and formoterol have no significant
anti-eosinophilic or lymphocytic activity in
asthma182,183,249,250, it suggests that this novel signal-
ling pathway still requires the presence of exoge-
nously administered glucocorticosteroid for the
functional effect of this interaction to be revealed in
a clinical setting. Alternatively, the extra beneficial
action of these drugs in reducing symptom scores is
solely due to the added benefit of the ability of �2-
adrenoceptor agonists to induced functional antago-
nism of airway smooth muscle function and/or mast
cell degranulation against the background of the
disease-modifying effect of glucocorticosteroids.

Asthma deaths

Case control studies
During the 1960s an increase in asthma mortality was
correlated with the consumption of isoprenaline. An
over-reliance on the use of isoprenaline contributing
to a delay in the use of glucocorticosteroids has been
suggested as a possible cause124,125. A similar rise in
asthma deaths was also observed during the 1970s in
New Zealand, which was correlated with the sale
of fenoterol134,434. A number of explanations were
forwarded to account for the deaths including the
combined use of �-adrenoceptor agonists and theo-
phylline replacing inhaled glucocorticosteroid and
disodium chromoglycate435; over-reliance on domi-
ciliary nebulizers436,437; under-estimation of the
severity of the disease, poor compliance; and the
number not the choice of drugs437–440.

A large case-control study was performed to
determine the contribution of drug therapy in
asthma deaths in New Zealand. It was subsequently
demonstrated that, in 117 fatal cases of asthma,
there was a 1.55-fold increased risk of death in
patients taking fenoterol by MDI134. Patients were
not at risk of death in any of the groups of patients
taking salbutamol by MDI, corticosteroids or theo-
phylline. Further analysis of subgroups defining
markers of asthma severity, revealed that the risk of
death in patients prescribed fenoterol was twofold

higher in patients taking drugs in three or more cat-
egories of asthma therapy or with a previous hospi-
tal admission. Furthermore, the association
between risk of death and the use of fenoterol was
six- and 13-fold higher in patients prescribed oral
corticosteroid alone or together with a recent hospi-
tal admission, respectively134. The authors suggested
that the use of fenoterol by MDI in severe asthma
increased the risk of death. However, the nature of
the experimental design raises a number of criti-
cisms. These include the inappropriate use of con-
trols from a less severe patient category, the inability
to determine which bronchodilator drug was used
near or at death and the misleading use of sub-
groups which define asthma severity. An alternative
conclusion from this study is that fenoterol is pre-
scribed for patients with severe asthma and thus is a
marker of disease severity. In order to answer these
criticisms, another case-control study was per-
formed in which information relating to drug pre-
scription was obtained from prior hospital
admission for both cases and controls and the sever-
ity of controls and cases were more closely matched.
As with the previous study, there was a twofold
increase in the risk of death in patients prescribed
fenoterol. In patients taking fenoterol and who were
also prescribed oral corticosteroid, or together with
a recent hospital admission, the risk factor was
increased by six- and tenfold, respectively441. In con-
trast to their previous study134, oral corticosteroids
and theophylline (prescribed at discharge) were
associated with an increased risk of death in some
subgroups defined by markers of asthma severity.
However, when the influence of fenoterol was
removed from the analysis, the increased risk of
death in patients prescribed these drugs was also
removed in these subgroups. A further case-control
study assessing different methods of matching cases
and controls also showed that severe asthmatic sub-
jects taking fenoterol were at a greater risk of
death442.

Similar findings were reported in a large case-
control study in Canada. The use of fenoterol, salbu-
tamol, oral but not inhaled corticosteroids and
theophylline was associated with an increased risk

84 D. Spina, C.P. Page and B.J. O’Connor



of death and near-death from asthma443. In this
study it was demonstrated that case patients tended
to have more severe asthma than the controls. On
this basis alone, the data would suggest that �2-
adrenoceptor agonists are not a risk factor and that
the extent of their use is more likely to be a marker of
severity. However, when the data was adjusted for
exposure to other antiasthma drugs and the number
of hospitalizations, the use of fenoterol and salbuta-
mol was associated with increased risk in morbidity
and mortality. In contrast, following adjustment,
oral corticosteroids were confined to a small
increased risk in morbidity443. An interesting finding
from this study was that, on a microgram equivalent
basis, the risk factor for asthma death was similar for
both fenoterol and salbutamol. In contrast to these
studies, attempts made to remove confounding by
various severity markers appear to remove the asso-
ciation between �2-adrenoceptor consumption and
mortality444.

Because of the design of these studies it is difficult
to determine whether there is a causal relationship
between �2-adrenoceptor agonist consumption and
increased asthma mortality/morbidity. However, it
does seem reasonable to suggest that the sole reli-
ance on �2-adrenoceptor agonist therapy may delay
the introduction of anti-inflammatory drugs, which
might place patients at risk. A concern reflected in
the current asthma guidelines whereby increased
reliance upon �2-adrenoceptor agonists is indicative
of poor disease control and addition of glucocorti-
costeroid is recommended. The suggestion that �2-
adrenoceptor agonists per se are responsible for
placing patients at risk is highly controversial, and
without the proper experimental design this issue
will be difficult to resolve.

Mechanisms
A number of mechanism(s) by which �2-adrenocep-
tor agonists could lead to a worsening of asthma
have been proposed. It has been hypothesized that
these drugs may increase the access of allergen into
the airways by virtue of their ability to dilate the
airways414,445. However, bronchodilation induced by
ipratropium bromide was not associated with an

increase in airways hyperresponsiveness in asth-
matic subjects403. Thus, it is more likely that individ-
uals taking �-adrenoceptor agonists are able to
tolerate greater antigen loads and/or remain
exposed to low levels of allergen for greater periods,
which may lead to an exacerbation of
asthma174,306,414,445. Whether this accounted for the
increase in magnitude of the late asthmatic response
to antigen challenge in asthmatic subjects following
1-week regular treatment with salbutamol remains
to be established241. The effect of regular treatment
with �2-adrenoceptor agonists on the ability of asth-
matic subjects to tolerate environments which
contain sensitizing agents and moreover, whether
this leads to increased penetration and/or concen-
tration of sensitizing agents within the lung have yet
to be established.

It has also been suggested that mast cell degranu-
lation is a normal defence mechanism. The release
of bronchospastic mediators following antigen chal-
lenge may limit the further penetration of allergen
down the bronchial tree. Furthermore, mast cells
release heparin a molecule that possesses anti-
inflammatory properties446. Inhibition of this
normal defence mechanism by these agonists may
contribute to the detrimental effects associated with
�2-adrenoceptor agonist therapy, as this interferes
with the normal defence and repair mechanisms of
the lung447. This would be consistent with the recent
findings of increased serum levels of tryptase after
allergen challenge in asthmatic subjects who were
treated with salbutamol (200 �g q.i.d.) over a 10-day
period448.

In animal studies, it has been demonstrated that
the intravenous administration of (�) isoprenaline
can induce nerve-mediated bronchial hyper-
responsiveness to histamine in guinea-pigs.
Furthermore, this effect is observed with the dis-
tomer and is propranolol insensitive, and it has been
suggested that the distomers present in the current
formulation of �-adrenoceptor agonists may be
harmful in asthma. This is supported by data
showing that intratracheal administration of distom-
ers of �2-adrenoceptor agonists is associated with
increased bronchial responsiveness to histamine in
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guinea-pigs9. This hypothesis could explain why the
loss in bronchoprotection to various stimuli follow-
ing regular treatment with �2-adrenoceptor agonist
is resistant to glucocorticosteroid treatment and
demands investigation.

Adverse side effects with therapeutic doses

Skeletal muscle tremor

Activation of �2-adrenoceptors in skeletal muscle
results in tremor124 a common adverse reaction to
these agents, although tolerance usually develops
following chronic therapy74,139.

Cardiovascular

When given by inhalation at therapeutic doses, the
incidence of tachycardia is minimized. In contrast,
when given by the systemic route, significant
changes in heart rate and blood pressure can be
observed67. Furthermore, high inhaled doses of �2-
adrenoceptor agonists can also lead to a dose-
dependent increase in heart rate and a fall in
diastolic blood pressure134,138,139. Tolerance develops
to the changes in heart rate following chronic
therapy139. Untoward cardiovascular effects are
more likely to be manifested in patients with serious
cardiac problems.

Metabolic changes

Hypokalemia is observed following inhaled and sys-
temic administration of �2-adrenoceptor agonists.
The change in plasma concentration of potassium
ions is minimal under normal therapeutic doses,
although a dose-dependent decrease in the plasma
level of potassium ions is observed with increasing
doses of these agonists138. Hypokalemia is mediated
by uptake of potassium ions in skeletal muscle and
tolerance to this effect is observed following chronic
therapy139. The effect of lowering plasma potassium
ions and cardiac stimulation may become signifi-
cant in patients with heart disease.

�2-Adrenoceptor activation also can result in gly-
cogenolysis,449 and ketoacidosis may occur in dia-
betic patients prescribed these agonists, which
depends on the degree of tolerance that has devel-
oped to the metabolic effects of �2-adrenoceptor
agonists.

Arterial oxygen tension

�2-Adrenoceptor agonists may reduce arterial
oxygen tension as a consequence of ventilation/per-
fusion mismatching450. Such effects may present
problems in individuals who are severely hypoxemic
to begin with and may therefore require oxygen sup-
plementation.

Conclusions

�2-Adrenoceptor agonists provide effective bron-
chodilator relief in asthmatic subjects undergoing
acute bronchospasm. As such, they are the drugs of
choice in the symptomatic relief of asthma. Their
major influence is the functional antagonism of
spasmogen-induced contraction of airway smooth
muscle. However, because �2-adrenoceptors are
widely distributed throughout the lung, the benefi-
cial effect of these agonists may also be mediated at
sites other than airway smooth muscle, including
mast cells and endothelial cells. The effects of �2-
adrenoceptor agonists on mast cells and endothelial
cells have been cited by many authors as evidence of
an acute anti-inflammatory property of these drugs.
However, evidence for anti-inflammatory activity in
chronic inflammation is lacking.

More recently, salmeterol and formoterol have
been developed which provide significantly longer
protection against bronchospasm than currently
available shorter-acting �2-adrenoceptor agonists.
In particular, these drugs offer significant protection
in nocturnal asthma and COPD. Some studies have
suggested that these drugs possess acute anti-
inflammatory properties; however, there is little evi-
dence to support this view in light of their poor
anti-eosinophilic or anti-lymphocytic activity in
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asthma. It is intriguing to speculate that the poten-
tial anti-neutrophilic action of this class of drug may
explain some of the beneficial effects of this treat-
ment in COPD.

Considerable controversy has been raised con-
cerning the regular use of �2-adrenoceptor agonists
in asthma and the possibility that the regular con-
sumption of these drugs may place patients at risk.
Although a causal relationship has not been estab-
lished, a number of studies have observed an associ-
ation between regular consumption of these drugs
and increased asthma mortality/morbidity. More
controlled studies are required to clearly establish
such a relationship. However, it is obvious that
relying solely on �2-adrenoceptor agonist therapy
alone, which provides excellent symptomatic relief,
can result in patients perceiving that their asthma is
improving, when in reality their delay in receiving
anti-inflammatory medication may place them at
risk. Current guidelines reflect this view whereby
these drugs should only be prescribed as needed
and only used regularly with glucocorticosteroid
therapy.

It would seem prudent to suggest that �2-adreno-
ceptor agonists should only be used for sympto-
matic relief in patients with mild to moderate
asthma,. The role of these drugs in chronic severe
asthma is more controversial. Given that no ran-
domized placebo controlled study has been per-
formed which investigates the effect of regular
�-adrenoceptor agonist treatment with this group of
patients, the suggestion from case-controlled
studies of the possible risk factors posed by these
drugs should be tempered. However, what these
studies do suggest is that, in this group of patients, it
is imperative that therapeutic strategies directed to
the more frequent and early use of anti-
inflammatory drugs which can be accompanied by
�2-adrenoceptor agonists taken as needed.
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Introduction

Anticholinergic alkaloid agents, such as atropine
and scopolamine, exist in the roots, seeds and leaves
of a variety of plants. Atropa belladonna (deadly
nightshade) and Datura stromonium (jimsonweed,
stinkweed, devil’s apple or thorn apple) contain
atropine, whereas the alkaloid scopolamine (hyo-
scine) is found in the shrub Hyoscyamus niger and
Scopolia carnolica1. These plants have been used in
herbal remedies for many centuries. The earliest
written record of their medical use is from
seventeenth-century Aryuvedic literature discuss-
ing the use of Datura specifically for asthma. They
were introduced into Europe in 1802 by General
Gent who, while stationed in Madras, had found that
smoking stramonium alleviated his asthma as well
as in others2. In 1859, it was reported that a severe
asthma attack was successfully treated by injection
of atropine into the vagus nerve3 quoted in 4. By the end
of the nineteenth century, anticholinergic alkaloids
enjoyed enormous use as bronchodilators. Their use
declined after the discovery of adrenaline in the
1920s, followed soon by ephedrine, other adrenergic
agents and then methylxanthines. Natural antichol-
inergic agents such as atropine produced many side
effects that resulted in poor acceptability by
patients. More recently, advances in the understand-
ing of the role of the parasympathetic system in con-
trolling airway tone, and the improved side effect
profile of synthetic topically active derivatives of
atropine have renewed interest in anticholinergic
agents, particularly in the therapy of COPD5.

Rationale for use of anticholinergic
bronchodilators

Autonomic control of airway calibre

Most of the efferent autonomic nerves supplying
human airways are cholinergic6.Branches of the vagus
nerve travel along the airways. At the peribronchial
ganglia they synapse with the short postganglionic
nerves which innervate smooth muscle cells and
mucus glands, predominantly in the central airways.
Muscarinic receptors are activated by the release of
acetylcholine from varicosities and terminals of the
postganglionic nerves. This signal stimulates smooth
muscle contraction, and release of mucus from mucus
glands and may cause ciliary beat frequency to accel-
erate. In experimental animals at rest there is a low
level of cholinergic, vagal (bronchomotor) tone. A
variety of stimuli can cause considerable augmenta-
tion of this vagal output5. Anticholinergic agents com-
petitively inhibit acetylcholine at muscarinic
receptors. The consequent withdrawal of tonic and
phasic cholinergic activity permits airways to dilate.
These drugs neither affect smooth muscle contraction
caused by other mediators, nor do they modulate
most of the mediators of airway obstruction in abnor-
mal states such as asthma.

Cholinergic bronchomotor activity can be aug-
mented by a variety of stimuli by means of the neural
pathways shown in Fig. 4.1. Mechanical irritation,
many irritant gases, aerosols, particles, cold dry
air and specific mediators such as histamine and
bronchoconstricting eicosanoids7,8 can induce
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afferent activity from irritant receptors and C fibres.
These are found throughout the upper and lower
airways, and also in the carotid bodies and esopha-
gus. The impulses are transmitted via vagal affer-
ents, through the vagal nuclei to vagal efferents
which supply the larger airways. Vagally mediated
bronchoconstriction has been shown in animals,
and also to some extent in humans. There is evi-
dence that cholinergic bronchomotor tone is
increased in both asthma9 and COPD10, but it is not
clear how much such mechanisms actually contrib-
ute to airflow limitation in these patients. Abolition
of cholinergic activity by anticholinergic agents
usually produces a degree of bronchodilatation, but
airflow limitation is seldom completely reversed.
The response also varies widely among patients.
In patients with asthma or chronic obstructive
pulmonary disease (COPD) vagal activity probably
accounts for only a part of the airflow obstruction.

Muscarinic receptor subtypes in airways

Cholinergic nerves are the dominant neural bron-
choconstrictor pathways in human and animal

airways11. There are at least three muscarinic recep-
tor subtypes, known as M1, M2 and M3, expressed in
the human lung, each of which appears to play a role
in the control of airway calibre (Fig. 4.2). Briefly, M1

receptors, located in peribronchial ganglia, and M3

receptors, located on submucosal glands and
smooth muscle cells, mediate smooth muscle
contraction12. M2 receptors, on the postganglionic
nerves, are autoreceptors whose stimulation pro-
vides feedback inhibition of further acetylcholine
release from cholinergic nerves, and thus tend to
limit the bronchoconstriction. Adrenergic terminals
on these structures are absent, or at most, sparse,
except in the upper trachea; however, sympathetic
nerves do terminate on parasympathetic ganglion
cells in the peribronchial plexa, and thus could
affect the function of postganglionic parasympa-
thetic fibres5. Expression of M2 receptors is reduced
by certain viruses, and cytokines, including gamma
interferon13. Also, inflammatory cell products such
as eosinophil major basic protein, act as functional
antagonists to M2 receptor function14. These obser-
vations may account, at least partly, for the bron-
chospasm associated with viral infections and
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asthma. Another possible implication of this data is
that currently available anticholinergic bronchodi-
lators, none of which is selective for muscarinic
receptor subtypes, may be suboptimal. Attempts to
develop other synthetic anticholinergic agents have
resulted in one, tiotropium bromide, that, dissoci-
ates more rapidly from M2 receptors, rendering it
functionally selective for both M1 and M3 recep-
tors15–17. For this reason, tiotropium may prove rela-
tively more potent as a bronchodilator than
currently available agents.

Pharmacology

Anticholinergic agents are classed as tertiary or qua-
ternary ammonium compounds depending on the
valency of the nitrogen atom on the tropane ring (Fig.
4.3). The three-valent tertiary ammonium com-
pounds, such as atropine and scopolamine, occur
naturally and are freely soluble in water and lipids.
This facilitates their absorption from the skin and

mucosal surfaces and they are thus widely distributed
in the body and cross the blood–brain barrier. They
counteract parasympathetic in multiple sites
throughout the body and can cause severe systemic
effects. Atropine, for example, in the dose that results
in bronchodilatation (1.0–2.5 mg in adults) frequently
produces skin flushing, mouth dryness and possibly
tachycardia. In slightly higher doses it produces
blurred vision, urinary retention and mental effects
such as irritability, confusion and hallucinations.
Because their therapeutic range is so narrow, atro-
pine and its natural congeners are difficult to use.

Ipratropium, oxitropium bromide (Oxivent), atro-
pine methonitrate, glycopyrrolate bromide
(Robinul) and tiotropium bromide are quaternary
congeners, and are all synthetic. These molecules
are poorly absorbed from mucosal surfaces because
of the charge associated with the five-valent tropane
nitrogen atom. These agents are fully anticholiner-
gic at the site of deposition and are able, for example,
to dilate the pupil if delivered to the eye or dilate the
bronchi when inhaled. Their limited absorption
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from these sites does not produce either detectable
blood levels or systemic effects, even when delivered
in supramaximal doses18. For practical purposes,
these drugs can be regarded as topical forms of atro-
pine. Tiotropium is of particular interest in that it is
a functionally selective antagonist of the muscarinic
receptor subtypes that mediate bronchoconstric-
tion (see above) and is also extremely long acting. It
has been shown to be active at least 32 hours after

administration in patients with COPD15,16, and pro-
tects against inhaled methacholine for up to 48
hours after a single dose17.

Pharmacokinetics

Atropine and its natural congeners exist in two
optical isomeric forms, only one of which is physio-
logically active, whereas the quaternary agents are
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generally synthesized in the active isomeric form,
resulting in apparently greater activity of the latter.
Atropine is quantitatively absorbed from the
airways, reaching peak blood levels in 1 hour. The
half-life in the circulation is about 3 hours in adults,
but longer in children and the elderly5. Small con-
centrations can be measured in the feces and in
breast milk. Radiolabelling studies of ipratropium
pharmacokinetics in humans show that, following
oral or inhaled doses, the serum levels are very low,
with a peak at about 1–2 hours and a half-life of
about 4 hours. Most of the drug is excreted
unchanged in the urine. Its bronchodilator action is
somewhat longer, probably because it is not
removed from the airways by absorption. Most of an
oral dose is recovered in the feces, a small amount as
inactive metabolites in the urine. Very little reaches
the central nervous system.

Clinical efficacy

Dose–response

The dose–response of anticholinergic agents given
by various inhalational methods is provided in a pre-
vious review19. The optimal dose of ipratropium in
adults is 500 �g when administered by nebulizer and
in younger adults with asthma it is 40–80 �g by MDI.
The optimal MDI dose in older adults with severe
airflow limitation is two to four times higher, prob-
ably 160 �g. Newer inhalers will employ a dry powder
form without propellants, rather than the suspen-
sion that is currently more widely used. The optimal
dose of the dry powder form may be a little lower
than that for the suspension. For instance, 10 �g of
ipratropium delivered by turbuhaler, was equipotent
to 20 �g delivered by MDI20. The optimal dose of oxi-
tropium MDI, is approximately 200 �g. For less com-
monly used agents, the optimal doses are as follows:
atropine, 0.25–0.4 mg/kg; atropine methonitrate,
0.015–0.02 mg/kg; glycopyrrolate, 0.02 mg/kg.
Tiotropium has been studied at doses ranging from
10 to 80 �g as a lactose powder, with demonstrable
dose related improvements in airflow limitation16.

Against specific stimuli

When given in advance of bronchospastic stimuli,
anticholinergic agents provide variable degrees of
protection.5 They protect more or less completely
against cholinergic agonists such as methacholine.
In asthmatics they can prevent bronchospasm
induced by �-blocking agents and by psychogenic
factors. They provide only partial protection against
bronchospasm due to most other stimuli, e.g. hista-
mine21,22, prostaglandins, non-specific dusts and
irritant aerosols, exercise and hyperventilation with
cold, dry air, most of which are better prevented by
adrenergic agents. Ipratropium has no prophylactic
effect on leukotriene induced asthma23.

Stable asthma

A very large number of studies have compared the
bronchodilator potential of the anticholinergic
agents with that of adrenergic agents. While many of
these studies are flawed by the fact that they used
recommended doses rather than optimal doses,
they provide the clinician with useful information
about the comparative actions of these bronchodila-
tors24. Figure 4.4, which is typical of most such
studies, illustrates many of these points.
Anticholinergic agents are slower to reach peak
effect, typically 1–2 hours, compared with about 15
minutes for many adrenergic agents. At their peak
effect they almost invariably result in less broncho-
dilation in patients with asthma. The quaternary
forms may be slightly longer acting than agents such
as salbutamol. Among asthmatic patients there is,
however, substantial variation in responsiveness,
some patients responding very little to anticholiner-
gic agents, others responding almost as well to them
as to adrenergic agents.

It has been difficult to identify subgroups of asth-
matic patients who are most likely to respond to
anticholinergic therapy. The bronchodilating effect
of ipratropium may increase with age, in contrast to
the decline in response to salbutamol25. However,
children aged 10–18 years do respond favourably26

(see below). Individuals with intrinsic asthma and

Anticholinergic bronchodilators 109



those with longer duration of asthma may also
respond better than individuals with extrinsic
asthma27, although these appear to be poor predic-
tors of response. An individual trial remains the best
way to identify responsiveness28.

Recently, attention has been focused on the role of
nasal symptoms in exacerbation of asthma.
Ipratropium nasal spray is commercially available
and effective at reducing rhinorrhea29.

Acute severe asthma

Most studies suggest that �-agonists are more effec-
tive bronchodilators in the setting of acute severe
asthma. There has been a lot of interest in determin-
ing whether anticholinergic agents can add to the
bronchodilatation achieved by adrenergic agonists.
In a large study (n�199), Rebuck et al30. found that
the combination of 500 �g nebulized ipratropium
with 1.25 mg nebulized fenoterol resulted in signifi-
cantly more bronchodilatation over the first 90 min
of treatment than either agent alone. The combina-

tion was most efficacious in patients with more
severe airway obstruction. A recent meta-analysis of
ten similar studies, involving 1377 patients con-
cluded that the addition of ipratropium reduced
hospital admissions (relative risk�0.73), and
increased FEV1 by 7.5% (on average 100cm3, 95%CI
50 to 149 ml) when compared with groups receiving
�2 stimulants alone. These benefits, albeit modest,
were statistically significant31. The optimal duration
of combination therapy in this setting is somewhere
between 12 and 36 hours32.

It seems appropriate to recommend that both
classes of bronchodilators be given in acute severe
asthma, especially in the early hours of treatment
and particularly in patients with more severe airflow
obstruction.

Pediatric airways disease

Studies of acute severe asthma in children have
compared salbutamol alone with the combination
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of ipratropium and salbutamol. In the 1980s two
well-designed studies showed that the addition of
ipratropium accelerated the rate of improvement in
airflow33,34. Others have, however, failed to show
much benefit from the addition of ipratropium35–37.
A large study of the same question38 showed a clear
dose-related decrease in hospital admission for chil-
dren with more severe bronchospasm at presenta-
tion. Another large trial demonstrated that the
addition of ipratropium was associated with a faster
discharge from the emergency room, and a
decreased need for albuterol nebulizations. The
admission rate (18% in the ipratropium group, vs.
control, 22%) was not significant39. A similar trial
found that combination therapy decreased admis-
sion rates overall (27.4% vs. 36.5%), and was most
beneficial in severe attacks (37.5% vs. 52.6%)40. As in
adult status asthmaticus, therefore, the combina-
tion of ipratropium with an adrenergic agent is
probably more effective than salbutamol monother-
apy, particularly in severe exacerbations.

There is less clear evidence to support the addi-
tion of ipratropium to salbutamol in stable child-
hood asthma. Two consensus reports concluded
that although ipratropium was safe for this purpose
in the pediatric population, its benefit compared
with an adrenergic agent alone was slight at best41,42.
In cystic fibrosis ipratropium decreases metha-
choline-induced airway hyperreactivity43. There are
scattered reports of ipratropium use in other paedi-
atric conditions such as viral bronchiolitis, exercise-
induced bronchospasm and bronchopulmonary
dysplasia, but these do not provide strong and con-
sistent evidence for the benefit of ipratropium over
alternative bronchodilators.

Stable COPD

A large number of studies have compared antichol-
inergic agents with other bronchodilators in
patients with COPD44,45. Although patients with
COPD usually do not exhibit as much improvement
in airflow limitation to any agent or combination of
agents as do patients with asthma, most studies
show that the anticholinergic agent provides at least
as great and prolonged an increase in airflow as

other agents46, including the long acting �2 agonist
salmeterol47. Most studies show that the anticholi-
nergic agent is a more potent bronchodilator28,48–50.
Even when large cumulative doses, of each agent,
rather than recommended doses are given, the anti-
cholinergic agent alone achieves all the available
bronchodilatation in these patients51. As this is
clearly not the case in asthmatic patients, there is
thus likely to be a systematic difference between
asthmatic and COPD patients with respect to their
responsiveness to bronchodilators. Lefcoe and asso-
ciates performed one of a few studies in which bron-
chodilator responsiveness was compared in
patients with asthma and COPD who had similar
baseline airflows. As illustrated in Fig. 4.5 patients
with bronchitis had a better response to ipratro-
pium than to the combination of fenoterol and
theophylline (change in FEV1 0.29L vs. 0.18 l),
whereas in asthmatics ipratropium was a less effec-
tive bronchodilator than the combination52. The
difference between the two groups of patients is
probably due to the fact that airflow obstruction in
asthma results from airway inflammation that is, at
least partially, modified by adrenergic agents but not
by anticholinergics. In patients with COPD the
major reversible component is bronchomotor tone,
which is best reversed by anticholinergic agents51.
Whatever the reason, COPD represents the group of
patients in whom anticholinergic agents are the
most potent bronchodilators. It is not possible to
predict which patients with COPD will respond to
therapy with ipratropium, although a retrospective
study involving 296 patients suggested that older
patients with an isolated volume response were
more likely to benefit53. Other authors described a
greater response in patients with more severe
airflow limitation, and in those who continued to
smoke49.

Using bronchodilators, patients often report
improvement in symptoms and functional capac-
ity54 in the absence of spirometric changes.
Consequently, rather than relying on FEV1 as their
primary end-point, several studies have focused on
the effect of inhaled anticholinergic medications on
exercise tolerance. One such study, involving 18
patients given 144 �g of ipratropium by MDI showed
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no increase in effort tolerance as measured by tread-
mill testing, despite a 25% increase in FEV1

55. A study
using salbutamol found a similar lack of correlation
between increases in FEV1 and exercise tolerance 56

and another study showed that inhaled metaproter-
enol increased exercise tolerance in the absence of
measurable bronchodilation57. A recent study
involving 29 patients with advanced COPD showed

that improvements in exercise endurance and
breathlessness following inhalation of ipratropium
correlated better with measurements of inspiratory
capacity than with FEV1

58.
Ipratropium is currently recommended as first-

line treatment for stable COPD in the most recent
official statements of the European Respiratory
Society59 and the American Thoracic Society60.
Bronchodilation produced by inhaled ipratropium
bromide is accompanied by decreased dyspnea and
increased exercise capacity61–63, although this
finding was not confirmed in another study64. The
Lung Health Study, a large multicentre trial was
unable to show that these improvements in pulmo-
nary symptoms modify the age-related decline in
lung function in healthy smokers65.

Acute exacerbations of COPD

Three studies comparing the efficacy of bronchodi-
lators in acute exacerbations of COPD found no sig-
nificant differences between adrenergic and
anticholinergic agents or their combination30,66,67.

Effects on sleep quality

Sleep disturbance is surprisingly common in
patients with chronic bronchitis and asthma. In the
Tucson Epidemiological Study, 41% of patients with
obstructive airways disease reported at least one
symptom of disturbed sleep68. Patients with stable
COPD frequently experience nocturnal oxygen
desaturation, particularly during REM sleep, even in
the absence of concomitant obstructive sleep
apnea69. This contributes to the development of pul-
monary hypertension, polycythemia and predis-
poses patients to cardiac arrhythmias70. Sleep
disturbance in children with asthma is associated
with psychological problems and impairment of
memory71. A randomized double blind study involv-
ing 36 patients with moderate to severe COPD
showed that ipratropium increased total sleep time,
decreased the severity of nocturnal desaturation
(Fig. 4.6) and improved the patient’s perceptions of
sleep quality.
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Fig. 4.5 Comparison of responses to bronchodilator

combinations in asthmatics and bronchitics. Mean increases

in FEV1 for four treatment groups�/- standard error of the

mean. Reproduced from Chest 1982; 82(3):300–305, ref 52, with

permission. I, ipratropium bromide; F, fenoterol; 

T. theophylline; P, Placebo.
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Combinations with other bronchodilators

Combinations of different classes of bronchodila-
tors often provide more bronchodilatation than
single agents, and this effect is seen in many of the
studies cited. This may be due to the fact that most
clinical studies are performed with recommended
rather than optimal doses of the agents.
Consequently, when two or more classes of agents
are given together the effects may simply be additive
rather than potentiating. However, since anticholi-
nergic, adrenergic and methylxanthine agents work
by different mechanisms, affect different-sized
airways and have different pharmacodynamic and
pharmacokinetic properties, their combination is
rational and is likely to result in improved broncho-
dilatation. No unfavourable interactions between
these three classes of agents have been reported, so
the greater bronchodilation achieved by their com-
bination is achieved without increasing the risk of
side effects. In practice, it is common to use two or
even all of these agents simultaneously to manage
severe airways obstruction.

Single MDIs combining different classes of
inhaled bronchodilator have been in use for over 40
years. Ipratropium and the �2 agonist fenoterol have
been widely available as a single inhaler (Berodual
and DuoVent) and have been in wide use since the
l970s. Because of the concerns about the safety of
fenoterol, a new combination MDI containing ipra-
tropium and salbutamol, both in recommended
dosage, has been developed (Combivent). In 863
patients with moderately severe COPD, nebuliza-
tion of a combination of ipratropium bromide and
albuterol sulfate (Dey combination, Dey LP, Napa,
California, USA) resulted in 30% more improvement
in bronchodilation than was seen by albuterol
alone, and 32% more than with ipratropium alone.
However, the 6-minute walking distance was
unchanged72. For patients who need two agents, a
single MDI containing two agents is likely to be less
expensive than two MDIs, easier and more conven-
ient for the patient to use, and therefore more likely
to improve patient compliance. Clinical trials with
this combination in patients with COPD73–75 suggest
it possesses all the advantages mentioned above. A

post hoc review of two trials, involving 1067 patients
over an 85-day period, concluded that this
approach appears to be cost-effective76.
Bronchodilatation is greater during the first 4–5 h
after administration, but not much prolonged over
that achieved by single agents, and no increase in
side effects is incurred.

Side effects

Atropine produces numerous systemic side effects
related to the inhibition of physiological functions of
the parasympathetic system, as mentioned above.
These effects occur in doses at or only slightly above
the bronchodilator dose. Atropine is contraindi-
cated in patients with glaucoma or prostatism. The
principal advantage of quaternary anticholinergic
agents is that they are so poorly absorbed from
mucosae that the risk of such effects is insignificant.
Even massive, inadvertent overdosage of one such
agent resulted in trivial effects18. Ipratropium, the
most widely studied quaternary anticholinergic, has
been exonerated after extensive exploration for
atropine-like side effects77. It can, for example, be
given to patients with glaucoma without affecting
intraocular tension78 (provided it is not sprayed
directly into the eye). It has been found not to affect
urinary flow characteristics in older men. Nor has it
been found to alter the viscosity and elasticity of res-
piratory mucus, or mucociliary clearance, as does
atropine79. It has negligible effects on hemodynam-
ics, minute ventilation62 and the pulmonary circula-
tion.80 Consequently, quaternary anticholinergics
do not carry the risk of potentially increasing hypox-
emia, as do adrenergic agents81–83, an important
consideration in exacerbations of asthma and
COPD. In normal clinical use the only side effects
that the patient might experience with ipratropium
are dryness of the mouth and a brief coughing spell,
which has been reported to occur in 5% of patients50.
Rarely, it can result in paradoxical bronchoconstric-
tion. This has been variously attributed to hypoto-
nicity of the nebulized solution, idiosyncracy to the
bromine radical, the benzalkonium preservative84,85,
the soya lecithin (in a patient allergic to soy and
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peanuts)86 and a selective effect on the M2 receptor.
Paradoxical bronchoconstriction may also occur
with other anticholinergic agents. Although rare,
occurring in possibly 0.3% of patients87 the possibil-
ity of paradoxical bronchoconstriction in a patient
warrants withdrawal of the drug from that patient.
Rarely, ipratropium contributes to urinary retention,
usually in elderly men with prostatic hypertrophy88.
Other case reports describe cases of bowel dysmotil-
ity89, anisocoria90 and supraventricular tachycar-
dia91. Other than these effects, very extensive
investigation and the worldwide use of ipratropium
for over two decades demonstrate a remarkably low
incidence of untoward reactions. There is no reason
at present to believe that the safety profile of the
newer quaternary anticholinergic agents will be
different from that of ipratropium.

Clinical recommendations

The use of anticholinergic bronchodilators is best
limited to the poorly absorbed quaternary forms,
e.g. ipratropium, oxitropium, atropine methoni-
trate, glycopyrrolate, and tiotropium, administered
by inhalation. They are sometimes useful in stable
asthma as adjuncts to other bronchodilator therapy,
and have a demonstrated role in combination with
adrenergic agents in the treatment of acute severe
asthma. Their principal indication is for the long-
term management of stable COPD, where they are
probably the most efficacious bronchodilators.
Because of their slow onset of action they are best
used on a regular, maintenance basis, rather than
p.r.n. The usual dose, of ipratropium, two puffs of 20
�g each, is probably suboptimal92 for many patients
with COPD and can safely be doubled or quadru-
pled93.
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Introduction

Bronchial asthma is a disease of the airways that is
characterized by increased responsiveness of the tra-
cheobronchial tree to a multiplicity of stimuli1. A
number of causes have been postulated for the
increased airway responsiveness; however, the basic
mechanism remains unknown. The most popular
hypothesis at present is that of airway inflammation,
in which allergic mechanisms seem to play a key role.
Therefore, the modulation of allergic mechanisms
should be a fruitful approach to treating asthma.

Allergic reaction are dependent on an IgE
response controlled by T- and B-lymphocytes and
are activated by the interaction of antigen with mast
cell-bound IgE molecules. After that, eosinophil
recruitment into the airways occurs via cytokine-
and adhesion molecule-dependent mechanisms.
Thus, for the modulation of allergic responses there
are many possible approaches, including interfering
with IgE production, modulation of inflammatory
cell activation, and antagonism to mediators.

In this book, IgE modifiers and mediator antago-
nists, namely receptor antagonists for lipid media-
tors, tachykinins, and bradykinin, are described
elsewhere. Therefore, in this chapter I will discuss
cromones and some other agents which are used for
the clinical treatment of asthma as antiallergic drugs.

Chromones

The drugs cromolyn sodium and nedocromil
sodium, traditionally referred to as mast cell stabiliz-

ing agents, comprise an important group of anti-
inflammatory drugs useful in the treatment of bron-
chial asthma2–4. Although cromolyn sodium is a
chromone, whereas nedocromil sodium belongs to
the structural class of pyranoquinolines, they share
many clinical characteristics.

Cromolyn sodium

Cromolyn sodium is a bischromone antiallergic
drug first discovered in 1965 as a result of a series of
pharmacological experiments on the antispas-
modic agent khelin2,5, and the drug has become
accepted as a first-line anti-inflammatory agent in
national and international asthma treatment guide-
lines3,4.

Mechanisms of action
Cromolyn sodium functions through several path-
ways2. The most widely recognized mechanism of
action for cromolyn sodium is its mast cell stabiliz-
ing effect because it was found to inhibit the influx
of extracellular calcium6. Cromolyn sodium inhibits
the release of various mediators from human mast
cells and other inflammatory cells involved in
airway inflammation in vitro, particularly when the
release is triggered by IgE5,7–10. Therefore, this agent
has potent effects in preventing both early and late
asthmatic responses to inhaled allergens such as
pollen, and it reduces airway reactivity resulting
from exposure to a range of inhaled irritants such as
sulfur dioxide and cold air.

Cromolyn sodium inhibits both the early and late
airway reactions after allergen challenge by its effect
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on inflammatory cells other than mast cells2.
Cromolyn sodium attenuates the in vitro activation
of human neutrophils, eosinophils, and monocytes
and the end organ effects of platelet activating
factor, all of which are important in the late-phase
allergic reaction2.

Cromolyn sodium also is effective in treating asth-
matic attacks induced by metabisulfites, diisocya-
nates, western red cedar, and colophany fumes,
which may occur as the result of reflex bronchocon-
striction through the stimulation of irritant or
sensory C-fibres in the airways2, possibly by attenu-
ating sensory and cholinergic nerve activation. In
guinea pig, cromolyn sodium partially inhibits
the leukotriene D4-induced bronchoconstrictor
response, via the attenuation of the cholinergic
reflex pathway11. The inhibitory effect of cromolyn
sodium on SO4

� or distilled water-induced bron-
choconstriction also seems to be mediated via the
cholinergic pathway2. Further, cromolyn sodium
inhibits sensory C-fibre activation resulting in the
attenuation of tachykinin release from the nerves.

Clinical utility in asthma therapy
Based on the unique bimodal pharmacology outlined
above, cromolyn sodium has an established place in
asthma management in two distinct clinical situa-
tions3,4. Early investigations of the use of inhaled
cromolyn sodium for asthma therapy focused on its
ability to decrease airway hyperresponsiveness2.
Cromolyn sodium inhibits both the early and late
phase airway allergic reactions via its direct mast cell
stabilizing effect that prevents inflammatory cell
migration into the airways12. Cromolyn sodium also
prevents exercise-induced asthma. This agent con-
trols asthmatic airway inflammation, reduces bron-
chial hyperresponsiveness, reduces symptomatology,
and gradually improves pulmonary function.

In one analysis of 175 children using cromolyn
sodium for mild to moderately severe asthma, the
long-term prognosis was improved and the deteri-
oration in spirometry over time was prevented when
compared with bronchodilators used alone on an
as-needed basis13. Both cromolyn sodium and, to a
greater extent, inhaled corticosteroids conferred sig-

nificant protection against exacerbations of asthma
leading to hospitalization in an analysis of 16,941 eli-
gible persons in a managed health-care setting14.
This supports the widespread clinical impression
that inhaled corticosteroids are more efficacious
than chromones, but that chromones can also play a
major role in the management of asthma. Cromolyn
sodium may be used as long-term therapy early in
the course of asthma4,15. It reduces symptoms and
the frequency of exacerbations. Although there is
insufficient knowledge about the mechanisms of
action to predict which patients will achieve a bene-
ficial response to cromolyn sodium, this agent
seems to be effective in mild to moderate allergic
asthma4,16. To determine the efficacy of this agent, 4
to 8 weeks of administration may be required4. The
side effects of cromolyn sodium are only minimal.
This drug causes coughing occasionally upon inha-
lation of the powder formulation4.

Nedocromil sodium
Nedocromil sodium generally has displayed greater
potency in protecting patients against non-immuno-
logical stimuli and was thus introduced as an anti-
inflammatory agent with a broader spectrum than
cromolyn sodium. Nedocromil sodium is a disodium
salt of pyranoquinoline dicarboxylic acid.

Mechanisms of action
Nedocromil sodium has been found to work through
several pathways similar to those of cromolyn
sodium, but many of its actions are still incom-
pletely understood2. Nedocromil sodium has been
demonstrated to inhibit histamine release from
human dispersed lung tissue and mast cells
obtained by bronchoalveolar lavage in a dose-
dependent manner17. It was less effective in inhibit-
ing histamine release from human colonic mucosal
and submucosal mast cells and it had no effect on
inhibiting mast cell release from cutaneous mast
cells or basophils18,19. Nedocromil sodium also
inhibits both leukotriene C4 and prostaglandin D2
release from human mast cells20.

Both nedocromil sodium and cromolyn sodium
have been demonstrated to inhibit intermediate
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conductance chloride channels in cultured RBL-
2H3 mucosal mast cells21. Chloride ion influx results
in cell membrane hyperpolarization, which is neces-
sary for calcium ion influx and subsequent mast cell
activation21.

Nedocromil sodium reduces the chemotaxis of
neutrophils in the presence of chemotactic agents
such as platelet activating factor and leukotriene
B422. For eosinophils, nedocromil sodium shows an
effect against the chemotactic actions induced by
platelet activating factor and leukotriene B4 but has
no effect on those induced by interleukin-3 (IL-3),
IL-5, or granulocyte macrophage-colony stimulat-
ing factor22.

Nedocromil sodium has been shown to inhibit
airway sensory nerve activation23 as does in cromo-
lyn sodium. Therefore, this agent may be useful to
manage coughing observed in airway inflammatory
diseases.

Clinical utility in asthma therapy
The prevention by nedocromil sodium of bronchoc-
onstriction that would otherwise result from acute
airway challenges such as antigen inhalation and
exercise has been reported. Treatment with nedoc-
romil from a metered dose inhaler several minutes
before an anticipated challenge is usually sufficient
to provide protection.

In the long-term maintenance therapy for asthma,
most clinical trials evaluating the efficacy of nedo-
cromil sodium have demonstrated an improvement
in symptoms as well as pulmonary function such as
peak expiratory flow rate24. Both national and inter-
national asthma treatment guidelines have shifted
their recommendations towards the use of cro-
mones for less severe asthma, particularly episodic
asthma and mild persistent asthma3,4. However, in
patients already receiving inhaled corticosteroid,
nedocromil sodium has been reported to have a
more potent steroid-sparing effect than cromolyn
sodium25,26.

Histamine H1-receptor antagonists

Histamine has been thought to be an important
inflammatory mediator of asthma because of its
variety of airway actions, namely airway smooth
muscle contraction, mucus secretion, vasodilation,
and vagal nerve activation, which are involved in the
pathogenesis of asthma27. Therefore, oral antihista-
mines (histamine H1-receptor antagonists) are fre-
quently used in asthma therapy. However, at
present, the effect of this class of drugs on asthma
therapy has been disappointing. A recent meta-
analysis study has shown that antihistamines do not
cause a significant bronchodilatory effect as
assessed by peak expiratory flow rate, but do result
in a slight reduction in the need for inhaled bron-
chodilator use28.

In the international asthma treatment guidelines,
several drugs that have a histamine H1-receptor
antagonistic activity and other effects are listed4.
These drugs will be described in the next section.

Oral antiallergic compounds

Ketotifen

Mechanisms of action
Ketotifen antagonizes histamine H1-receptors.
Ketotifen also inhibits mast cell activation and mast
cell mediator release. In addition, other pharmaco-
logical activities of this agent have mainly been
shown in animal models29; however, the efficacy of
ketotifen has not yet been sufficiently documented4.

Clinical utility in asthma therapy
Controlled clinical studies comparing the therapeu-
tic efficacy of ketotifen in asthma to a placebo or
cromolyn sodium have shown variable results4.
Most studies suggest that ketotifen results in a slow
but significant improvement of asthma symptoma-
tology and a reduction in the need for concomitant
antiasthma medication30. It has been reported that
the clinical efficacy of ketotifen can be observed
after 2 months of drug administration31. This delay
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in the onset of the therapeutic activity has also been
observed in other studies. The most frequent side
effect of ketotifen is sedation.

Other antiallergic drugs

Other oral antiallergic drugs, such as tranilast, repir-
inast, tazanolast, pemirolast, ozagrel, azelastine,
amlexanox, and ibudilast, are used for asthma
therapy, especially in Japan. These compounds have
been reported to inhibit mast cell activation, inter-
fere with the synthesis of allergic inflammatory
mediators, or act as antagonists of mediators, such
as histamine, leukotriene, and thromboxane.
However, further studies on the relative efficacy of
these compounds are needed before recommenda-
tions can be made about the inclusion of these oral
antiallergic compounds in the long-term treatment
of asthma4.

Down-regulation of TH2 cell-mediated responses

The recently developed suplatast tosilate32 has
been reported to inhibit Th2 cytokine, IL4 and IL5,
synthesis in vitro and the allergen-induced increase
in peritoneal eosinophils in mice33. In an uncon-
trolled trial, 6 weeks’ treatment of patients with
suplatast tosilate was reported to reduce airway
hyper-responsiveness and eosinophil infiltration
into the airways34. A steroid sparing effect by supla-
tast tosilate also has been recently shown35 in a
limited trial. To assess the long-term efficacy of
suplatast tosilate, a well-controlled, multi-centre
trial seems to be needed.

Conclusion

In this chapter I have discussed cromones and other
agents which are used for the clinical treatment of
asthma as antiallergic drugs, IgE modifiers or antag-
onists for lipid mediators, tachykinins, and bradyki-
nin, are described elsewhere in this book. The recent
worldwide use of inhaled corticosteroids for asth-

matic patients has largely improved disease man-
agement. Actually, the combination of inhaled ster-
oids and long acting �2-adrenoreceptor agonists
seem to be effective for the majority of asthmatic
patients. In contrast, the efficacy of antiallergic
drugs are weak compared with inhaled low dose
steroids. However, from the point of view of toler-
ability, oral drugs, if possible once per day, are more
desirable for asthma therapy, especially in children
and older persons. The development of antiallergic
drugs that cause strong anti-inflammatory effects
on asthmatic airways comparable to those of
inhaled steroids is needed.
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Introduction

In 1938, Feldberg and Kellaway1 reported an activity
in the perfusate of guinea pigs’ lungs stimulated with
cobra venom, which caused slow onset, but very
sustained, contraction of smooth muscle. The time
course of the contraction was subsequently demon-
strated to be distinct from histamine and Kellaway
and Trethewie named the mediator Slow Reacting
Substance of Anaphylaxis (SRS-A)2. In 1960,
Brocklehurst3 reported that SRS-A was released from
lung fragments from an asthmatic subject, when
these fragments were exposed to allergen. This
raised the possibility that SRS-A was important in
causing symptoms in allergic asthmatics after aller-
gen inhalation, because of its ability to contract
airway smooth muscle with a much longer duration
of action than other smooth muscle constrictors.
Subsequent studies demonstrated the potency of
SRS-A as a bronchoconstrictor agonist in animals4.
In the late 1970s, the identity of the component
molecules of SRS-A was reported to consist of the
cysteinyl leukotrienes C4, D4 and E4 

5.

Synthetic pathways of the leukotrienes

The leukotrienes are derived from the ubiquitous
membrane constituent arachidonic acid and are
members of a larger group of biomolecules known
as eicosanoids5,6. Arachidonic acid-(5,8,11,14-cis-
eicosatetraenoic acid), is found esterified, in the sn-

2 position, to cell-membrane phospholipids in a
wide variety of mammalian cells7,8. The synthesis of
leukotrienes is initiated by the action of phospho-
lipase A2, which selectively cleaves arachidonic acid
from cell membranes. Arachidonic acid is converted
sequentially to 5-hydroperoxyeicosatetraenoic acid
(5-HPETE) and then to leukotriene A4 (5,6-oxido-
7,9-trans-11,14-cis-eicosatetraenoic acid) by a cata-
lytic complex consisting of 5-lipoxygenase (5-LO)9,10

and the 5-lipoxygenase activating protein (FLAP)11.
In the intracellular microenvironment, and in the
presence of leukotriene C4 synthase12, glutathione
is adducted at the C6 position of leukotriene
A4 to yield the molecule known as leukotriene
C4 (5(S)-hydroxy-6(R)-glutathionyl-7,9- trans-11,14-
cis-eicosatetraenoic acid)13. Leukotriene C4 is
exported from the cytosol to the extracellular micro-
environment14 where the glutamic acid moiety is
cleaved by -glutamyltranspeptidase to form leuko-
triene D4 (5(S)-hydroxy-6(R)-cysteinyl-glycyl-7,9
trans-11,14-cis-eicosatetraenoic acid)14. Cleavage of
the glycine moiety from leukotriene D4 by a variety
of dipeptidases results in the formation of leuko-
triene E4 (5(S)-hydroxy-6(R)-cysteinyl-7,9-trans-
11,14-cis-eicosatetraenoic acid)15. Because they
each contain cysteine, leukotriene C4, leukotriene
D4, and leukotriene E4, are known as the cysteinyl
leukotrienes; together these molecules constitute
the material formerly known as SRS-A. All three cys-
teinyl leukotrienes have the same range of biological
effects; however, leukotriene E4 is much less potent
than its precursor molecules. Among the cells in the
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lung that possess the enzymatic activities to produce
the cysteinyl leukotrienes are mast cells16, eosino-
phils17 and alveolar macrophages18.

Inhibition of leukotriene production or action

The only enzyme in the biosynthetic pathway of the
cysteinyl leukotrienes (Fig. 6.1) that has been selec-
tively inhibited is 5-lipoxygenase19, thereby prevent-
ing their production. It has also been possible to
interrupt leukotriene production by preventing the
binding of arachidonic acid to FLAP20.

The cysteinyl leukotrienes cause airway obstruc-
tion in humans through stimulation of specific
receptors now termed the cysteinyl leukotriene
receptor Type 1(CysLT1)21. The CysLT1 receptor is a
seven transmembrane spanning, G-protein coupled
receptor, whose gene has been mapped to the X
chromosome22. Stimulation of the CysLT1 receptor
results in smooth muscle constriction, with signal
transduction occurring by stimulation of phospho-
inositide turnover23,24. A number of chemically dis-
tinct, specific, selective antagonists have been
identified25–29 and used in studies in human asthma.
A distinct cysteinyl leukotriene receptor Type

2(CysLT2) has also recently been characterized30,
which has 38% amino acid identity to the CysLT1

receptor, whose gene has been mapped to chromo-
some 13q14. The biological role of this receptor has
not yet been identified.

Several antileukotrienes are now available by pre-
scription to treat asthma. Only one of these is a syn-
thesis inhibitor. This is the 5-lipoxygenase inhibitor,
zileuton31, which is available for prescription in the
United States. The CysLT1 receptor antagonists are
much more widely available; zafirlukast32 and mon-
telukast33 in most countries, while pranlukast34 is
available currently in Japan and Korea.

Importance of leukotrienes in asthma

Asthmatic airway obstruction

Spontaneous bronchoconstriction has been used as
a model for examination of the role of leukotrienes
in airway narrowing in asthma. The capacity of a
CysLT1 receptor antagonist to reverse asthmatic
bronchoconstriction was first demonstrated by Hui
and Barnes35, in a group of patients with moderately
severe asthma, most of whom were using inhaled

Drugs affecting synthesis and action of leukotrienes 125

Fig. 6.1 The 5-lipoxygenase pathway of arachidonic acid metabolism, indicating the other enzymes, 5-lipoxygenase activating

protein and LTC4 synthetase, necessary for the production of the cysteinyl leukotrienes. Also 5-lipoxygenase activating protein

antagonists such as BAYx1005 and MK-886, 5-lipoxygenase inhibitors such as Zileuton and Cys LT1 antagonists, such as Zafirulast

inhibit the production or action of the cysteinyl leukotrienes. (Reproduced with permission.)99



steroids. They demonstrated that the administration
of zafirlukast resulted in a 5–10% improvement in
the FEV1. In these same subjects, inhalation of a �2-
agonist increased in the FEV1 by 20–30%. However,
the effects of the �2-agonist were additive with the
effects of the CysLT1 receptor antagonist; this obser-
vation suggested that distinct contractile mecha-
nisms are involved in each response. In a trial of
similar design in which MK-571, a chemically dis-
tinct CysLT1 receptor antagonist, was given intrave-
nously, similar results were obtained36. Also, the
5-lipoxygenase inhibitor zileuton, has been demon-
strated to increase the FEV1 by 10–15% in asthmatic
subjects37. These data indicate that a significant
component of asthmatic bronchoconstriction is
directly due to the action of leukotrienes at their
receptors, and that the stimuli resulting in leuko-
triene synthesis are continuously activated.

Airway hyperresponsiveness

The capacity of leukotrienes to cause airway hyper-
responsiveness in stable asthmatics is not fully
resolved. Exogenously administered inhaled leuko-
triene D4 has been shown in one38, but not another
study39 to increase airway responsiveness. However,
a study from Fischer et al.40 has demonstrated that
regular treatment with the 5-lipoxygenase inhibitor,
zileuton for 13 weeks, improved airway responsive-
ness to cold air for up to 10 days after completion of
treatment, which is much longer than the expected
duration of zileuton’s pharmacological action. This
study suggests that inhibition of leukotriene genera-
tion can improve airway hyperresponsiveness, pos-
sibly by improving airway inflammation.

Airway inflammation

Airway inflammation is central to the pathogenesis
of asthma symptoms, bronchoconstriction, and
airway hyperresponsiveness. Many studies have
demonstrated the presence of activated eosinophils
and of mast cells in the airway lumen and airway
wall of patients with asthma, even those with mild
disease41,42. Activated eosinophils and mast cells

have the capacity to release the cysteinyl leuko-
trienes, and measurements of urinary leukotrienes
in asthmatic children suggest that persistent gener-
ation of leukotrienes are a consequence of persisting
airway inflammation43. In addition, inhaled leuko-
triene E4 markedly increased numbers of eosino-
phils in induced sputum44 and in airway biopsies
from asthmatic subjects. These studies confirm in
vitro studies that the cysteinyl leukotrienes can
cause eosinophil chemotaxis45, and suggest that the
cysteinyl leukotrienes may be involved in causing
the airway eosinophilia of asthma. This concept is
supported by studies which have demonstrated a
reduction in airway eosinophils and leukotriene E4

levels associated with an improvement in lung func-
tion, in patients with nocturnal asthma during treat-
ment with zileuton, when measurements were made
during the night46, as well as in less severe asthmatic
patients33, and a reduction in eosinophils in induced
sputum in asthmatics during treatment with mon-
telukast47. These interesting results, taken together
with the study which indicates an improvement in
airway hyperresponsiveness after zileuton treat-
ment40, suggest that inhibition of leukotriene bio-
synthesis not only improves airway inflammation,
but also its consequent physiological effect on
airway hyperresponsiveness. However, further
studies are needed to demonstrate that the improve-
ments in airway inflammation and airway hyper-
responsiveness are occurring in the same patients.

Exercise and cold air hyperventilation

Exercise-induced bronchoconstriction occurs in
70–80% of patients with symptomatic asthma48. The
cysteinyl leukotrienes play an important role in
causing exercise- and cold air-induced bronchocon-
striction, as is demonstrated by the effects of a
variety of different CysLT1-receptor antagonists and
leukotriene synthesis inhibitors in attenuating these
bronchoconstrictor responses. The receptor antago-
nists, such as MK-57149, montelukast50, or zafirlu-
kast, given either orally51 or by inhalation52, inhibit
the maximal bronchoconstrictor response after
exercise by between 50 and 70%, greatly shorten the
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time to recovery of normal lung function, and
thereby markedly reduce the time response curve; in
30–50% of asthmatic subjects studied, these agents
completely inhibit the response. Administration of
the potent and long-lasting receptor antagonist,
cinalukast, resulted in a reduction in exercise-
induced bronchoconstriction measured as the area
under the time response curve after exercise by
�80% in asthmatic subjects, and this effect lasted
more than 8 hours after dosing53(Fig. 6.2).

Similar effects have been demonstrated when
cold air hyperventilation has been used as the stim-

ulus to provoke bronchoconstriction. Israel et al.54

have shown that treatment with zileuton attenuates
this bronchoconstrictor response. Taken together,
these studies indicate that cooling and drying the
airways results in the generation of leukotrienes,
presumably from resident airway cells, such as mast
cells, which results in bronchoconstriction. The
observation by multiple investigative groups of het-
erogeneity among subjects, that is that in some sub-
jects interruption of the leukotriene cascade results
in a complete inhibition of the bronchospastic
response to exercise while in others this intervention

Drugs affecting synthesis and action of leukotrienes 127

Fig. 6.2 The protection afforded by Cinalukast on exercise-induced bronchoconstriction as measured by the area under the FEV1-

time curve. On the first day of treatment, the protective effect at each dose is maintained for at least 8 h. After 1 week of treatment

the protective effect is lost for the lowest (10 mg) dose, but preserved for the two higher doses. (Reproduced with permission.)53



has no effect, indicates that the pathways leading to
bronchoconstriction after exercise vary in different
asthmatics, and that in some, mediators other than
the leukotrienes may be more important broncho-
constrictor agonists.

The currently available treatment for exercise-
induced bronchoconstriction is not optimal for all
patients. The most usual approach to treatment for
such patients is to take two puffs of a rapid-acting
inhaled �2-agonist, 5–10 min before exercise, or
inhaled cromoglycate 15–20 min before exercise55.
These interventions have, however, a limited dura-
tion of effect. Long acting inhaled �2-agonist (such
as salmeterol) have been demonstrated to provide
more prolonged protection against exercise-
induced bronchoconstriction. However, the regular
use of both short acting inhaled �2-agonists56, as well
as long-acting inhaled �2-agonists57, rather than
their use as prophylaxis, results in reduced protec-
tion against exercise-induced bronchoconstriction.
This loss of efficacy against exercise-induced bron-
choconstriction does not occur when anti-
leukotrienes are used as regular treatment50.

Other types of antiasthma treatments are not very
effective in protecting against exercise-induced
bronchoconstriction. For example oral �2-agonists
and methylxanthines are marginally effective or
ineffective in almost all patients58,59. Thus, for the
patients in whom leukotriene inhibition has a salu-
tary effect, having an orally available treatment,
which provides prolonged protection against exer-
cise-induced bronchoconstriction will be a thera-
peutic advance. In the only comparisons published,
the leukotriene antagonist SK&F 104353 was as
effective as cromoglycate in preventing exercise-
induced bronchconstriction60, and montelukast
provided prolonged protection61 without the devel-
opment of tolerance, which did develop with the
long-acting inhaled �2-agonist, salmeterol, with
regular use62.

Aspirin-induced asthma

The cysteinyl leukotrienes are the main cause of
the bronchoconstriction that develops in aspirin-

sensitive asthmatics following exposure to aspirin.
In clinical trials in which aspirin-sensitive asthmat-
ics were pretreated with the inhaled leukotriene
receptor antagonist SKF10435363, or the receptor
antagonist MK-67964, many tolerated, without
developing significant bronchoconstriction, the
doses of inhaled lysine aspirin that had previously
caused bronchoconstriction. When aspirin is given
systemically to patients with aspirin-sensitive
asthma, naso-ocular, dermal, gastrointestinal and
bronchospastic responses occur. However, pretreat-
ment of these individuals with zileuton65 completely
ablated all physiological responses observed after
aspirin challenge. These data clearly implicate prod-
ucts of the 5-lipoxygenase pathway as the primary
effector molecules in aspirin-induced asthma.
Dahlen and coworkers66 obtained additional evi-
dence for this hypothesis by demonstrating that the
systemic administration of a CysLT1 receptor antag-
onist is associated with improvement in lung func-
tion in individuals with ASA-induced asthma in the
absence of specific ASA provocation. Finally, anti-
leukotrienes have been demonstrated to improve
overall asthma control in patients with ASA-induced
asthma67.

Allergen-induced asthma

Inhalation of specific allergens by sensitized
patients results in acute bronchoconstriction which
usually resolves within 2 hours; this is known as the
early asthmatic response. In up to 50% of adult sub-
jects the early asthmatic response is followed by a
second period of bronchoconstriction, beginning
3–4 hours after inhalation and lasting up to 24 hours;
this is known as the late asthmatic response68. The
late asthmatic response is associated with increases
in airway hyperresponsiveness, which can last
several days to weeks69.

Cysteinyl leukotrienes are generated during the
early asthmatic response70 and the magnitude of
leukotriene generation, as indicated by increases in
urinary excretion of the metabolite leukotriene E4,
directly correlates with the magnitude of the early
asthmatic response71. Many studies using antileuko-
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triene drugs have shown that most of the broncho-
constriction during the early asthmatic response is
attenuated and the late asthmatic response is par-
tially attenuated by such treatments. These studies
have included a variety of antileukotriene agents
including receptor antagonists, such as zafirlukast72,
MK-57173 or pranlukast74, and biosynthesis inhibi-
tors, such as MK-88675, MK-59176 and BAYx
100577(Fig. 6.3). The magnitude of the protection
afforded by these drugs during the early asthmatic
response has varied from 58%76 to 84%77; taken
together, these results demonstrate that the cystei-
nyl leukotrienes are the mediators responsible for
the majority of the bronchoconstriction during the
early asthmatic response. Similarly, treatment with
antileukotriene agents has demonstrated varied
effectiveness in the magnitude of the protection
afforded during the late asthmatic response from
49%78 to 60%77, suggesting that, as inhaled leuko-

triene D4 does not itself cause the development of
late responses39, newly generated cysteinyl leuko-
trienes, possibly from inflammatory cells, such as
eosinophils79, mast cells or basophils80 recruited
into the airways during the late asthmatic response,
are partially responsible for the bronchoconstriction
during this response. Finally, the leukotriene recep-
tor antagonist. pranlukast, has been demon-
strated to attenuate allergen-induced airway
hyperresponsiveness74.

Efficacy of antileukotriene drugs in asthma

Several different antileukotrienes have been used in
clinical trials where the primary goal was to assess
the capacity of these agents to control of chronic
stable asthma. In the first of these, LY171883, a
relatively non-potent receptor antagonist that
shifted the LTD4 dose-response curve about 5-fold in
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nonasthmatic subjects, was given to patients with
mild asthma in a 6-week parallel group placebo-
controlled trial81. Patients receiving the leukotriene
D4 receptor antagonist had a small, but statistically
significant, increase in FEV1 of approximately 300 ml
during the trial. Moreover, in those patients using
inhaled �2-agonists more frequently before random-
ized treatment was begun, this use decreased while
their FEV1 increased. In two other trials of 4–6 weeks’
duration, the effectiveness of treatment with zileu-
ton37 or zafirlukast32 was compared with placebo
treatment. Each study used a randomized, double-
blind, parallel group design with a run-in period, in
which patients were treated with placebo (single
blind) followed by 4 or 6 weeks of double-blind ran-
domized treatment. Patients receiving higher doses
of either antileukotriene had a significantly greater
increase in FEV1 than did patients taking placebo,
while patients receiving the lower doses of treatment
had an increase of intermediate magnitude. Chronic
treatment with either antileukotriene was also asso-
ciated with significant decrements in asthma medi-
cation use, in asthma symptoms, and an increase in
morning peak flow. The final shorter-term study
compared the Cys LT1-antagonist, montelukast
compared to placebo in a crossover design for 1.5
weeks of treatment demonstrated a mean 16%
improvement in FEV1

82. These data, taken together,
indicate that, in patients with mild chronic stable
asthma, the leukotrienes mediate a clinically signifi-
cant component of airway obstruction.

These findings have been confirmed and
extended in longer studies in patients with mild -to-
moderate chronic stable asthma in which the effi-
cacy of treatment with zileuton (400 mg q.i.d. or 600
mg q.i.d.) was compared to placebo31,83. All patients
were receiving treatment only with inhaled �2-
agonists and had prebronchodilator FEV1 values
that were approximately 60% of predicted normal.
Zileuton treatment was associated with approxi-
mately a 15% improvement in the FEV1, decreased
asthma symptoms and decreased �2-agonist use.
More importantly in both trials over 2.5-fold more
patients receiving placebo treatment required
steroid ‘rescue’ treatment than did patients receiv-

ing high-dose zileuton treatment. There was no sig-
nificant deterioration in the improvement in the
FEV1 during the course of either study, thus extend-
ing the previous findings that patients do not
become ‘tolerant’ to the effects of 5-lipoxygenase
inhibition. Other longer term studies have been
reported with the receptor antagonists zafirlukast84,
montelukast85 and pranlukast34 and demonstrating
clinical benefit.

Safety of antileukotriene drugs

Since this entire class of drugs is new, the total
patient exposure to these agents is limited.
Nevertheless a number of issues have emerged. In a
safety study in over 3000 patients, about 4.5% of
patients receiving zileuton, compared to 1.1% of
patients receiving placebo, had reversible elevations
in hepatic transaminases to over three times the
upper limit of the reference range. These elevations
occur in the first 2–3 months after initiation of treat-
ment; after this time, the incidence of increased
hepatic transaminases falls to the levels observed in
the placebo treatment group31. In addition, several
cases of Churg–Strauss syndrome have been
reported after initiation of treatment with both zafir-
lukast and montelukast86,87, mostly, but not exclu-
sively88, in patients with severe asthma on oral
corticosteroid therapy, in whom the oral corticoster-
oids were being reduced. This raises the possibility
that the treatment with the antileukotrienes allowed
a reduction in oral corticosteroid dosage, which
unmasked previously unrecognized Churg–Strauss
syndrome89.

Role of antileukotriene drugs in asthma
treatment

The studies described above were designed to eval-
uate the efficacy of antileukotrienes in asthma treat-
ment, and used study designs required to obtain
registration of the drugs to allow them to be avail-
able for prescription. These studies have demon-
strated that antileukotrienes improve asthma
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control, but they were not designed to show how
they fit in asthma management schemes.

There is no evidence to support the use of anti-
leukotrienes in patients with very mild, intermittent
asthma, in whom infrequent inhaled �2-agonist use
is adequate to control symptoms. In patients with
mild persistent asthma, in whom another treatment
is needed, the currently available consensus guide-
lines on asthma management suggest that regular
treatment with inhaled corticosteroids or anti-
leukotrienes or cromoglycate be considered90–92. If
an antileukotriene is chosen as the next line of treat-
ment, a therapeutic trial of 6–8 weeks will allow a
decision to be made about the efficacy of the treat-
ment. If the treatment is not effective, there is no
currently available evidence that it should be con-
tinued beyond this time.

There is some preliminary evidence that the anti-
leukotrienes may be even more effective in patients
with more severe asthma. Their additive effect to the
bronchodilation achieved even with high doses of
inhaled �2-agonists35,36 suggest that they may have a
place in the treatment of the severe bronchocon-
striction associated with acute severe asthma. Also,
clinical benefit has been demonstrated with their
addition to the treatment of patients with poor
asthma control, already taking high doses of inhaled
corticosteroids93. In addition, there is evidence that
antileukotrienes can reduce the doses of inhaled
corticosteroids required for asthma control94.
Finally, antileukotrienes have been demonstrated,
in several different studies, to reduce the risks of
acute severe asthma exacerbations31,95,96.

More recent studies using antileukotrienes have
focused on comparisons with inhaled corticoster-
oids, or their additive effects to inhaled corticoster-
oids. Several studies have directly compared
leukotriene-receptor antagonists and a recent meta-
analysis has evaluated these97. Ten studies met the
inclusion criteria to be included in the meta-analy-
sis, of which only a few are currently published as full
papers. Most of the studies focused on subjects with
mild-to-moderate persistent asthma and two
studies included children. The duration of the
blinded studies ranged from 6 to 12 weeks. The doses

of inhaled corticosteroids ranged from 250 to 400 �g
of beclomethasone-equivalent per day and various
antileukotrienes were tested. The conclusions of
the meta-analysis were that the inhaled cortico-
steroid provided better lung function and quality of
life, as well as reduced symptoms, night awakenings
and need for rescue �2-agonist. The rate of asthma
exacerbations were similar when the antileuko-
trienes were compared to the inhaled cortico-
steroids.

The possible added benefit of adding leukotriene-
receptor antagonists to inhaled corticosteroids has
also been evaluated in two studies. The first com-
pared the effects of adding pranlukast or placebo to
half the usual dose of inhaled corticosteroids in
patients with moderate-to-severe persistent
asthma98. The study demonstrated loss of asthma
control over 6 weeks in the placebo group, but main-
tained control in the group receiving the receptor
antagonist. Another study96 compared, after
removal of inhaled corticosteroids, montelukast or
placebo plus continuing inhaled corticosteroids, to
montelukast or placebo tablet, plus inhaled placebo.
The removal of the inhaled corticosteroid caused
worsening of asthma control. The treatment with
montelukast resulted in improved asthma control,
while the combination of the two treatments pro-
vided the best control. Taken together, the studies
suggest that leukotriene-receptor antagonists can
provide additional benefits when added to inhaled
corticosteroids. However, the effectiveness of this
approach when compared to the addition of a long-
acting inhaled �2-agonist to an inhaled corticoster-
oid has not yet been studied.

The published studies also support two other
indications for the use of anti-leukotrienes. One of
these is in patients with aspirin-sensitive asthma,
where these drugs are effective in blocking aspirin-
induced asthmatic responses64,65, which can be life
threatening and are not prevented by any other cur-
rently available antiasthma treatment. Thus, anti-
leukotrienes should be used in all patients with
aspirin-induced asthma, together with other anti-
asthma treatment needed to control other manifes-
tations of their asthma. The second indication is in
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patients taking regular inhaled �2-agonists and who
have exercise-induced bronchoconstriction. In
these patients, the regular use of inhaled �2-agonists
will reduce the ability of inhaled �2-agonists to
protect against exercise-induced bronchoconstric-
tion56,57, and anti-leukotrienes have been shown to
be effective, without loss of protection, in this
setting61.

These studies have helped to support the posi-
tioning of the leukotriene-receptor antagonists in
the management of asthma in the most recent itera-
tion of the Asthma Consensus Guidelines as drugs
that are useful as additional therapy to inhaled cor-
ticosteroids or that should be considered to be the
first-line therapy in patients who cannot or will not
use the most effective therapy, which is inhaled cor-
ticosteroids.

Conclusions

Antileukotrienes are an important novel therapy for
asthma. Currently available data indicated that inhi-
bition of leukotriene synthesis or action has a salu-
tary effect in the treatment of both induced and
spontaneously occurring asthma. These results
provide strong biological proof of the concept that
leukotrienes are important mediators of the asth-
matic response. The clinical trials of the anti-
leukotrienes have demonstrated efficacy in patient
populations with asthma severity ranging from mild
persistent to severe persistent, and more recent
studies have helped to provide guidelines for the
optimal clinical use of antileukotrienes in asthma
treatment.
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Introduction

At least 11 families of PDE including PDE1–71 and
PDE8–112 are known to exist based upon a variety of
criteria including substrate specificity, inhibitor
potency, enzyme kinetics and amino acid sequence.
These enzymes are distributed widely throughout
the body, differentially expressed in cells and local-
ized to different compartments within cells. The
functional significance of the subcellular localiza-
tion of PDEs is not completely understood, although
there is a considerable body of evidence to suggest
that the expression of PDE in cellular domains can
tightly regulate the levels of cyclic nucleotides in the
vicinity of effector proteins and is therefore impli-
cated in the regulation of cell function3.

Classification of phosphodiesterase enzymes

PDE enzymes function by hydrolysing the phospho-
diester bond of the second messenger molecules
cyclic 3�,5�-adenosine monophosphate (cAMP) and
cyclic 3�,5�-guanosine monophosphate (cGMP).
This converts cAMP and cGMP to their inactive 5�-
mononucleotides; adenosine monophosphate
(AMP) and guanosine monophosphate (GMP).
These products are incapable of activating specific
cyclic nucleotide-dependent protein kinase cas-
cades.

The PDE enzyme family consists of a growing
number of genetically heterologous isoenzymes
(Table 7.1).

Regarding substrate affinities, PDE4 and PDE7 are
highly selective for cAMP. Although PDE3 hydrolyses
cAMP and cGMP with equal affinity (Km:0.1–0.5
�M), its Vmax (‘Velocity’ of action) for cAMP is five-
fold greater than for cGMP. Functionally, then, PDE3
favours cAMP. Conversely, cGMP is the preferred
substrate for PDE5 and PDE6, whereas PDE1 and
PDE2 hydrolyse either cyclic nucleotide. Adding
further complexity to the functional role taken by
various PDEs in intact tissues is the fact that several
are subject to short-term allosteric regulation by
endogenous activators or inhibitors. For example,
PDE1 is allosterically activated by Ca2�/calmodu-
lin4.

Each of the families of PDE isoenzymes is popu-
lated by at least one, and as many as four, distinct
gene products, thus isoenzymes are further subdi-
vided into subtypes, which have a high percentage
genetic homology (70–90%). Subtypes may also
undergo further post-translational modification
and this can result in a large number of splice vari-
ants. The result of this is an array of enzymes with
distinct kinetic characteristics, regulatory properties
and subcellular distributions, allowing specific drug
design and targeting of specific isoenzymes or sub-
types in affected cells or tissues. Isoenzyme-selec-
tive inhibitors are available for most PDE families.
Generally, these compounds are at least 30-fold
selective for the PDE against which they are directed.
Most are substrate site directed competitive inhibi-
tors, but a few act at allosteric sites5.
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Theophylline in the treatment of respiratory
disease

The archetypal non-selective PDE inhibitor theo-
phylline has now been in clinical use for more than
a century, although it is only during the last 50 years
that this drug has been in regular use for the treat-
ment of respiratory diseases. In 1886, Henry Hyde
Salter described the efficacious use of strong coffee
taken on an empty stomach as a treatment for
asthma6. The principal agent in coffee producing the
bronchodilatory effect observed was the methylxan-
thine caffeine. Theophylline has a similar chemical
structure to caffeine and was first used in the treat-
ment of asthma as early as 1922, when it was found
to be effective in the treatment of three asthmatic
subjects7. In 1937, theophylline was administered
i.v. for the treatment of acute asthma and in 1940
theophylline was first used orally in combination
with ephedrine. There are now many studies in the
literature describing the effects of theophylline in
the treatment of both asthma8 and COPD9.
Theophylline is presently used in various slow-
release formulations to overcome rapid metabolism
and maintain constant plasma levels. However, over
the last decade, the number of prescriptions being
written for theophylline has declined as newer med-
ications have been introduced for the treatment of
respiratory disease. This decline has mainly come

about due to concerns raised over the narrow thera-
peutic window of theophylline, which has typically
been classified as being 10–20 �g/ml in plasma8.

Whilst theophylline has traditionally been classi-
fied as a bronchodilator drug, it is becoming increas-
ingly apparent that this drug has a range of other
pharmacological effects of potential therapeutic
value in the treatment of respiratory diseases10, that
occur independently of the bronchodilator actions,
including anti-inflammatory and immunomodula-
tory actions11,12, and increased respiratory drive9.
These effects often occur at plasma levels below 10
�g/ml suggesting that lower levels of theophylline
than have previously been used to obtain bronchod-
ilation may be of benefit in the treatment of lung dis-
eases, thus reducing the side effect profile and
improving the safety margin of this drug. These
actions have caused the therapeutic window to be
reduced to 5–15�g/ml in plasma in many countries.

A number of studies have reported that intrave-
nous administration of theophylline or the related
xanthine enprophylline prior to allergen challenge
can inhibit the development of the late asthmatic
response without any significant effect on the acute
bronchoconstrictor response11,13–15 and associated
bronchial hyperresponsiveness to methacholine16.
Thus, neither functional antagonism of airway
smooth muscle shortening nor inhibition of mast
cell degranulation accounted for the attenuated late
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Table 7.1. Characteristics and properties of PDE isoenzymes

Family Specific property Km(�M)cAMP Km(�M)cGMP

1 Ca2�/calmodulin-stimulated 1–30 3

2 cGMP-stimulated 50 50

3 cGMP-inhibited 0.2 0.3

4 cAMP-specific 4 �100.0

5 cGMP-specific 150 1

6 Photoreceptor 60 �100

7 High affinity cAMP-specific 0.2 �100

8 High affinity cAMP-specific 0.055 124

9 High affinity cGMP-specific 230 0.17

10 Unknown 0.05 3

11 Unknown 1.04 0.52



asthmatic response by theophylline and enprofyl-
line, although, in allergic rhinitis, 1 week’s treatment
with theophylline reduced histamine release during
pollen exposure17, which indicated that theophyl-
line inhibited mast cell and basophil degranulation
in this disorder or reduced the number of mast cells
as has been shown with glucocorticosteroids.

Individuals exposed for long periods of time to
certain industrial chemicals develop asthma-like
symptoms that can be duplicated in the clinical
laboratory following aerosol challenge with the incit-
ing agent.Thus, susceptible individuals demonstrate
acute bronchospasm, late asthmatic responses and
bronchial hyperresponsiveness following inhalation
of toluene di-isocyanate (TDI)18. The inflammatory
nature of this response has been confirmed by its
sensitivity to inhibition by the glucocorticosteroid,
beclomethasone. Theophylline partially modified
the acute response and attenuated the late asthmatic
response induced by TDI but was ineffective against
bronchial hyperresponsiveness14,18. This latter
finding is consistent with the inability of theo-
phylline to modulate allergen-induced bronchial
hyperresponsiveness in asthmatics11,16.

The late asthmatic response to allergen is known
to be accompanied by an influx of inflammatory cells
into the airways19 and this allergen-induced infiltra-
tion of activated eosinophils into the airways
(assessed as the total number of eosinophils and as
an increase in the number of EG2�eosinophils in
biopsies) was also reduced significantly by 6 weeks of
treatment with theophylline20, an effect that
occurred at plasma levels well below the 10–20 �g/ml
plasma levels required for bronchodilation (mean
plasma levels of 6.7�g/ml). More recent clinical
studies have confirmed these anti-inflammatory
properties of theophylline in patients with asthma.
In two randomized, placebo controlled studies11,15,
the effect of theophylline or placebo was investi-
gated on various inflammatory indices following
once and twice daily treatment for 1 and 5 weeks,
respectively. The late asthmatic response was
reduced in those subjects treated with theophylline
after 5 weeks11 despite a mean plasma concentration
of only 7.8�g/ml. The lack of effect of theophylline

on the acute response is presumably due to the low
plasma levels in these subjects. Inhibition of the late
asthmatic response therefore, was unlikely to be due
to functional antagonism of airway smooth muscle
shortening or inhibition of mast cell degranulation11.
Similarly, various surrogate markers of nasal inflam-
mation in response to allergen challenge including
the late phase response and the accumulation/acti-
vation of eosinophils in the nose were significantly
attenuated in allergic rhinitis subjects following
chronic treatment with theophylline21, again consis-
tent with an anti-inflammatory property of this drug.

The mechanism whereby theophylline inhibits
the recruitment of activated eosinophils into the
airways is not known, but several mechanisms have
been put forward to explain this observation. The
first mechanism relates to an immunomodulatory
action of theophylline whereby it is thought that the
inhibitory effect of theophylline may be a conse-
quence of a restoration of T-suppressor cell function
since it has long been recognized that theophylline
can increase T-suppressor cell function22–24,25,26 and
impair graft rejection in vitro27 and in vivo28.
Individuals who do not develop a late asthmatic
response have been shown to recruit a greater pro-
portion of CD8�(suppressor) than CD4�(helper) T-
lymphocytes in BAL fluid29. It is recognized that
T-lymphocytes play a central role in the pathogene-
sis of allergic asthma, in particular the orchestration
of eosinophil migration into the airways, via the
release of cytokines such as IL-530. Regular treat-
ment with theophylline has also been reported
to inhibit allergen-induced recruitment of T-
lymphocytes into the airway31 and to increase the
number of suppressor CD8 cells in peripheral
blood11,23,27. Furthermore, withdrawal of theophyl-
line from asthmatics has been shown to cause a sig-
nificant increase in asthma symptoms12,32, which
was associated with an increase in T-lymphocytes in
the airways12, an immunomodulatory effect that
again occurred at plasma levels below 10 µg/ml.
Regular treatment with theophylline has also been
reported to reduce the number of inflammatory
cells expressing IL-4 in the airway33 and to induce
the production of IL-10 from peripheral blood
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mononuclear cells obtained from asthmatics34, an
observation of considerable interest as IL-10 can
shorten eosinophil survival35 and induce tolerance
in T-cells36.

Another suggested mechanism of action of theo-
phylline that occurs at clinically relevant concentra-
tions is the ability of theophylline to alter eosinophil
survival. A number of cytokines, including IL-5 have
been shown to prolong eosinophil survival37.
Theophylline has been shown to inhibit IL-5-
mediated survival of human eosinophils and to
accelerate apoptosis, again at concentrations below
10 µg/ml38. Analysis of bronchial biopsies taken
from mild asthmatics treated with low dose theo-
phylline over 6 weeks revealed a significant reduc-
tion in EG2�staining cells (activated eosinophils)
and total number of eosinophils20, which may be a
consequence of the ability of theophylline to induce
apoptosis of human eosinophils in this way38,39.
Similarly, a reduction in CD3�T lymphocytes and
expression of various activation markers on CD4�T
lymphocytes including HLA-DR and VLA-1 was
observed in BAL fluid31. Furthermore, a reduction in
CD4�, CD8�T-lymphocytes and IL-4 and IL-5 con-
taining cells was observed in bronchial biopsies
from asthmatics who were taking theophylline over
a 6-week period33, while a fall in circulating levels of
Th2 cytokines, IL-4 and IL-5, was observed after a
single low dose of theophylline40.

Many of the biological effects of theophylline have
been suggested to be via an inhibitory effect on the
phosphodiesterase (PDE) family of enzymes41,42.
However, the effect of theophylline on apoptosis of
eosinophils was not shared by the selective PDE4
inhibitor rolipram suggesting that this anti-
inflammatory effect of theophylline may not be via
inhibition of PDE438. This observation supports
other recent work carried out in mononuclear cells
obtained from asthmatics where theophylline was
able to inhibit mononuclear cell proliferation via
mechanisms distinct from selective PDE4 inhibi-
tors43 and recent data with the related xanthine pen-
toxyphylline, showing that this drug can inhibit
proliferation of fibroblasts via a mechanism unre-
lated to cAMP generation44.

Another prominent action of theophylline is the
ability of this drug to antagonize adenosine recep-
tors45. However, for more than a decade this sugges-
tion was questioned as the related drug
enprophylline had similar effects to theophylline
clinically13, yet was claimed to lack adenosine recep-
tor antagonism45. However, studies have now
reported that enprophylline can act as a selective A2B

receptor antagonist on human mast cells46, a prop-
erty shared by theophylline, which has been sug-
gested to be of potential importance for the clinical
activities of theophylline47. However, other studies
have shown that whilst asthmatics are very sensitive
to inhaled adenosine48, an effect that is blocked by
theophylline49,50, there is no evidence to date that
this effect is mediated via activation of A2B receptors;
rather there is evidence from experimental animals
that it is the A1 receptor that is upregulated as a result
of allergic sensitization51,52, an observation sup-
ported by the study of Nyce and Metzger53 that an
antisense oligonucleutide to A1 receptors blocks
allergen-reduced eosinophilia and allergen-induced
bronchial hyperresponsiveness in allergic rabbits. In
more recent studies, it has been suggested that theo-
phylline has an immunomodulatory effect on neu-
trophil apoptosis through A2A receptor antagonism
at relevant therapeutic concentrations54. In contrast
to this, inhibition by theophylline of complement
C5a-induced degranulation of human eosinophils
was significantly reversed by the selective A3 antago-
nist MRS 1220, but not A1 or A2 antagonists, suggest-
ing that therapeutic concentrations of theophylline
inhibit human eosinophil degranulation by acting as
an A3 agonist55. Conversely, a study investigating the
antiproliferative effects of theophylline on human
peripheral blood mixed mononuclear cells
(HPBMC) in vitro showed that theophylline was only
capable of reducing proliferation at higher concen-
trations than are required to significantly antagonize
A2B receptors56. This study also demonstrated that
exogenous or endogenous adenosine has little
impact on HPBMC proliferation, as neither adeno-
sine receptor agonists, antagonists nor adenosine
deaminase had a significant effect on the prolifera-
tion of HPBMC from either healthy or asthmatic
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subjects56. While it remains plausible that adenosine
may be involved in a number of anti-inflammatory
functions, which can also be modulated by theo-
phylline, results such as these suggest the anti-
inflammatory effects of theophylline to be mediated
through mechanisms other than adenosine antago-
nism.

Recently regular theophylline treatment has been
demonstrated to produce anti-inflammatory activ-
ity in patients having natural exacerbations of their
asthma, in the form of nocturnal asthma.
Theophylline treatment significantly improved the
overnight deterioration in lung function associated
with nocturnal asthma compared with placebo
treatment57, a finding consistent with previous
studies using theophylline for the treatment of
asthma58. Theophylline also inhibited the ability of
neutrophils to migrate into the airways of patients
undergoing nocturnal attacks of asthma57, asso-
ciated with a reduction in the ability of PMNs to
release LTB4. This work not only extends the anti-
inflammatory actions of theophylline, but also sup-
ports earlier work that regular treatment with
theophylline can reduce PMN activation59,60 in addi-
tion to the actions of theophylline on eosinophils
and lymphocytes discussed above. Theophylline
treatment has also been reported to reduce the
steepness of methacholine dose-response curves in
asthmatics vs. placebo treatment61,62, a change also
seen with glucocorticosteroids63, but not with �2

agonists64, which actually steepen the curve.
The clinical relevance of these anti-inflammatory

actions of theophylline is now being evaluated and a
number of recent clinical studies lend weight to the
suggestion that such activities may offer clinical
benefit. Two separate studies have demonstrated
that, in asthmatics who were poorly controlled on
existing glucocorticosteroid therapy, a significant
improvement in a number of clinical outcomes,
including peak expiratory flow, FEV1, symptom
scores and reduced rescue medication, was
observed when patients were taking theophylline
together with low dose glucocorticosteroid com-
pared with high dose glucocorticosteroid treat-
ment65,66. In both studies, the plasma levels of

theophylline measured were unlikely to be sufficient
to induce bronchodilation (median 7.8�g/ml65 and
mean 10.1�g/ml66. In other studies, withdrawing
theophylline from asthmatics who were taking glu-
cocorticosteroids resulted in a significant deteriora-
tion of their disease12,32 together with a concomitant
rise in the number of CD4� and CD8�T-lympho-
cytes in bronchial biopsies12. These results suggest
that theophylline may offer additional benefit to
glucocorticosteroids, as has been previously sug-
gested from other clinical studies by the use of
different types of protocol12,66,67.

Other studies in pediatric asthma have shown
that there is a clear effect of theophylline in the
treatment of asthma that is comparable to low
doses of glucocorticosteroids68. This observation is
of particular interest given that theophylline is an
orally active drug and has been shown to have a
better compliance rate than inhaled medications69,
which is particularly relevant to the treatment of
asthmatic children. Given the low cost of theophyl-
line, relative to other antiasthma medications70, the
fact that it is still one of the few drugs available for
use orally in the treatment of this common disease
and the growing body of evidence suggesting that
theophylline has anti-inflammatory and immu-
nomodulatory at lower than conventional plasma
levels, it may be timely to reconsider the wider use
of theophylline in the overall management of
asthma71.

Characteristic features of asthma and COPD

The incidence of respiratory diseases like asthma
and COPD continue to increase despite the avail-
ability of current treatment modalities and there is
therefore a need to improve our understanding of
the pathophysiology of these diseases for the devel-
opment of novel therapeutic agents. While the exact
causes of asthma and COPD are not completely
understood it is clear that both diseases are charac-
terized by inflammation of the airways and a decline
in respiratory function. In asthma, a number of
inflammatory cells are thought to contribute toward
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the pathogenesis of this disease, including eosino-
phils72 and CD4�T-lymphocytes73, while it is
thought that CD8�lymphocytes74 and neutrophils75

play an important role in COPD. Another important
feature of these diseases is the presence of airway
wall remodelling and there is evidence of hyperpla-
sia/hypertrophy of airway smooth muscle,
increased collagen deposition beneath the base-
ment membrane, increased mucus production,
angiogenesis and alterations in extracellular matrix
in asthma76. In COPD, there is evidence of mucus
gland hyperplasia, increased bronchiolar smooth
muscle hypertrophy, fibrosis of the small airways
and, in the case of emphysema, destruction of alveo-
lar tissue77. The mainstay of treatment for asthma
includes bronchodilators like �2-adrenoceptor ago-
nists and glucocorticosteroids while for COPD, ipra-
tropium bromide and �2-adrenoceptor agonists are
used. Reducing the inflammatory response in the
airways is thought to be critical in reversing many of
the changes seen in these airway diseases.

PDE expression in allergic disease

Allergy

It had long been recognized that the ability of lym-
phocytes to raise levels of intracellular cyclic AMP is
impaired in mild, severe atopic eczema78,79 and
atopic dermatitis80,81. This finding was all the more
significant since, unlike asthma, none of the
subjects were taking beta-adrenoceptor agonist
medication. Therefore, tachyphylaxis of beta-
adrenoceptors is not an issue and not a confounding
factor in this disease. The increased level of cAMP in
mononuclear cells from patients with atopic derma-
titis was a consequence of increased cAMP PDE
activity as assessed biochemically81. The exact splice
variant responsible for this activity remains to be
established, although, evidence was provided of a
putative monocyte derived PDE in atopic dermatitis
that had increased cAMP PDE catalytic activity and
was Ca�2/calmodulin and Ro201724 sensitive82.

However, such changes in cAMP PDE activity have
not been observed in all studies in cells from
patients with atopic dermatitis83 and it is unclear
whether differences in methodology and/or patient
selection account for this discrepancy. It has been
proposed that this alteration in PDE activity is
responsible for the pathogenesis of this disease
since functional consequences of increased cAMP
PDE activity in atopic dermatitis include increased
IgE production by B-lymphocytes, increased hista-
mine and LTC4 release from basophils, increased IL-
4 and reduced IFN and IL-10 release by
mononuclear cells; physiological responses that can
be inhibited by PDE4 inhibitors84.

An interesting feature of the altered cAMP PDE
activity in atopic dermatitis is increased susceptibil-
ity of the isoenzyme to inhibition by PDE4 inhibi-
tors. This is reflected by increased inhibitor potency
against cAMP catalytic activity82,85,86 and increased
inhibitor potency against the proliferation of mono-
nuclear cells87. Interestingly, the anti-proliferative
effect of theophylline was not altered in atopic der-
matitis. The molecular mechanism(s) responsible
for the increased PDE catalytic activity and
increased sensitivity to PDE4 inhibitors in atopic
dermatitis remain to be established, but conforma-
tional changes in PDE4 protein88, phosphorylation
of PDE489 and/or expression of a splice
variant/novel PDE482 could explain such a phenom-
enon.

Few studies have investigated the effect of methyl-
xanthines in atopic dermatitis. Mononuclear cells
from atopic dermatitis patients have increased
cAMP PDE activity that is more susceptible to PDE4
inhibitors and is reflected by increased PDE4 inhib-
itor potency85. However, cAMP PDE activity in
mononuclear cells was restored to normal values in
atopic dermatitis subjects who were taking theo-
phylline to control their asthma85. An interpretation
of this finding is that prolonged treatment with theo-
phylline altered the activity of cAMP PDE activity to
control values. This could be attributed to the anti-
inflammatory effect of theophylline resulting in a
reduction in the release of inflammatory mediators
and cytokines known to increase the activity and
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expression of PDE4. In a double blind study, the
PDE4 inhibitor Ro201724 was shown to improve
psoriatic lesions90 and daily topical treatment with
CP80633 on one arm improved clinical scores
(erythrema, induration and excoriation) compared
with the untreated arm86 and indicated the potential
use of PDE4 inhibitors in the treatment of atopic
dermatitis.

Asthma

Despite our understanding of the mechanisms that
can alter PDE4 activity, there is a paucity of data con-
cerning whether there is any alteration in the func-
tion or expression of PDEs in airway diseases like
asthma. The ability of lymphocytes to raise intracel-
lular cAMP and/or increase adenylyl cyclase activity
in response to various stimuli, including isoprena-
line, sodium fluoride and guanyl-5-yl-imido-
biphosphate (GppNHp), was compromised
following antigen challenge in atopic asthmatics91,92.
Similarly, the capacity of alveolar macrophages to
raise intracellular cAMP in response to histamine,
salbutamol, PGE2 and 1-methyl-3-isobutylxanthine
(IBMX) was reduced in asthmatics93,94. These studies
suggest that PDE activity may be increased in
inflammatory cells in asthma. However, there is no
difference in PDE4 activity in alveolar macro-
phages95 and eosinophils96,97 noted between atopic
and non-atopic subjects. We documented a 50%
increase in total cAMP PDE activity in monocytes
isolated from asthmatic subjects compared to
healthy individuals98, a finding that is supported by
a previous study in atopic dermatitis subjects with a
history of airway disease99.

While there is a considerable body of evidence of
increased PDE4 inhibitor sensitivity observed in
inflammatory cell populations obtained from
some82,87 but not all83,96 subjects with atopic derma-
titis, we have failed to document a similar finding in
monocytes from mild asthmatic subjects98. This is
consistent with a study examining the potency of
Ro-201724 against zymosan-induced release of glu-
curonidase from neutrophils obtained from asth-

matic subjects100. Similarly, atopic subjects with
upper and/or lower airway disease, and who did not
suffer from atopic dermatitis, failed to document an
increase in PDE4 inhibitor sensitivity against mono-
nuclear cell proliferation101,102. In contrast, PDE4
inhibitors attenuated TNF� and IL-10 release from
mononuclear cells stimulated by mitogen to a
greater extent in atopic rhinitis compared with
healthy subjects103.

Together, these studies highlight an important
observation that alterations in PDE4 catalytic activ-
ity or inhibitor sensitivity is dependent upon the
type of allergic disease under study and extrapolat-
ing from atopic disease other than asthma should be
made with caution. The increase in total PDE activ-
ity observed in our study was unrelated to an
increase in PDE4 activity and is consistent with a
lack of evidence of an alteration in the expression of
mRNA for PDE4A, B and D in monocytes from mild
asthmatic subjects104. Thus, despite the lack of evi-
dence of an alteration in PDE4 activity in mild
asthma, the rational basis for drug targeting PDE4 in
the treatment of respiratory disease stems from the
finding that inhibitors of PDE4 can down-regulate
inflammatory cell function.

Properties and classification of PDE4

The selective targeting of individual PDE isoen-
zymes has profound implications for the treatment
of disease as recently highlighted with the introduc-
tion of the PDE5 selective inhibitor, sildenafil, for
erectile dysfunction105. In the context of lung
disease, PDE4 has been selectively targeted using
chemical inhibitors on the basis of the clinical effi-
cacy of the archetypal non-selective PDE inhibitor,
theophylline which has long been used in the treat-
ment of asthma and COPD. A number of highly
potent PDE4 inhibitors have been tested in clinical
trials and shown to have some therapeutic potential.
However, one of the major stumbling blocks to the
development of these inhibitors is the potential side
effect profile including emesis that is a characteris-
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tic feature of many of these drugs, although attempts
are being made to reduce these unwarranted side
effects.

PDE4 is a cyclic AMP specific isoenzyme (Km 0.2 –
4�M), showing very low affinity for cyclic GMP (Km

�1000�M), the latter without effect on PDE4 cata-
lytic activity. Four PDE4 subtypes (PDE4A–D) have
been cloned and expressed, with additional com-
plexity arising as a consequence of mRNA splicing
resulting in isoforms with alterations in amino acid
sequences within the N-terminal region3. In order to
gain insights into the functional significance of
PDE4, various studies have investigated the distri-
bution of PDE4. It is clear that PDE4C is predomi-
nantly localized to the testis, skeletal muscle and
human fetal lung106, while PDE4A, B and D are
known to be distributed in many inflammatory cells
in man (Table 7.2).

Analysis of the amino acid sequence of PDE4

revealed a catalytic domain and two upstream con-
served regions (UCRs) that is unique to this family of
PDE. Using deletion analysis, studies have shown
that the catalytic domain in PDE4A4B for example,
lies between amino acid sequence 332/365 to
680/7723,107. Similarly, PDE4B2B has a catalytic
domain between amino acid sequence
152–528108,109. The atomic structure of the catalytic
domain of 4B2B has recently been published,
showing important structural features within the
binding pocket for cyclic AMP including the pres-
ence of two metal ions, most likely zinc and magne-
sium that is important for binding the cyclic
phosphate group and various other amino acids
critical for cyclic AMP binding110.

The cDNAs for PDE4 encode for enzymes that can
exist as either the long form, containing both UCR
regions and a short form, characterized by either a
lack in UCR1 and intact or partially truncated UCR2
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Table 7.2. Summary of the expression of mRNA for PDE4 genes in human cells

Cell type PDE4A PDE4B PDE4C PDE4D Reference

CD4 T cell � � �(B2) Weak (83)

Th1 cells �� �� � � (234)

Th2 cells �� �� � �� (234)

CD8 T cell �� ��(B2) �� (83)

B cell � ��(B2) �� (257)

Monocyte � ��(B2) � Weak (83,125,184,287)

Eosinophil �� �� � �� (371,83)

Neutrophil � ��(B2) � � (184,372)

Macrophage �� (116)

Brain �� �� � �� (106,372)a

Area postrema �� (144)a(143)b

Epithelium �(A5) �(C1) �(D2) (373)

�(D3) (307)

Notes:
a Analysis performed in rat brain.
b Immunohistochemical detection using mouse brain.

Text in parenthesis denotes splice variant.�and – denote presence and absence of expression, respectively.



region. It is thought that the short and long forms
differ with respect to enzyme activity, subcellular
localization and activation by different intracellular
signalling pathways. Thus, PDE4D3 catalytic activity
is increased111,112 by a protein kinase A dependent
mechanism a consequence of phosphorylation of
Ser54. Additionally, specific sites in the UCR region
are also subject to phosphorylation by MAP kinase
dependent mechanisms which could have impor-
tant implications for PDE4 activity3. Furthermore,
the N-terminal region is implicated in targeting
PDE4 to specific domains within the cell by virtue of
protein–protein interactions with SH3 domain con-
taining proteins89. Regions near the carboxyl termi-
nus are also implicated in the regulation of PDE4
function. Thus, substitution of Ser487 for Ala resulted
in a significant attenuation of MAP kinase depen-
dent phosphorylation of PDE4B2B108. Similarly,
phosphorylation by ERK2 kinase of PDE4D3 at Ser579

in the carboxyl terminal region, led to a significant
reduction in catalytic activity113. Further complexity
arises with the findings that alteration in the activity
of PDE4 by ERK2 kinase is also influenced by the
presence of UCR regions. Thus, while phosphoryla-
tion of PDE4D3 at Ser579 resulted in a reduction in
cyclic AMP PDE activity, an increase in catalytic
activity was observed following phosphorylation of
Ser491 in PDE4D1, a PDE4 enzyme that lacks a UCR1
domain114. These findings suggest that different
splice variants of PDE4 may be differentially regu-
lated by intracellular signalling pathways that may
have important implications in the regulation of cell
function under normal physiological and pathophy-
siological conditions. Alterations to the N-terminal
regions of these proteins has important functional
consequences as this may alter their subcellular
localization89, activation108,111,115 and inhibition by
PDE4 inhibitors111. Moreover, the observation of
alterations in PDE4 expression during cell differen-
tiation116 or following activation by cytokines,
growth factors and lipid mediators108,117–119 could
have important functional consequences during an
inflammatory episode.

It has long been recognized that the archetypal
PDE4 inhibitor, rolipram, binds with high affinity to

brain tissue compared with peripheral organs120, yet
is at least two to three orders of magnitude less
potent at inhibiting PDE4 catalytic activity in this
tissue121. The significance of this discrepancy was
later clarified in studies expressing human recombi-
nant PDE4 in yeast and showing that the high affin-
ity rolipram binding site and the PDE4 catalytic
domain reside on the same gene product122,123. There
was little correlation between the ability of a range of
compounds to displace rolipram binding from PDE4
and their ability to inhibit PDE4 catalytic activity,
raising the possibility of synthesizing compounds
that could selectively target these sites. The func-
tional significance of the two domains recognized by
PDE4 inhibitors was clarified further in studies
examining rolipram binding and PDE4 catalytic
activity in N-terminally truncated enzymes
expressed in yeast, COS and Sf9 cells107,109,124.
Specific regions within the N-terminal domain of
PDE4A are important for determining high affinity
binding by rolipram and the removal of this site from
the protein did not abolish catalytic activity nor the
ability of rolipram to inhibit PDE4 catalytic activity
suggesting that binding to the high affinity site is not
a prerequisite for inhibition of catalytic activity107,124.
Similarly, expression of an N-terminal truncated
PDE4B2B152–564 resulted in a protein which lacked a
high affinity binding site for rolipram compared
with PDE4B2B81–564,109, suggesting that specific
sequences within the N-terminal domain are neces-
sary for the expression of high affinity binding.
However, the binding of another PDE4 inhibitor, RP
73401 to PDE4A was unaffected by the loss of this
specific amino acid sequence within the N-terminal
domain, but the ability of rolipram to displace RP
73401 binding was characterized by a two-site
binding model107. The implication of these findings
is that specific amino acid sequences outside the
catalytic domain of PDE4 can alter the conformation
of the protein, such that it binds rolipram with high
affinity and therefore the ‘high affinity’ binding site
represents a different conformation of the same
protein107,109,122,124. There is biochemical evidence
supporting the view that PDE4 can exist in different
conformational states, as different methods
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employed to isolate PDE4 from cells can lead to
differences in catalytic activity and inhibitor sensi-
tivity125,126. A number of intracellular processes
including phosphorylation108,111–114 or the presence
of cofactors (e.g. magnesium ions127) are known to
alter PDE4 catalytic activity.

Pharmacological studies have been used in order
to determine structure activity relationships
between different PDE4 inhibitors and a number of
functional studies have shown correlation between
PDE4 inhibitor potency and the ability of PDE4
inhibitors to inhibit various aspects of cell function
or rolipram binding. The ability of PDE4 inhibitors
to inhibit gastric acid secretion128; emesis129; fMLP-
induced myeloperoxidase release from human neu-
trophils130; inhibition of purified solubilized PDE4
from guinea pig eosinophils and potentiation of iso-
prenaline-induced cyclic AMP accumulation from
guinea pig eosinophils88, correlated with the ability
of these inhibitors to displace high affinity rolipram
binding. In contrast, the ability of compounds to
inhibit PDE4 catalytic activity correlated with the
potency of these agents against LPS-induced TNF�

release by human monocytes125,130, fMLP-induced
superoxide production by guinea pig eosinophils128

and interleukin (IL)-2 release by murine spleno-
cytes131. The possibility that PDE4 may exist as
different conformers has been used in an attempt to
discover novel inhibitors that are selective for the
‘low’ affinity conformer as this subtype is suggested
to be responsible for regulating cell function, while
the ‘high’ affinity conformer is linked to the side
effect profile seen with PDE4 inhibitors.

The ability of PDE4 inhibitors to activate emetic
centres within the CNS may be a consequence of a
peripheral action of these drugs secondary to raising
intracellular levels of cyclic AMP in gastric acid
secreting cells and/or afferent neurones in the gut.
Alternatively, stimulation of the area postrema, a
region within the CNS with a poorly developed
blood–brain barrier and therefore accessible to sub-
stances within the circulation, can lead to activation
of the emetic centre within the CNS129,132. Since
emesis and gastric acid secretion correlate with the
potency of PDE4 inhibitors to displace rolipram

binding (high affinity PDE) it led to the suggestion
that drugs with low affinity for this site may be useful
in improving the side effect profile of these
drugs128,130. However, some aspects of cell function
may also correlate with inhibitors that target the
‘high’ affinity conformer and suggest that this
method may be of limited value for the future devel-
opment of PDE4 inhibitors with low emetic poten-
tial130. It is therefore of interest that CDP840133 and SB
207499 (Cilomilast)134 demonstrate a ‘high’ to ‘low’
ratio of 5 and 1.3, respectively. In contrast, rolipram is
one to two orders of magnitude more selective for the
high affinity binding site compared with inhibition of
PDE4 catalytic activity107,122,133,134. Accordingly, both
compounds have low emetic potential and a low side
effect profile in asthma134–136. Cilomilast has been
shown to inhibit myeloperoxidase release from
human neutrophils with an equal potency to roli-
pram, even though this particular cell function is
modulated by the ‘high’ PDE4 conformer130. This137

suggests that a number of additional factors may
govern why these drugs demonstrate a better side
effect profile compared with other PDE inhibitors.
Cilomilast is negatively charged at normal pH, which
may retard its ability to gain access to the area post-
rema, although clearly not enough to retard access
across inflammatory cells136,137. It is unclear whether
the expression of splice variants of PDE4 in different
cells also contribute to the observed correlations
between cell function and PDE4 inhibitor potency or
high affinity rolipram binding because of the similar-
ities in the expression of PDE4 subtypes in these cells
(Table 7.2) and the lack of subtype selectivity of the
PDE4 inhibitors tested in these studies.

Another approach that is being investigated is
whether compounds can be synthesized which
exhibit selectivity for different PDE4 subtypes in an
attempt to diminish the side effect profile and selec-
tively target inflammatory cells. While CDP840 does
not demonstrate subtype selectivity for PDE4A, B
and D133, Cilomilast shows a fivefold selectivity
toward PDE4D compared with the other two sub-
types138,139. Cilomilast is considerably less emetic
than rolipram and is well tolerated by subjects,
although it is not free from emesis. Therefore, there
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is clearly a need to discover highly potent PDE4
inhibitors with an even better side effect profile.
Consequently a number of compounds have been
synthesized that demonstrate selectivity for either
PDE4A/B or PDE4D with a difference of up to 55-
fold138,139 and structure activity relationships have
been documented. Thus, a significant correlation
was found between PDE4A/B inhibitory potency
and inhibition of TNF� release from monocytes,
proliferation of T-lymphocytes and oxidative burst
from human eosinophils. In contrast, no significant
correlation between PDE4D inhibitory potency and
inhibition of lymphocyte proliferation and TNF�

release from monocytes was observed, consistent
with the finding of weak PDE4D expression in these
cells138 (Table 7.2). However, a correlation was
observed against human eosinophil function and
selectivity for PDE4D, consistent with the presence
of PDE4D in these cells139. Therefore, it may be pos-
sible to synthesize compounds that document
greater subtype and cell selectivity. An important
question that needs to be addressed is whether
selective targeting of PDE4 subtypes will be suffi-
cient to modulate inflammatory cell function, par-
ticularly if cells contain multiple PDE4 subtypes.

Pharmacokinetic considerations notwithstand-
ing, there is some evidence that selective targeting of
PDE4D significantly improved the ability of com-
pounds to attenuate pulmonary eosinophil recruit-
ment following antigen provocation in allergic
rats139. In contrast, mice lacking the ability to express
PDE4D have impaired growth and fertility, underly-
ing the importance of cyclic AMP signalling in these
processes140. However, of particular interest was the
lack of effect of this gene disruption on lymphocyte
proliferation, IgE production, IL-4 production and
eosinophil recruitment to the airways in a model of
murine inflammation141, features which are charac-
teristic of an allergic phenotype. This contrasts with
the findings that the PDE4 inhibitor, rolipram, inhib-
ited allergen-induced eosinophilia in a murine
model of airway inflammation142. The lack of effect
of this gene disruption upon eosinophil recruitment
suggests redundancy concerning PDE4 regulation of
cyclic AMP signalling in inflammatory cells or alter-

natively, other PDE4 subtypes play a greater role in
regulating allergic inflammation138.

It remains to be established whether drug target-
ing of PDE4A/B offers the advantage of suppressing
inflammatory cell function in vivo while exhibiting a
low emetic profile, considering that PDE4D is
expressed in the area postrema in rat and
mouse143,144.

Effect of PDE inhibition on inflammatory cell
function

It is readily apparent that PDEs are widely distrib-
uted throughout the body and regulate the func-
tion of many cells. Particular interest has focused
on the role of PDE4 and to a lesser extent PDE3 in
disease as these enzymes are found in many
inflammatory cells. The following section will high-
light the role of PDE isoenzymes in regulating the
function of cells thought to participate in the
inflammatory process.

Mast cells and basophils

It has been recognized for over 25 years that cyclic
AMP elevating drugs inhibit mast cell degranula-
tion145,146. The suppression of mast cell and basophil
degranulation in response to different stimuli by a
range of non-selective PDE inhibitors has been well
documented in rodents and man71,147–150. IBMX
decreases basophil histamine release induced by
PAF151 and theophylline, enprophylline and IBMX
have been shown to inhibit anti-IgE-induced hista-
mine release by both human lung mast cells and
basophils71,152,153 and cytokine release in human bas-
ophils154.

The presence of PDE enzymes was confirmed in
rat mast cells (PDE1 and PDE3-5)155 and basophils
from healthy human subjects71 using a variety of
pharmacological, biochemical and molecular bio-
chemical techniques. In human basophils, cGMP
PDE activity was minimal, appearing to be that of
PDE 5, while cAMP PDE activity was considerably
greater, comprising of both PDE3 and PDE471. These
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observations are consistent with functional studies
demonstrating inhibition of leukotriene (LT)C4 and
anti-IgE-induced histamine or interleukin (IL)-4
and IL-13 release from human basophils by roli-
pram71,137,151,153,154,156, denbufylline, Ro20-1724,
RP73401, nitroquazone153 and Cilomilast137. Some of
these compounds were found to be ineffective
against IgE-induced histamine release by human
lung mast cells153, thus the nature of the PDE regu-
lating human lung mast cell responses remains
uncertain. Although agents that induce and sustain
elevations in intracellular cAMP appear to attenuate
the stimulated release of mediators from both baso-
phils and human lung mast cells, the responsiveness
of human lung mast cells and basophils to selected
cAMP-active agents differs markedly157. In other
studies, the PDE4 inhibitor rolipram attenuated
LTC4 and histamine release from murine mast
cells158 and in combination with forskolin, inhibited
anti-IgE-induced increase of intracellular calcium
levels in human skin mast cells159.

The inhibitory effect of rolipram in basophils is
potentiated by addition of the PDE3 inhibitors
siguazodan (SKF95654) or cilostazol71,154, although
the mixed PDE3 and 4 inhibitor zardaverine had
little effect over and above the PDE4 inhibitors
alone156. Similarly, the PDE3/4 inhibitor, benzafen-
trine (AH21–1321) was observed to inhibit antigen-
induced histamine release from human lung
fragments160. In contrast, neither the PDE3 inhibi-
tors siguazodan, SKF95654 or cilostazol
alone71,151,153,154, nor the PDE5 inhibitor zaprinast (M
and B22948)147,153 affected histamine or cytokine
release from human basophils. These compounds
also failed to inhibit histamine release by human
lung mast cells153.

Neutrophil

The non-selective PDE inhibitors pentoxifylline,
theophylline and IBMX inhibited phagocytosis of
latex particles161, superoxide anion produc-
tion60,161–163, chemotaxis163–167, aggregation168, adhe-
sion169, PAF induced CD11b up-regulation and L-
selectin shedding170, degranulation168,171,172, apopto-

sis38 and platelet activating factor (PAF) biosynthesis
in neutrophils173. The effects of these inhibitors on
neutrophil function were associated with an
increase in the level of intracellular cAMP, as similar
effects are observed with respect to neutrophil adhe-
sion174,175, chemotaxis165, apoptosis38,176–178, superox-
ide anion production, and degranulation179 when
cAMP analogues or cAMP elevating agents are
applied.

A predominant PDE isoenzyme with high affin-
ity for cAMP but insensitive to cGMP and inhibited
by rolipram was documented using diethy-
laminoethyl-sepharose chromatography, suggest-
ing PDE4 activity180–182. In addition to this, PDE4B
mRNA has been described in human neutrophils183,
with PDE4B2 thought to be the predominant PDE
isoform present184. A cGMP-specific enzyme, iden-
tified as PDE5, has also been purified in human neu-
trophils181,185. These findings support a number of
functional studies demonstrating the ability of
various PDE4 inhibitors to attenuate respiratory
burst166,180,181,186,187, degranulation100,130,137,172,186,
apoptosis38,177,178, chemotaxis166, leukotriene bio-
synthesis181,188, chemokine release (IL-8)189 and
surface expression of the beta 2 integrins,
CD11a/CD18 and CD11b/CD18175 in neutrophils. In
contrast, the PDE3 inhibitors amrinone, milrinone,
imazodan and Cilostamide had no significant effect
on neutrophil superoxide anion production180,186

while both milrinone and bemoradan were ineffec-
tive in attenuating the expression of adhesion mole-
cules in human neutrophils175; milrinone has also
been observed to have no inhibitory effect on
human neutrophil degranulation172. However, in a
more recent study both amrinone and milrinone
were observed to reduce superoxide, hydrogen per-
oxide, and hydroxyl radical levels in neutrophils,
while neither was found to impair neutrophil
chemotaxis or phagocytosis190.

Eosinophil

A number of cAMP elevating drugs including the
non-selective PDE inhibitors have been shown to
affect a wide range of eosinophil functions. Both
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theophylline158 and IBMX191 inhibit zymosan-
induced superoxide anion generation by guinea pig
eosinophils. Both compounds have also been shown
to inhibit the C5a-stimulated formation of reactive
oxygen species in intact human eosinophils163,192 .
Low doses of theophylline augmented superoxide
anion generation secondary to adenosine A2-recep-
tor antagonism158. Theophylline has been observed
to decrease the viability of eosinophils in culture193,
attenuate immunoglobulin (Ig)-194 and C5a-induced
secretion of cationic proteins192, inhibit PAF and
C5a-induced release of LTC4

96, reduce GM-CSF and
IL-8 release in response to slgA-coated beads195 and
suppress PAF-induced up-regulation of Mac-1196.
Theophylline has also been shown to inhibit PAF
and C5a induced chemotaxis of eosinophils96, an
effect which was substantially reversed by addition
of Rp-cAMPs, which in turn suggests PKA-depen-
dence and thus a true PDE inhibitory mechanism.
Suppression of eosinophil chemotaxis in vitro by
PDE inhibitors may be due to inhibition of adhesion
molecule expression as theophylline has been seen
to inhibit PAF-induced CD11b upregulation on the
eosinophil cell surface197.

The presence of mRNA for PDE4D was first doc-
umented in guinea pig eosinophils using reverse
transcription polymerase chain reaction (RT-PCR)
with primers designed against specific sequences
in rat PDE4 subtype DNA clones198. Studies to elu-
cidate the PDE profiles of human eosinophils have
shown the presence of high levels of PDE4 activ-
ity83,96,192; the majority of this activity was observed
in the cytosolic fraction of cells with some activity
also observed in the particulate fraction192. RT-PCR
analysis of levels of PDE subtype messenger RNA
expression in human eosinophils has revealed total
PDE4 activity is a result of PDE4A, PDE4B and
PDE4D subtype activity83. Selective PDE4 inhibi-
tion in eosinophils has been shown to increase the
level of intracellular cAMP88,198,199 and attenuate
superoxide anion generation191,192,198–203, LTB4-
induced thromboxane release201,204, and Ig- or C5a-
induced secretion of cationic proteins197,198 in both
human and guinea pig eosinophils. Moreover,
PDE4 inhibitors attenuated PAF, LTB4 and C5a-

induced release of LTC4 from eosinophils96, eosino-
phil chemotaxis in vitro96,202,205–208 and PAF-
induced cell surface CD11b upregulation197,208. In
some studies, the efficacy of PDE4 inhibitors was
significantly increased in the presence of cAMP ele-
vating drugs96,192,200,203 and although only low levels
of PDE3 activity have been observed in eosinophil
cytosolic and particulate fractions192 cotreatment
with both a PDE3 and a PDE4 inhibitor has shown
increased inhibitory effects on eosinophil func-
tion209. In one study, cAMP elevating drugs but not
rolipram inhibited eosinophil viability in culture210

while in separate studies, PDE4 selective inhibition
has been shown not to inhibit C5a-induced eosino-
phil degranulation192,203. The differing results of
these studies suggest that PDE4 inhibitors alone
may not be sufficient to elevate cAMP in this cell
type and therefore may not inhibit all aspects of
eosinophil function.

T-lymphocyte

Methylxanthines
Cyclic AMP elevating agents can modulate develop-
ment, proliferation, cytokine generation, expression
of cytokine receptors, chemotaxis and antibody pro-
duction in T-lymphocytes211–214. Theophylline has
been shown to inhibit lymphocyte proliferation in
response to a variety of stimuli, including phyto-
hemagglutinin (PHA) and anti-CD326,56,102,215,216,
which may be secondary to inhibition of IL-2 syn-
thesis26,217 and downregulation of IL-2 receptor
expression218. Theophylline has also been observed
to inhibit PAF- or IL8 induced human T-lymphocyte
chemotaxis in vitro214, lymphocyte migration
through human endothelium, an effect thought to
be mediated via inhibition of lymphocyte motility219

and the release of both IL-4 and IL-5 by PMA- and
anti-CD3 stimulated Th2 cells102. Furthermore, it has
been suggested that theophylline may stimulate a
subpopulation of T-lymphocytes with suppressor
cell activity25,220. Pentoxifylline can attenuate T-
lymphocyte responsiveness in an experimental
model of autoimmune encephalomyelitis in Lewis
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rats221 and in patients with autoimmune disease
such as multiple sclerosis222. Pentoxifylline has also
been observed to inhibit release of cytokines includ-
ing TNF�, IFN and GM-CSF from HIV-specific CD8
�cytotoxic T-cells223. Both pentoxifylline and IBMX
have been shown to inhibit T-lymphocyte adhesion
to HMEC-1 (a human dermal endothelial cell line),
an effect mediated by inhibition of LFA-1 and ICAM-
1224. Moreover, theophylline and enprophylline
increased IL-5, yet had no effect on IL-4 production
in a Th2 cell line225. These studies are consistent with
the view that methylxanthines preferentially inhibit
Th1 lymphocyte-mediated responses.

Selective inhibitors
Cyclic AMP PDE activity in the soluble and particu-
late fraction of enriched T-lymphocytes was inhib-
ited by Ro-201724 and the PDE3 inhibitor, Cl-93079

and both PDE3 and PDE4 have been confirmed in
membrane and cytosolic compartments of human
CD4�and CD8�T lymphocytes95,226. On closer
inspection, PDE4A, PDE4B, PDE4D were described
in CD4�and CD8�human T lymphocytes104,226.
Semiquantitative RT-PCR analyses of mRNA from
healthy and mild atopic subjects revealed that
PDE4A and PDE4B2 were present in both CD4�and
CD8�cells and that PDE4D was expressed only in
CD8�cells83. Increased PDE4A and PDE4B2 expres-
sion was observed in CD4�cells from atopic sub-
jects, although this did not appear to result in
significantly higher cAMP PDE activity83. PDE3B
has been shown to account for the PDE3 activity
in lymphocytes from healthy subjects227 and a
fragment corresponding to PDE7 has also been
described226,228,229.

Functional studies have shown that PDE4, and to
a lesser extent PDE3 inhibitors, attenuated mitogen-,
antiCD3- and allergen-induced human T-lympho-
cyte proliferation83,87,101,102,137,215,216,230–234. However,
inhibition of lymphocyte proliferation was more
pronounced if dual inhibitors or a combination of
PDE3 and PDE4 inhibitors were used83,87,231,233,235.
Similarly, rolipram and Ro-201724 inhibited lym-
phocyte proliferation and contact hypersensitivity
in oxazolone treated mice236. The PHA- or anti-CD3-

induced proliferation of CD4�and CD8�T-lympho-
cytes was inhibited in a concentration-dependent
manner by rolipram but not SKF95654, consistent
with the ability of rolipram to elevate intracellular
cyclic AMP in these cells226. SKF95654 increased the
inhibitory potency of rolipram against CD4�and
CD8�T-lymphocyte proliferation, although com-
plete inhibition was not achieved. Similarly, it has
been demonstrated that PDE7 activity is increased
upon activation of lymphocytes, and that this in
turn, correlates with decreased cAMP and increased
proliferation237. Furthermore, when PDE7 expres-
sion is reduced by a PDE7 antisense oligonucleotide,
proliferation is reduced237. Thus, it appears that
PDE4 and to a lesser degree, both PDE3 and PDE7
may all play a role in regulating T-lymphocyte pro-
liferation.

Various studies have shown that elevating the
level of intracellular cyclic AMP may preferentially
inhibit the synthesis and release of Th1 cytokines.
Thus, drugs which elevate intracellular levels of
cAMP including forskolin and prostaglandin
(PG)E2

238–242 inhibited the production of Th1 but not
Th2 cytokines, most likely via inhibition of IL-2 syn-
thesis, reduction in t1/2 of IL-2 mRNA and IL-2 recep-
tor (IL2R) expression by a protein kinase A
dependent mechanism230,243–245.

The production of T-lymphocyte derived cyto-
kines is also influenced by antigen presenting cells
like monocytes. PGE2 inhibited the release of mono-
cyte derived IL-12, yet augmented the release of IL-
10. These cytokines are important for the
proliferation of Th1 and Th2 lymphocytes respec-
tively213,246. In other studies addition of exogenous
PGE2 to purified lymphocytes caused a marked
reduction in IFN� release247. Similarly, rolipram
attenuated the PHA- or PMA and ionomycin-
induced release of IL-2, and IFN from CD4�and
CD8�human T-lymphocytes248 and IFN produc-
tion by PHA-stimulated human peripheral blood
mononuclear cells244. On the other hand, rolipram
only inhibited T lymphocyte proliferation when the
former stimulus was used and suggested the pos-
sible involvement of other cytokines in the prolifera-
tive response226. In LPS stimulated human
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peripheral blood mononuclear cells, rolipram was
observed to inhibit IL-1� and TNF-� production249.
In each of these studies PDE3 selective inhibitors
showed little or no independent efficacy; however,
they were observed to augment the efficacy of PDE4
inhibitors. Other studies have shown that rolipram
significantly reduced TNF�, and, to a lesser extent,
IFN production in human and rat autoreactive T-
lymphocytes250 and was only partially effective
against TNF� release from encephalitogenic T-
cells251. In general, these studies support the view
that elevation of cAMP inhibits the generation of
Th1-like cytokines but that PDE mediated effects are
selective.

It has now become increasingly apparent that
intracellular cAMP can also regulate the expression
and release of cytokines from Th2 cells. It was estab-
lished in a murine Th2 cell clone that rolipram had
minimal effects on anti-CD3 induced IL-4 produc-
tion but enhanced IL-5 production via a protein
kinase A-dependent pathway225 which is consistent
with the ability of dibutyryl cyclic AMP, in combina-
tion with PMA, to increase IL-5 mRNA expression
and protein levels in a mouse thymoma line EL-4252.
The effect of cAMP on the expression of IL-5 mRNA
is indirect since there does not appear to be a CRE
consensus sequence in the IL-5 promoter.
Furthermore, dibutyryl cAMP inhibited the produc-
tion of IL-2, IL-4 and IL-10 in these cells and con-
firms the ability of cAMP to regulate the expression
of Th2 cytokines252. Similarly, IBMX inhibited the
synthesis of IL-2 and IL-4, yet moderately affected
IFN production in human T lymphocytes242 and
both Ro-201724 and theophylline inhibited IL-4 and
IL-5 secretion in human Th2 cell lines102. Rolipram
has also been observed to reduce IL-2, IL-4 and IL-5
production in PHA-stimulated human peripheral
blood mononuclear cells244. The ability of cAMP to
regulate Th2 cytokine production is not specific for
T cell clones and cell lines. Rolipram inhibited
ragweed (Th2)- but not tetanus toxoid (Th1)-driven
proliferation of peripheral blood mononuclear
cells101. This antiproliferative effect of rolipram
against ragweed challenge was associated with a

reduction in gene expression for IL-5 and IFN- but
not IL-4232. It was initially suggested that the relative
resistance to inhibition by rolipram of peripheral
blood mononuclear cell proliferation to a Th1 driven
stimulus, may be due to the lack of PDE4B in Jurkat
cells232 and that this may account for the inability of
rolipram to effect IL-2 mRNA synthesis in these
cells253. The differential effect of PDE inhibitors on T-
lymphocyte cytokine generation was also suggested
to be a function of the ability of different populations
of T-lymphocytes to elevate cyclic AMP242,254. It has
since been reported that the enhanced sensitivity of
Th2 cells and the relative insensitivity of Th1 to PDE
inhibition is more likely to be due to differential
expression of PDE4 isoforms in these cell types.
Investigation by RT-PCR revealed reduced gene
expression for the PDE4C isoform and a lack of gene
expression for the PDE4D isoform in Th1 cells when
compared to Th2234.

It is clear, that Th2 cell derived cytokines can be
inhibited by cAMP elevating drugs particularly when
a physiological stimulus such as antigen is used as
opposed to mitogens or anti-CD3. Another factor
which may influence whether cAMP up or down-
regulates the expression of Th2 cytokines is the
availability of IL-2255. Finally, cAMP elevating agents
including prostaglandin E2 inhibited the expression
of monocyte-derived IL-12 yet augmented the
expression of IL-10 from monocytes, which would
also be a determinant of the expression of Th1 and
Th2 cytokines particularly if antigen presenting cells
and/or antigen presenting cell-dependent stimuli
are used213.

B-lymphocyte

Initially, studies of RNA from a human lymphocytic
B-cell line (43D-C12) revealed a cDNA that encoded
a protein with 93% homology to rat PDE4B256. It has
since been demonstrated that cytosolic PDE4 is the
predominant isoenzyme, followed by cytosolic
PDE7-like activity, some PDE3 activity was also
noted in the particulate fraction257. Molecular
biology techniques were used in this study allowing
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further investigation of the PDE profile of human B-
lymphocytes. RT-PCR revealed PDE4A, PDE4B and
PDE4D to be present; in addition small amounts of
PDE3A were also detected257. A rise in the level of
intracellular cAMP has been shown to inhibit pro-
liferation211, differentiation258, apoptosis259,260 and
promote isotype switching by IL-4 in murine and
human B lymphocytes261,262.

PGE2 inhibits IgE production induced by IL-4 in
purified human B-cells enriched with T lympho-
cytes263. In contrast, the �2-adrenoceptor agonist,
salbutamol, was reported to potentiate IL-4-
induced IgE production in human peripheral blood
mononuclear cells264,265. The reason for this discrep-
ancy remains to be established. However, the
expression of IgE in B cells is regulated by low affin-
ity IgE receptors (CD23) which is expressed on and
released (soluble CD23) by B cells, a process that is
cAMP-dependent266. It is known that PGE2263 but not
salbutamol265 inhibits the expression of CD23 on B-
cells. The role of cAMP in regulating human B-lym-
phocyte function can only be resolved with purified
populations of CD40�lymphocytes.

Very few studies have investigated the effect
of PDE inhibitors on B-lymphocyte function.
Peripheral blood mononuclear cells from individu-
als with atopic dermatitis have a propensity to gen-
erate IgE, which is inhibited by Ro-201724 and
appeared to be mediated by a direct inhibition of the
cAMP PDE activity of B-lymphocytes267. This result
was reflected in a separate study that showed cAMP
PDE activity to be more susceptible to inhibition by
both selective PDE4 and non-selective PDE inhibi-
tors in B-lymphocyte homogenates from atopic sub-
jects when compared to healthy subjects268.
Rolipram and RP73401 (PDE4 inhibitor) increased
intracellular cAMP levels and augmented prolifera-
tion of LPS- and IL-4 stimulated human B lympho-
cytes257. This effect was reduced by PKA inhibition
with PDDE4 activity being reduced by up to 50% in
stimulated cells, thus showing stimulation of B-cell
proliferation to be dependent on a PDE4-mediated
increase in cAMP. PDE3 inhibition was shown to
have little effect in this model257. In another study,

rolipram and Ro-301724 were shown to be ineffec-
tive in inhibiting IL-4 induced IgE production by
human B-lymphocytes269.

Monocyte

In human monocytes, theophylline, IBMX and pen-
toxifylline inhibited the release of arachidonic
acid270–272, superoxide anion generation273, TNF�

production at the level of gene transcrip-
tion98,125,274–276, complement component C2277,
phagocytosis161, IL-2R expression218, production of
IL-12213, generation of LTB4

278, prevented adherence
dependent expression of platelet derived growth
factor (PDGF)� mRNA279 and facilitated the produc-
tion of IL-10213,280. Some studies have demonstrated
that non-selective phosphodiesterase inhibitors and
cAMP elevating drugs, have either no effect274, inhib-
ited281 or enhanced282–284 IL-1 production in mono-
cytes. These discrepancies may be accounted by a
number of observations. First, cAMP inhibited the
release but had no effect on the intracellular concen-
tration of IL-1� in monocytes276,285. Secondly, the
inhibition of IL-1 production by methylxanthines is
not due to a reduction in the level of IL-1 mRNA but
to a reduction in IL-1 activity281.

Many groups using various assay techniques to
detect cAMP activity in cell homogenates have
studied the isoenzyme profile of human monocytes.
Purified human monocytes were found to contain
PDE4 almost exclusively in the cytosol286, consistent
with the description of PDE4A, PDE4B (specifi-
cally PDE4B2) and PDE4D in these cells116,125,287.
Small amounts of membrane-bound PDE3 have
also been observed, and although investigated, no
PDE2, PDE5 or PDE4C expression could be
described116,125,287. Functional studies demon-
strated that rolipram attenuated leukotriene pro-
duction158, cytokine secretion103 and arachidonic
acid release272,288 from human monocytes.
Furthermore, PDE4 and, to a lesser extent,
PDE3 inhibitors, attenuated endotoxin or lipopoly-
saccharide (LPS)-induced TNF� production in
monocytes98,116,130,233,251,276,289–295. Similarly, the PDE4
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inhibitor CP80633 inhibited the release of TNF�

induced by LPS in human monocytes202. The effect
of PDE4 inhibitors on TNF� production was a con-
sequence of a reduction in TNF� mRNA expression
and protein activity276,289,292,295. PDE4 inhibitors
either have no effect289 or inhibited IL-1�

release251,276, but did not inhibit IL-1� mRNA expres-
sion276. As with non-selective PDE inhibition, roli-
pram was also observed to enhance IL-10
production, an effect that was reversed by addition
of a selective PKA inhibitor294,295.

Macrophage

The PDE profile of monocyte-derived macrophages
from healthy subjects has been determined; PDE4
activity was observed to be lower and PDE1 and
PDE3 activities increased in comparison to mono-
cytes116. In human alveolar macrophages large
amounts of PDE1 and also PDE5 account for cGMP
PDE activity, while an equivalent expression of both
PDE3 and PDE4 are responsible for the cAMP PDE
activities observed286. PDE3 is located in both cyto-
solic and membrane compartments while PDE1,
PDE4 and PDE5 are predominantly located in the
cytosol233,286. Exposure of macrophages to inflam-
matory stimuli leads to a decrease in intracellular
cAMP93; in this way LPS-induced secretion of TNF�

by monocyte-derived macrophages was inhibited by
the cAMP elevators dibutyl cAMP, PGE2 and forsko-
lin116. Similarly, 8-bromo cAMP, PGE2 and cholera
toxin reduced IL-1� expression and caused a down-
regulation of TNF� gene expression in LPS-stimu-
lated human macrophages296, while both dibutyl
cAMP and 8-bromo cAMP were observed to cause an
inhibition of thromboxane B2 release in alveolar
macrophages297,298.

Functional studies have shown that elevation of
intracellular cAMP via inhibition of PDE can also
affect the inflammatory response of this cell type.
Theophylline and enprophylline inhibited lipopro-
tein lipase activity, a consequence of reduced syn-
thesis and increased lysosomal acid hydrolase
activity in human monocyte-derived macro-
phages299. Furthermore, these drugs inhibited TNF�

release from alveolar macrophages275, superoxide
anion production from guinea pig300 and rat301 peri-
toneal and human alveolar macrophages, respec-
tively298, and to a lesser extent, attenuated
thromboxane (TXB)2 release from human alveolar
macrophages298. Theophylline was also observed to
suppress human alveolar macrophage respiratory
burst, an effect reversed by PKA inhibition, suggest-
ing that the functional effect observed here was
mediated through elavation of cAMP as a result of
PDE inhibition302. IBMX in combination with salbu-
tamol, increased LTB4 release from human non-
diseased alveolar macrophages but not from
macrophages obtained from patients with COPD,
although PGE2 release was inhibited303. In a separate
study, a similar effect was observed in alveolar
macrophages from asthmatic subjects, which exhib-
ited reduced responsiveness to PGE2, IBMX and sal-
butamol93.

Ro-201724 alone, or in combination with isopren-
aline, attenuated zymosan or IgE/anti-IgE complex-
induced release of TXB2, LTB4 and superoxide
anion304. Similarly, rolipram, RP73401 and the dual
PDE3/PDE4 inhibitor, zardaverine, inhibited LPS-
induced TNF� release from human alveolar macro-
phages116,233,305. In this model, motapizone (PDE3
inhibitor) alone acted as a weak inhibitor, and com-
bination of this compound with either rolipram or
RP73401 caused total inhibition of TNF� release116.
Rolipram has also been shown to reduce LPS-
induced TNF� release from macrophages obtained
from Lewis rats with experimental autoimmune
encephalomyelitis251, while higher concentrations
of both rolipram and zardaverine have been shown
to attenuate the release of LTC4 by LPS in murine res-
ident peritoneal macrophages305. However, FMLP-
induced superoxide anion production in guinea pig
peritoneal macrophages remained unaffected by
PDE4 inhibition300.

Bronchial epithelium

The PDE profile of bronchial epithelial cells has been
identified. In an early study, PDE1–5 were isolated
from airway epithelium with PDE3 predominantly
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localized to the membrane fraction306. In more
recent studies, analysis of PCR products from
primary airway epithelial cell cultures revealed the
presence of several PDE4 splice variants, PDE4A5,
PDE4C1, PDE4D2 and PDE4D3, and also provided
evidence of PDE7 expression through demonstra-
tion of PDE7 mRNA307. Alterations in the levels of
intracellular cAMP have long been recognized to
regulate chloride channel activity in the epithelium.
It is of interest, therefore, that airway epithelium
chloride channel activity was increased in the pres-
ence of the PDE3 inhibitor, milrinone, but neither
rolipram, Ro-201724 nor IBMX were active308. This
effect was mediated by a protein kinase dependent
pathway but was found to be unrelated to changes in
total cAMP content and once again underlines the
possibility that compartmentalization of cAMP in
cells is important in regulating protein function308.
Similarly, in functional studies, PDE inhibitors have
been shown to have limited effects on bronchial epi-
thelium. Rolipram was observed to inhibit bacteria-
induced epithelial damage of bronchial mucosa309.
However, in other studies, IBMX had no effect on
basal or TNF�-induced IL-8 release310 and neither
IBMX nor rolipram had any effect on bradykinin-
induced PGE2 release in human bronchial epithelial
cells grown in primary culture310.

Vascular endothelium

Characterization of cAMP PDE revealed the pres-
ence of PDE3 and PDE4 in bovine and pig aortic
endothelial cells in culture311,312 and PDE2–4 in
porcine pulmonary artery endothelial cells in
culture313. Functional studies have revealed the PDE
profile of human vascular endothelial cells, which
have been shown to express large amounts of PDE2,
3 and 4314. An increase in the intracellular level of
cAMP within the endothelium attenuated transen-
dothelial cell permeability315,316. Both IBMX and
pentoxifylline inhibited thrombin-315 and endo-
toxin-induced317 increase in permeability of human
umbilical vein and bovine pulmonary artery endo-
thelial cell monolayers in culture, respectively.

Interestingly, the effect of pentoxifylline on endothe-
lial cell permeability was not associated with an
increase in intracellular cAMP317 and might reflect
compartmentalization of cAMP within cells.
Motapizone, rolipram and zardaverine significantly
reduced hydrogen peroxide induced permeability of
porcine pulmonary artery endothelial cells313 impli-
cating a role for PDE3 and PDE4 in this response.
Similarly, in human endothelial cell layers, adenylyl
cyclase activation by either forskolin, cholera toxin
or prostaglandin E1 or treatment with the PDE3
and/or PDE4 inhibitors motapizone, rolipram and
zardaverine, was seen to abrogate thrombin or HlyA
(Escherichia coli hemolysin, a membrane-perturb-
ing bacterial endotoxin) induced hyperpermeabil-
ity314.

The endothelium also provides an interface for
the adhesion and transmigration of inflammatory
cells from the blood into sites of inflammation. The
transendothelial migration of lymphocytes but not
monocytes through human endothelial cells in
culture was attenuated by theophylline and Ro-
201724219. It remains to be established whether the
surface expression of adhesion proteins is inhibited,
although an effect on lymphocyte mobility was
observed. Similarly, R-rolipram inhibited PMA and
TNF�-stimulated guinea-pig eosinophil adhesion to
human umbilical cord vein endothelial cells
(HUVECs) in culture318.

IBMX attenuated TNF�-induced expression of
endothelial leukocyte adhesion molecule 1 (ELAM-1
or E-selectin), vascular cell adhesion molecule 1
(VCAM-1) but not intercellular adhesion molecule 1
(ICAM-1) in forskolin-treated human umbilical cord
vein endothelial cells in culture319. Similarly, treat-
ment of HUVECs with selective PDE4 inhibitors has
also been shown to inhibit E-selectin but not V-
CAM1 expression320. In contrast, pentoxifylline in
combination with dibutyryl cyclic AMP failed to
attenuate the TNF�-induced expression of any of
these adhesion molecules321. Rolipram in combina-
tion with salbutamol has been shown to inhibit
TNF� induced E-selectin expression, whilst ICAM-1
and VCAM-1 expression were not affected. In the
same study, the PDE 3 inhibitor ORG 9935 had no
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effect on CAM expression alone, but in combination
with rolipram, a synergistic inhibition of VCAM-1
and E-selectin, but not ICAM-1, expression was
observed209. In this way, a combination of both PDE3
and PDE4 inhibition appears to be more effective in
reducing CAM expression than inhibition of either
isoenzyme alone. Further studies are required to
determine the exact role played by cyclic AMP in
expression of adhesion molecules on vascular endo-
thelial cells.

Vascular smooth muscle

Cyclic nucleotide PDE activity in human, bovine
and rat aorta was resolved into three peaks charac-
terized by PDE1, PDE3 and PDE5, respectively322. In
later studies, PDE4 was observed in rat aorta323 and
mesenteric artery324 and in pig aorta, PDE1
(soluble), PDE3 (soluble and particulate) and PDE4
(predominantly soluble) activity was found325.
PDE1–5 were detected in the cytosolic fraction of
human aorta326, and in more recent studies,
advanced molecular biology techniques on a range
of vascular smooth muscle tissues have revealed
more specific expression of isoenzyme subtypes.
These include PDE5A1 and PDE5A2 in human
aortic smooth muscle cells327, PDE3A and PDE3B in
human blood vessel vascular smooth muscle cells328

and more specifically, PDE3A1 in human aortic
myocytes329. These biochemical studies are consis-
tent with functional studies showing vasodilation of
human mesenteric vessels, coronary, lung and renal
arteries330,331 and rat aorta323 by PDE3 inhibitors,
including milrinone, and vasodilation of rabbit
aorta by the mixed PDE3/4 inhibitor ORG20421201.
Interestingly, the ability of PDE4 and PDE5 inhibi-
tors to induce relaxation of rat aorta is dependent
on the presence of endothelium-derived nitric
oxide323,332. The endothelium-dependence of the
relaxant response to PDE4 inhibitors was subse-
quently shown to be due to nitric oxide-induced ele-
vation of cGMP which inhibited PDE3, thereby
increasing the level of intracellular cAMP in vascu-
lar smooth muscle79. A similar finding was noted for
pentoxifylline and theophylline, although relaxa-

tion mediated by theophylline was endothelium-
independent and has been attributed to the differ-
ent affinities these drugs have for PDE3 and
PDE4333. These studies highlight the cross-talk in
vascular tissue between the nitric oxide/cGMP
pathway and the cAMP pathway.

There is an abundance of PDE in human pulmo-
nary artery according to the profile: PDE5�PDE3�

�PDE4, while PDE1 was relatively scarce334. Both
PDE3 and PDE5 were predominantly located in the
cytosolic fraction. The biochemical data is sup-
ported by functional studies, which showed that
vasodilation of human pulmonary artery by zardav-
erine and motapizone was greater than rolipram335.
Recent studies have also revealed expression of
PDE2 in human pulmonary artery, more specifically
PDE 2A336.

The role of PDE in regulating vascular smooth
muscle proliferation has also been investigated. The
PDE3 inhibitor, cilostazol, attenuated growth factor-
induced [3H]-thymidine incorporation into DNA
and cell growth of rat aortic arterial smooth muscle
cells in culture337. Similarly, in a cell line derived
from embryonic rat aorta that contained both PDE3
and PDE4 activity (~ 30% and 70% respectively), the
combined use of PDE3 and PDE4 inhibitors attenu-
ated cell proliferation to a greater extent than either
inhibitor alone338 and IBMX inhibited surgery-
induced intimal thickening in organ cultures of
human saphenous vein339.

Airway smooth muscle

Biochemical investigations have documented
PDE1–5 in dog340, bovine341, guinea pig342–344 and
human airway smooth muscle345–347 with most of the
PDE activity located in the cytosol. Airway smooth
muscle relaxation is observed following inhibition of
PDE3 and PDE4 in canine348–350, guinea pig tra-
cheal342,344,351,352; and human airway prepara-
tions345–347,353–355. In contrast, inhibition of PDE4 and
not PDE3 correlated with smooth muscle relaxation
in bovine trachea341.

The contribution of PDE3 and PDE4 to human
airway smooth muscle relaxation has been investi-
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gated. The non-selective PDE inhibitors theophyl-
line, pentoxifylline and IBMX, the PDE4 selective
inhibitors rolipram, denbufylline and D22888, and
the PDE3 inhibitor ORG9935, have all been observed
to relax inherent bronchial smooth muscle tone,
while the PDE5 selective inhibitor Zaprinast
remained ineffective310,345,346,353,354. Similarly, the
combination of PDE3 and PDE4 inhibitors, or the
use of a dual PDE3/4 inhibitor resulted in significant
relaxation of smooth muscle tone345,346. In spontane-
ously contracted human bronchial preparations,
relaxation by rolipram was greater than siguazo-
dan354 and SKF94120 was more potent than roli-
pram346. Thus, the relaxation potency of the PDE3
inhibitor ORG9935 was less when methacholine and
not histamine was used as the spasmogen, which
was not seen for rolipram345. In contrast, siguazodan
was more efficacious than rolipram in spasmogen-
contracted tissue347,354. Histamine, acetylcholine
and methacholine-induced contraction of human
bronchi were significantly attenuated by amino-
phylline, T440 (PDE4 inhibitor) and ORG20241
(PDE3/4 inhibitor)201,355, but although it has been
demonstrated that theophylline, IBMX and zardave-
rine inhibit the contractile response to allergen,
RP73401 (PDE4 inhibitor) and motapizone were
without effect356. Differences in the degree of basal
tone, age and source of the tissue, variability in
tissue response to relaxant agonists and methodol-
ogy may account for the conflicting reports. Clearly,
the greater efficacy demonstrated by mixed PDE3/4
inhibitors as relaxant agonists compared with
subtype selective enzyme inhibitors imply a role for
both PDE3 and PDE4 in mediating relaxation of
human airway smooth muscle345,346.

The role of PDE in the regulation of airway
smooth muscle proliferation has only received
scant attention; nonetheless, IBMX was observed to
attenuate thrombin-induced mitogenesis of human
cultured airway smooth muscle cells357. In another
study, the PDE3 inhibitor siguazodan and the non-
selective PDE inhibitor IBMX were observed to
inhibit both [3H]thymidine incorporation and the
increase in cell number induced by platelet-derived
growth factor-BB in human cultured airway smooth

muscle cells, while the PDE 4 inhibitor rolipram had
no effect358.

Clinical studies of PDE inhibitors in asthma and
COPD

PDE inhibitors are currently being developed for the
treatment of asthma and COPD, although side
effects including emesis have halted the develop-
ment of some examples of this class of drug into the
clinic. To date, there are a limited number of clinical
studies investigating the efficacy of PDE inhibitors
in the treatment of asthma. Inhalation of zardave-
rine was shown to produce a modest bronchodilator
effect in patients with asthma, although unaccept-
able side effects of nausea and emesis were reported
in a significant number of patients359, while oral
administration of cilostazol (PDE3 inhibitor) caused
bronchodilation and bronchoprotection against
methacholine challenge in healthy subjects at the
expense of mild to severe headache360. AH-2132
(benzafentrine; a mixed PDE3/4 inhibitor) has also
been reported to have significant bronchodilator
activity in normal volunteers361; the PDE4 inhibitor,
ibudilast significantly improved baseline airways
responsiveness to spasmogens by twofold after 6
months’ treatment362 and MKS492 (PDE3 inhibitor)
has been reported to attenuate the early and late
asthmatic response in atopic asthmatics363.

Recently, the orally active PDE4 selective inhibi-
tors, CDP840135 and Roflumilast364 have been dem-
onstrated to modestly attenuate the development of
the late asthmatic response in mild asthmatics
whilst having no effect on the acute response, with
no significant side effects being reported in compar-
ison with placebo. The ability of these novel selective
PDE4 inhibitors to inhibit the late asthmatic
response was not associated with bronchodilation,
suggesting actions of this drug other than smooth
muscle relaxation. Furthermore, the PDE4 inhibitor
RP 73401, has also been shown to have no significant
effect on allergen-induced bronchoconstriction in
allergic asthmatic subjects365. These data are consis-
tent with the suggestion that PDE3 rather than PDE4
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may be the important isoenzyme regulating airway
smooth muscle tone in asthmatic subjects. However,
recent clinical studies with another orally active
PDE4 inhibitor, cilomilast have shown that this drug
can attenuate bronchoconstriction following exer-
cise in asthmatic subjects366, an effect mimicked by
four weeks of treatment with the selective PDE4
inhibitor, Roflumilast367, although the effect of the
latter drug was accompanied by a reduction in TNF�

levels. This would suggest that PDE4 inhibition can
influence inflammatory cell function in vivo. The
oral administration of V11294 has also been shown
to reduce TNF� levels in healthy volunteers368.

More recently, cilomilast administered to asth-
matic subjects taking inhaled glucocorticoster-
oids136 or individuals with COPD369 demonstrated
improvements in baseline lung function and was
well tolerated with doses up to 15 mg b.i.d. The
mechanism of the beneficial action observed with
cilomilast is unlikely to be due to bronchodilation
per se, since this drug has modest effects on airway
smooth muscle function370. An explanation for the
beneficial effect of cilomilast might include suppres-
sion of bronchial hyper-responsiveness secondary
to a reduction of airway inflammation that would
lead to improvements in lung function and/or
reduction in afferent nerve activity and thereby
reducing reflex bronchoconstriction.

Conclusion

Our increasing knowledge of the molecular biology
of the expanding PDE family of enzymes provides
exciting opportunities for the development of highly
selective, even disease specific drugs. It is already
apparent that encouraging signs beginning to
emerge concerning the development of novel PDE4
inhibitors, will not only assist in our understanding
of the role of PDE4 subtypes in the regulation of cell
function, but also offer the potential to find novel
treatments for respiratory diseases371.
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Introduction

The pharmaceutical industry is always in hot pursuit
of new therapies to combat diseases and other ail-
ments. Generally, the route is difficult and costly
involving the identification of novel disease targets
and the design of novel compounds for these targets.
An alternative option is that new drugs can be
designed from modification of currently existing
molecules to achieve compounds with an overall
superior therapeutic profile. However, sometimes a
class of a drug, designed for a specific indication, can
be fortuitously shown to have therapeutic effects in
a completely different disease state. In most of these
cases, it is the mode of action of the drug and not
necessarily similarities in the disease mechanisms
per se that make these compounds useful across a
spectrum of diseases. This is the case for potassium
channel openers (KCOs), compounds originally
developed as anti-hypertensive agents as they are
able to relax vascular smooth muscle. They act by
opening potassium channels in cell membranes
resulting in membrane hyperpolarization and con-
sequently relaxation of the muscle cells1.
Cromakalim is one of the earliest used KCOs and is a
benzopyran prototype. In addition to its ability to
relax vascular smooth muscle cromakalim was
shown to also relax airway smooth muscle (ASM).
Because of this property, this class of drugs has been
receiving increasing attention due to their potential
use in respiratory diseases and many studies have
been undertaken to investigate this.

The success of KCOs in respiratory diseases will
probably depend on whether they will offer advan-
tages over currently existing therapy. In the case of
asthma, for example, there is no doubt that currently
available therapy is not adequately controlling this
disease and hence there is an unmet medical need.
However, the question is whether KCOs will have a
superior therapeutic profile that is not shared by
standard therapy such as �2 agonist or corticoster-
oids, currently the most widely used drugs in asthma
treatment.

Potassium channels

Potassium (K�) channels form a discrete group of
membrane proteins of diverse structures and bio-
physical characteristics that have at least one func-
tional feature in common: cation permeability with
a high degree of selectivity for K�ions. They can be
found in many tissues such as vascular and ASM,
nerves, pancreatic �-cells and immunologically
competent cells such as alveolar macrophages. They
are known to have important regulatory function in
both excitable and non-excitable cells. In mammal-
ian cells, K�ions are found at significantly higher
levels intracellularly (150 mM) in comparison to
extracellular levels (5 mM). Hence the opening of K�

ion channels in the cell membrane would allow K�

ions to move, out of cells, down their concentration
gradient which is normally maintained by the ion
transporter K�/Na�adenosine triphosphatase
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(ATPase). Moreover, the K�potential gradient is
further regulated by the small pore K�channels
having a greater probability of being closed than
open thus limiting their efflux from cells. On non-
excitable tissue K�channels are believed to play a
role in signal transduction and membrane trans-
port, maintaining resting potential as well as regu-
lating cell volume. On excitable tissue, the channels
are thought to play a role in stabilization of the
membrane potential such that they set the mem-
brane potential, repolarize action potentials and
end periods of action potential firing and in the reg-
ulation of neurotransmitter release.

The realization that K�channels are ubiquitously
expressed proteins has increased interest in
attempting to elucidate their function. More
recently, this interest has extended to elucidating the
role of K�channels in certain respiratory diseases
with a view to revealing a potentially new class of
therapeutic agent.

Types of K channels

Molecular and electrophysiological technologies
have led to an expansion in the field of K�channels.
Over ten types of K�channels have been identified
so far2. Currently K�channel families3 are character-
ized based on their biophysical properties such as
their activation and inactivation kinetics, their
current–voltage profiles, and their regulation by
certain modulators such as intracellular adenosine
triphosphate (ATP) and Ca2�. Studies on native
channels, and more recently cloned K�channels
have led to pharmacological characterization of
these channels. For example several K�channel
blockers, many derived from natural sources, such
as scorpion and snake toxins, have been discovered4.
In addition to blockers, openers of several types of
K�channels have been discovered. These openers
can modulate the activity of channels found in
several types of tissue. These openers come from
natural sources but have also been derived synthet-
ically5. Due to the relatively large number of types of

K�channels and their ubiquitous expression, this
chapter will focus primarily on the two main types of
K�channels with some relevance to respiratory
diseases, Ca2�-activated K�channels and KATP chan-

nels.

Ca2�activated K�channels

Ca2�-activated K�channels are widely distributed
and characterized by their selectivity for K�and their
dependence on intracellular Ca2�for activation. It is
this latter property that separates them from other
K�channels and demonstrates their importance
particularly in the context of excitable tissue and
neurotransmitter release. There are possibly two dis-
tinct families of Ca2�-activated K channels. The
small conductance Ca2�-activated K�channels
(SKCa) and the large conductance Ca2�-activated K�

channels (maxi-K or BKCa)6.

Small Ca2�-activated K�channel (SKCa)

SKCa play a fundamental role in all excitable tissue.
They are selective for K�, have relatively low single-
channel conductance values (5–15 pS), are highly
sensitive to [Ca2�]in and they are usually voltage
insensitive7–9. SKCa are potently inhibited by certain
peptidyl toxins, most notably the bee toxin,
apamin10. Action potentials increase the levels of
intracellular Ca2�consequently activating SKCa. This
results in long hyperpolarization termed afterhyper-
polarization (AHP) and contributes to spike afterpo-
larization and burst termination in neurons11,12. This
spike-frequency adaptation process protects the cell
from the deleterious effects of continuous tetanic
activity and is crucial for normal neurotransmis-
sion13,14. Studies of vertebrate neuronal somata have
shown that after each spike in motor neurons, the
membrane may hyperpolarize twice, an initial fast
AHP lasting for 1 to 2 ms, and a later slow AHP, lasting
50 to 1000 ms. Both are due to elevated K�conduc-
tance. The slow AHP is generated by SKCa channels
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activated by Ca2�influxes occurring during each
action potential and lasts presumably as long as it
takes for any excess Ca2�ions to be removed. It is
thought that the slow AHP limits the firing frequency
of repetitive action potentials and hence SKCa, func-
tionally, transduces fluctuations in intracellular
calcium concentrations into changes in membrane
potential15.

Large Ca2�-activated K channels (BKCa or maxi-K
channels)

BKCa are ubiquitous channels found in both excit-
able and non-excitable tissue. They are so named
because of their large conductances which range
from 100 to 300 pS yet are able to maintain a high
degree of specificity for potassium ions8. They com-
prise a diverse group of voltage-dependent ion
channels with a range of single-channel conductive
values and sensitivities to [Ca2�]in. On excitable
tissue, BK Ca channels have been described on nerve
cells16 where they may regulate neurotransmitter
release17. Opening of BKCa channels appears to repo-
larize the terminal, shortening the action potential
and restrict Ca2�entry thereby limiting release. On
ASM, they are thought to regulate the membrane
potential and intrinsic tone18,19. Although the effect
of BKCa opening on resting membrane potential is
small, they have a considerably greater effect on
action potentials which is most pronounced on very
active cells. Moreover, in ASM it is believed that BKCa

channels are responsible for the repolarizing phase
of the action potential, control of slow wave activ-
ity20,21. In this tissue, BKCa channels mediate a slow
outward current which is blocked by tetraethylam-
monium (TEA), charybdotoxin and iberiotoxin. BKCa

channels are also present in striated muscle where it
is thought that they contribute to repolarization and
stabilization of transverse tubule membrane22.
There is also evidence that these channels are, at
least partly, involved in mediating the relaxant effect
of �-adrenergic agonists on ASM23.

KATP channels

ATP sensitive potassium channels were first
described in the heart24. Subsequently, similar K�

channels, all with unitary conductances in the range
of 40–80 pS, were found to exist in insulin-secreting
pancreatic � cells and in skeletal muscle25–27. They are
also found in many other tissues such as neuronal,
immunologically competent cells such as alveolar
macrophages and vascular and airway smooth
muscle. KATP confer a degree of metabolic sensitivity
to the membrane properties on cells in which they are
located. KATP channels are so named because of their
inhibition by physiological (�M) concentrations of
intracellular ATP [ATP]in and activation as [ATP]in

decreases. They are also Ca2� insensitive and gener-
ally show little voltage sensitivity. Under normal
circumstances [ATP]in levels are well maintained and
are only altered under conditions of high metabolic
demand. Hence it is possible that the normal levels of
ATP maintain a low open probability against which
background changes in other regulatory factors serve
to control channel activity. Although these channels
are sometimes described as ATP dependent, the term
ATP sensitive is probably a better description as phos-
phorylation via ATP can modify the opening of large
conductance calcium-dependent K�channels.
Moreover, although the opening of KATP channels can
be experimentally modulated by [ATP]in, the physio-
logical control of these channels in many tissues may
be primarily associated with other nucleotides, G-
proteins and various ligands28. KATP channels are
inhibited by sulfonylureas such as glibenclamide29,30

and by phentolamine31.

Potassium channel openers

The term K�channel opener was first used in 1985 in
the context of the smooth muscle relaxant effects of
the benzopyran, cromakalim. Such a vague phar-
macological term was used as it reflected the
unknown mechanism by which cromakalim opened
K�channels. The family comprises a large number of
molecules that can be classified into three main
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groups: (i) agents like cromakalim that open the
small conductance (10–30 pS) KATP channels; (ii)
hybrid molecules like nicorandil which open KATP

channels and activate the enzyme, soluble guanylyl
cyclase; and (iii) molecules like NS1619 which open
the large conductance (100–300 pS) BKCa. For SKCa

channels, selective openers are not known.
Nonetheless the opening of any type of K�channel
will result in cell membrane hyperpolarization. One
significant characteristic of the synthetic KCO is that
they not only shift the membrane potential towards
EK but they also tend to voltage clamp the membrane
potential at EK. Therefore in the presence of a KCO
any depolarizing stimulus results in further K�efflux
via the open K�channels, and the membrane either
remains in the region or quickly returns to EK.

Openers of the ATP-sensitive K�channels

These agents comprise the largest number of KCOs.
Members of this family can be distinguished from
other types of KCO as their actions are susceptible to
inhibition by glibenclamide but not charybdotoxin
or apamin. Moreover, based on differences in the
chemical structure of KCOs in this family, they have
been further divided into several groups.

Benzopyrans

After the description of the pharmacology of the
racemate cromakalim32, analogues of this molecule
have been synthesized more than any other KCOs33.
The group includes levcromakalim, the more active
enantiomer of cromakalim, bimakalim, rilmakalim
SDZ PCO 400, SDZ 217–744, and BRL 55834.
Generally compounds in this group can open KATP

channels in ASM, vascular smooth muscle and
cardiac cells (at higher concentration), but have no
(or very little) effect in pancreatic cells.

Thioformamides

The prototypes of this group is aprikalim, the more
active enantiomer of the racemate RP49356. Many of

the molecules in this group contain both a chiral
carbon and a chiral sulphur atom, which results in a
complex stereochemistry.

Pyrimidines

The prototype member of this group is minoxidil34.
Early organ bath studies suggested that members of
this group may have potassium channel opening
properties35 and this was subsequently confirmed
by ion flux and membrane potential measure-
ments36. The potassium channel opening ability of
another pyrimidine derivative, LP 805 have been
reported37.

Cyanoguanidines

These compounds were initially developed in the
early 1970s; however, their mechanism of action was
not known until much later38,39. The prototype mole-
cule is the racemate pinacidil. Other closely related
derivatives are the achiral P1060 and the highly
potent P1075.

Benzothiadiazines

Diazoxide is the most characterized molecule in this
group. However, derivatives of this molecule have
recently been described40. The hyperglycemic
actions of diazoxide in pancreatic � cells41 and vas-
cular smooth muscle, and its vasodilator effects are
due to its ability to open K�channels42. Diazoxide
demonstrates antagonistic activity in cardiac cells in
contrast to pinacidil and cromakalim.

Openers of the large conductance calcium-
activated K-channel (BKCa)

This is a relatively new family of KCOs but is a poten-
tially very exciting one and is currently the subject of
intense investigation. NS004, a benzimiadazole, has
been shown to activate BKCa on neuronal cells43, in
airways and vascular smooth muscle44,45 and in
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hippocampal cells46. It has been suggested47 that the
most interesting advance made in this area is the
development of the triterpenoid glycoside deriva-
tive, dehydrosaponin 148. Interestingly, although this
agent is an opener of BKCa, it only does so when
applied to the inner surface of the cells48.

Potassium channels on ASM

If a depolarizing current is applied to the membrane
of an ASM cell, the plasma membrane limits the
degree of depolarization demonstrating that the
plasma membrane has inherent rectifying ability.
This ‘rectifying’ behaviour tends to limit depolariza-
tion and consequently, smooth muscle contraction
from taking place. This membrane potential rectifi-
cation is due to the opening of K�channels. As the
membrane begins to depolarize, the K�channels
open and K�ions move down their concentration
gradient out of the cell thereby repolarizing the
membrane and limiting the potential change and
development in muscle tension49.

In addition to channels that are activated by
changes in the membrane potential, BKCa and KATP,
channels also play a major role in limiting ASM
contractility. The presence of BKCa channels on
inside-out patches of bovine tracheal smooth
muscle cells was confirmed by conductance of about
240 pS, selectivity for K�, dependence of channel
activity on Ca2�levels and sensitivity to the selective
BKCa channel blocker iberiotoxin. Moreover, the
BKCa channel openers increased the open state
probability of BKCa in a dose-dependent manner50.
Furthermore, in guinea pigs, tracheal spontaneous
tone was markedly suppressed by atrial natriuretic
peptide (ANP). The relaxant effects of ANP on spon-
taneous tone was markedly suppressed in the pres-
ence of iberiotoxin. Moreover, the inhibitory effects
of iberiotoxin on relaxation induced by ANP were
diminished in the presence of nifedipine, an antag-
onist of voltage-operated Ca2�channels51. Therefore
as intracellular Ca2�begins to rise, either due to
membrane depolarization or through an agonist-
induced mechanism, BKCa channels are activated,

resulting in membrane hyperpolarization and con-
sequently limiting further Ca2�influx through the
voltage-operated calcium channels hence decreas-
ing ASM contractility.

The KATP CO bimakalim has been reported to relax
spontaneous tone of guinea pig tracheal rings and
also inhibit bombesin-induced bronchoconstric-
tion in anesthetized guinea pig52. Moreover, HOE
234 and lemakalim were found to produce concen-
tration-dependent relaxation of both spontaneous
tone and tone increased by methacholine in human
bronchi; effects that could be inhibited by glibencla-
mide, suggesting a mechanism involving KCOs53.
Furthermore, other studies using intraluminal pres-
sure recording54 or recording of tension changes
from segments of trachea55 have shown that cro-
makalim can directly inhibit ASM contraction.

K�channels on airway nerves

Studies have shown that KATP and BKCa are present in
airway nerves and may play a role in regulating neu-
rotransmitter release from both cholinergic and
peptidergic neurones. Studies using isolated guinea
pig trachea have shown that pressor responses to
preganglionic stimulation of extrinsic vagal nerves
are reduced by cromakalim56,57. It was reported that
cromakalim did not inhibit responses to postgan-
glionic stimulation of cholinergic nerves which
would suggest that the mechanism of action is
through inhibition of transmitter release56.

Other studies have demonstrated that KCOs
decrease the activity of excitatory non-adrenergic
non-cholinergic (eNANC) nerves. The intravenous
administration of cromakalim (10–400 �g/kg)
reduced eNANC-mediated bronchoconstriction to
bilateral vagal stimulation in anaesthetized guinea
pigs in a dose dependent fashion. Similar doses of
cromakalim did not block substance P (SP)-mediated
bronchoconstriction which would indicate that cro-
makalim inhibits release of the peptidergic neuro-
transmitter at doses that did not affect the direct
action of SP58. In vitro experiments have confirmed
that KATP COs can inhibit eNANC-mediated effects
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through a prejunctional site of action. Transmural
stimulation of isolated trachea or bronchus pre-
treated with atropine and indomethacin results in
NANC-mediated contractions which were inhibited
by cromakalim, lemakalim, pinacidil and RP 52891
(the active enantiomer of RP49356)55,59. Furthermore,
studies have also shown that the action of the KATP

COs is suppressed by glibenclamide consistent with
an action on KATP channels in sensory airway nerves.

There is also evidence that BKCa channels play an
important role in the regulation of neurotransmitter
release. Thus charybdotoxin significantly inhibited
the �-opioid agonist-induced prejunctional inhibi-
tion of cholinergic nerve induced contraction in
human airways60. Furthermore, NS1619 inhibited
electrically induced NANC induced contraction of
isolated guinea-pig bronchi but not contraction
induced by exogenous neurokinin A (NKA).
Moreover, the effects of NS1619 were prevented by
iberiotoxin17. NS1619 also inhibited electrical field
stimulation (EFS)-induced cholinergic contractile
responses without affecting responses to exogenous
acetylcholine61.

KCO in the treatment of respiratory diseases

Due to the ability of KCO to induce cell membrane
hyperpolarization particularly in ASM and airway
nerves, it is anticipated that these molecules will
induce bronchodilation, reduce C-fibre driven
neurogenic inflammation and mucus hyper-
secretion, decrease airway hyperresponsiveness
(AHR) and have antitussive effects. These effects are
predicted to have some beneficial action in respira-
tory conditions such as asthma and chronic obstruc-
tive pulmonary diseases (COPD).

KCO and bronchodilation

Few clinical investigations have addressed the bron-
chospasmolytic capacity of KCOs and these have
been namely the KATP COs. A study using healthy vol-

unteers has shown that a 2 mg dose of cromakalim
significantly increased the PEFR (PC40) to hista-
mine62. Furthermore, there is evidence suggesting
that KCOs may have an impact on nocturnal
asthma. In a randomized double-blind cross-over
study, asthmatic subjects given cromakalim orally,
significantly reduced the fall in early morning lung
function63. In neither of these studies did cromaka-
lim have any effects on blood pressure or heart rate.
Also cromakalim administered orally has been
reported to reduce histamine-induced bronchocon-
striction in healthy volunteers62. However, in a more
recent double-blind, placebo-controlled study in
patients with mild to moderate asthma, levcromak-
alim did not result in significant bronchodilation or
changes in airway responsiveness64. Moreover,
headache was a major side effect reported by most
of the patients possibly due to vasodilation of cere-
bral vasculature64. In another study with bimakalim,
it was reported that no bronchodilation was seen at
doses below the threshold for headache induction65.
This lack of bronchodilator effect in this study may
have been due to low doses administered by the
inhaler device or indeed due to a real lack of bron-
chodilator effect of bimakalim65. Moreover, the side-
effect problem was not solved by local
administration65.

Therefore these studies do not support the notion
that KATP COs are effective bronchodilators in
humans, particularly when compared with �2

agonist but other types of KCO have not yet been
tested clinically.

KCO and airway hyperresponsiveness

The effects of KATP COs on AHR are well documented.
Generally, AHR to numerous airway stimuli can be
precipitated through administration of several types
of chemically unrelated molecules such as allergen,
platelet activating factor (PAF), ozone (�) salbuta-
mol and immune complexes. In guinea pigs it was
shown that AHR to histamine following intravenous
injection of immune complexes is suppressed fol-
lowing treatment with either cromakalim or the
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benzopyran KCO SDZ PCO 400 at doses that did not
inhibit the broncoconstrictor responses to hista-
mine in normal animals66. Moreover, PCO400 was
shown to abolish the airway obstruction to intra-
venously injected immune complex and also the
expression of AHR67. It was shown that KATP COs
could suppress AHR without producing significant
bronchodilation. Infusion of PAF in guinea pigs
induces AHR to histamine but the airway respon-
siveness of these animals to acetylcholine remains
unaltered. Following infusion of PAF, SDZ PCO 400
suppressed the exaggerated response to histamine
but not to acetylcholine68.

Also, it was reported that the KCOs levocromaka-
lim, bimakalim, rilmakalim and SDZ PCO 400 all
reversed the bombesin-induced bronchoconstric-
tion. Further, these KCOs reversed immune
complex-induced AHR with ED50 values that were
considerably lower than those for the reversal of
bombesin-induced bronchoconstriction. Also
bimakalim, levcromakalim and SDZ PCO 400 did
not inhibit histamine-induced bronchoconstriction
in normoreactive guinea pigs at doses that sup-
pressed immune complex-induced AHR to hista-
mine. Airway responsiveness of normal animals was
only slightly susceptible to inhibition by KATP CO69.
This would suggest that the bronchodilation was not
the mechanism for suppression of AHR. Moreover,
KCO such as bimakalim and SDZ 217–744 produced
an almost complete suppression of ozone-induced
AHR, although other openers such as BRL 55834 and
YM 934 were inactive70, indicating that there are sig-
nificant differences between the potencies of KCOs
in their ability to reverse AHR.

The ability of the second generation KCOs like
SDZ 217–744 to inhibit salbutamol-induced AHR
was addressed in guinea pigs70. In animals that were
treated for 10 days with salbutamol (0.2 mg/kg/day)
and/or SDZ 217–744 administered by subcutane-
ously implanted minipumps, the dose response
curves to histamine and methacholine performed,
after the removal of the minipumps, were consider-
ably enhanced in animals treated with salbutamol
alone. However, in animals treated with SDZ
217–744 instead of salbutamol, their airway respon-

siveness was unaltered. More significantly concur-
rent treatment with SDZ 217–744 almost completely
prevented salbutamol-induced AHR70.

The mechanisms by which KCOs produce their
anti-AHR effect are not fully understood but are
thought to be independent of their bronchospasmo-
lytic effects. It was shown that there was a poor cor-
relation between the ED50 values of KCOs for
inhibition of histamine- or bombesin-induced
bronchoconstriction in normoreactive guinea pigs
and the reversal of immune complex-induced
AHR69. There is a good body of evidence to suggest
the involvement of altered neural reflexes71–73.
Studies have shown that pretreatment of sensitized
rabbits with capsaicin, in order to chemically inacti-
vate a subpopulation of afferent nerves, the C-fibres,
abolished AHR to histamine following allergen chal-
lenge71 and also in naïve rabbits exposed to PAF72.
Furthermore, in some animal models, it has been
demonstrated that bilateral vagotomy before treat-
ment with immune complexes abolished the AHR to
histamine74. These data point to enhanced excitabil-
ity of airway neural tissue as a major contributor to
AHR and the mechanism of action of KCOs in sup-
pressing AHR could be at the level of excitatory
nerves. There is evidence that KCOs can modulate
neural function and consequently neural mediated
effects. Studies have reported that cromakalim abro-
gates NANC but not substance P-mediated bron-
choconstriction58 and inhibits the contraction
induced by vagal stimulation of guinea pig isolated
trachea at lower concentration than are needed to
inhibit responses to exogenous acetylcholine-
induced airway responses58. This would suggest that
the main mechanism of action of this class of drug is
not through functional antagonism of airway
smooth muscle but rather by a prejunctional mech-
anism of action on afferent and/or cholinergic
nerves and thereby impairing reflex bronchocon-
striction.

On AHR, preclinical studies would suggest that
KATP COs are much more effective as suppressing
AHR agents than in inducing bronchodilation.
However, one criticism of such findings is that the
studies reported were all conducted on models of
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acute AHR and clinical studies have shown this type
of AHR is easily controlled by low doses of steroids.
However, chronic AHR, the more troublesome type,
is only partly steroid sensitive and if KCOs should
prove to be efficacious in chronic AHR then they
would certainly offer an advantage.

KCO and mucus secretion

Mucus hypersecretion is a characteristic feature of
asthma and COPD and contributes significantly to
the airway obstruction that is evident in both dis-
eases. It is thought that, in these diseases, the mech-
anisms that regulate mucus secretion are defective.
Therefore, agents which suppress mucus hyperse-
cretion would improve airway calibre. In mammal-
ian airways, the major neural control is cholinergic
with a minor adrenergic component75. Sensory
afferent nerves have also been shown to contribute
to the neural control of secretions76. A study looking
at neuroregulation of mucus secretion in ferret
trachea has shown that opening of BKCa and KATP

channels inhibited neurogenic mucus secretion77.
NS1619 was more active than levcromakalim sug-
gesting perhaps a more important role for BKCa

channels. Furthermore, only opening of BKCa inhib-
ited acetylcholine-evoked secretion of mucus.
Another study has demonstrated that vasoactive
intestinal peptide (VIP) induces an inhibitory effect
on cholinergic and tachykininergic neurogenic
mucus secretion. The effect appears to be mediated
through inhibition of neurotransmitter release con-
sequent to opening of BKCa as the effect was inhib-
ited by iberiotoxin but not apamin or
glibenclamide78. These studies point to an impor-
tant role for potassium channels in regulating the
amount of mucus released from mammalian
airways such that opening of BKCa or KATP may be a
physiological mechanism involved in limiting exces-
sive airway mucus secretion. Therefore use of either
a BKca or KATP channel opener in respiratory disease
in which mucus hypersecretion is implicated in the
pathophysiology would theoretically reduce mucus
output and improve airway calibre.

KCO and cough

Perhaps one of the most common symptoms of res-
piratory tract infections and respiratory diseases is
cough. Although antitussive medicaments are
readily available over the counter, unfortunately
they are not very potent, are non-specific, have
many side effects and cannot be administered for
long periods of time. Therefore there is a definite
need for specific and potent antitussive therapy. In a
study examining the antitussive effects of cromaka-
lim on capsaicin-induced cough reflex in rats, it was
reported that cromakalim (0.1 to 10 mg/kg/ i.p.)
decreased the number of induced cough in a dose-
dependent manner79. A more recent study, in guinea
pigs, looking at both cromakalim and another KATP

opener, pinacidil, showed that both drugs, adminis-
tered subcutaneously 45 min before citric acid
challenge, inhibited the cough response, with cro-
makalim being the more potent of the two80. The
antitussive effects of pinacidil and cromakalim were
not due to bronchodilation as this was absent at the
doses used. Moreover, the combination of cromaka-
lim and pinacidil with codeine produced an additive
effect. Further, the BKCa channel activator NS1619
has also been shown to inhibit citric acid-induced
cough in guinea pigs together with inhibition of C-
fibre activity and eNANC-mediated bronchocon-
striction17. This would suggest that both types of
potassium channels KATP and BKCa may play a role in
regulating sensory nerve function and hence
openers of both channels could be of benefit in the
treatment of cough.

Conclusions

The objective of this chapter was to provide the
reader with an understanding of the types of potas-
sium channels that may be of relevance to respira-
tory diseases, outline the types of KCOs available
and to appreciate areas in respiratory disease where
KCO could be of therapeutic use.

Although the case for the clinical use of KCO as
bronchodilators is not a strong one, their capacity to
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suppress AHR, suppression of mucus hypersecre-
tion and their antitussive effect are more encourag-
ing but require further preclinical verification.
Moreover, clinical studies comparing their effects
with steroids and other established respiratory
drugs will be required to establish the efficacy of
KCO as antiasthma therapy.

Agents that open KATP or BKCa channels offer a
novel therapeutic avenue to decrease excitability of
cells. The currently available preclinical and limited
clinical evidence would suggest that KCO may be
useful in respiratory diseases such as asthma and
COPD. However, until compounds that are tissue
selective are available, it may be some time before
these drugs are on the market. As a consequence of
the ubiquitous nature of the targets for KCOs, a lack
of tissue selectivity has been observed. The current
generation of K�channels have serious safety con-
cerns. Headaches and flushes are common side
effects and cardiovascular side effects can be seen
when high doses are used indicating a low therapeu-
tic window for this class of compounds. This would
imply that there is a need to attempt to identify
target subtypes of potassium channels so that KCOs
are more respiratory selective. Currently available
technology will hopefully aid our understanding of
these channels. There is evidence that KATP isoforms
may exist and this will offer realistic potential for
therapy. This may help to design K�channel subtype
specific-openers and determine the degree to which
the classes of channels (KATP and BKCa) represent a
realistic therapeutic target.
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Tachykinin, CGRP and their receptors

Substance P (SP), a major peptide neurotransmitter,
was first found in the gut, and after two decades
from its discovery it was proposed as a mediator of
pain at the spinal level1. SP belongs to the
tachykinin, a family of peptides that share a
common C-terminus amino-acid sequence
(Phe–X–Gly–Leu– Met–NH2). In mammals the
tachykinin are substantially confined to the central
and peripheral nervous system. Three main tachyki-
nin peptides have been described: SP, neurokinin A
(NKA) and neurokinin B (NKB). SP and NKA are
products of the preprotachykinin gene-I that via
alternative splicing of the mRNA generates three
different precursor proteins from which SP and NKA
are produced at different ratios2. The sole biologi-
cally active product of the preprotachykinin gene-II
is NKB2. NKB expression is apparently limited to the
central nervous system, whereas SP and NKA are
also found in a subpopulation of intrinsic neurones
of the gut and in a subset of primary sensory neu-
rones, including those of the trigeminal and dorsal
root ganglia3. Of particular interest for this review is
the notion that vagal (nodose and jugular) sensory
ganglia are made up of a large proportion of neu-
rones that contain and release tachykinin.
Metabolism by membrane-bound peptidases,
including neutral endopeptidase (NEP, EC 24.11)
and angiotensin converting enzyme (ACE, EC 14.1),
is one of the major factors that limit the biological
effects of tachykinin4,5. Genetic disruption of NEP
revealed the key role of this peptidase in the hitherto

unrecognized control of baseline amounts of tachy-
kinin and of baseline level of neurogenic plasma
extravasation in mice6.

The biological actions of tachykinin are mediated
by three receptor subtypes, that belong to the seven
transmembrane domain G protein-coupled recep-
tor superfamily: these are the NK1, NK2 and NK3

receptors. The existence of an NK4 receptor subtype
has been proposed7, although molecular and phar-
macological confirmation of its identity and biolog-
ical role is lacking. All three tachykinin exhibit a
similar high affinity for NK1 receptors which is
apparently the phylogenetically older tachykinin
receptor subtype8, whereas NKA and NKB have a
better affinity for NK2 and NK3 receptors, respec-
tively8,9.

Calcitonin gene-related peptide (CGRP) is the
product of an alternative splicing of the calcitonin
gene that occurs in the nervous system, but not in
the thyroid gland10. CGRP is co-stored in and co-
released from, primary sensory neurones along with
tachykinin1. The biological actions of CGRP are
mediated via the activation of operationally defined
receptors, the CGRP1 and CGRP2 receptors. These
receptors, which are apparently regulated by the
recently discovered receptor-activity-modifying
protein(s) (RAMP)11, are mainly localized at the vas-
cular level where they induce vasodilatation, and
contribute to neurogenic inflammatory responses
(see below). Additional extravascular effects of
CGRP include chronotropic and inotropic effects in
the heart and dilatation of urinary tract smooth
muscle.
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Kinin and kinin receptors

Bradykinin is the best-known member of a family of
short peptides produced by the action of proteases
(kallikreins) that cleave larger precursor proteins,
the kininogens. Plasma kallikriens cleave high
molecular weight kininogen (HMWK), whereas
glandular or other tissue kallikreins cleave low
molecular weight kininogen (HMWK). The non-
apeptide bradykinin is derived from the proteolytic
cleavage of HMWK, whereas the extended form of
bradykinin, lys-bradykinin (also called kallidin)
originates from LMWK. Activation of kallikreins
from inactive precursors, the pro-kallicreins, is pro-
duced by activation of the blood clotting cascade,
lowering of the pH of the medium, inflammatory
insults and other types of injury. The endopepti-
dases ACE (kininase II) and NEP are the main
enzymes involved in the catabolism of kinin to inac-
tive fragments. Cleavage of the C-terminus arginine
from bradykinin and kallidin by an esopeptidase, the
kininase I, is the origin for the des-arg9 derivatives of
kinin. Kinin receptors have been originally classified
according to pharmacological criteria as B1 and B2

receptors12. In the last 10 years molecular cloning
has confirmed the existence of these two recep-
tors13,14, whereas the proposal of additional receptor
subtypes has not been proved yet. des-Arg9 deriva-
tives of bradykinin and kallidin selectively stimulate
B1 receptors12,15. The B1 receptor has the unique
feature of being inducible either after a few hours of
incubation in vitro, or in vivo following exposure to
a series of inflammatory stimuli and cytokines15. A
few studies have been reported on the role of B1

receptors in the airways to date. However, recent evi-
dence that B1 receptor is induced and exerts a motor
response in the mouse trachea16 suggests that this
receptor may play a role in airway pathophysiologi-
cal mechanisms.

B2 receptors, as for B1 receptors, belong to the G
protein-coupled receptor superfamily, and they are
distributed in a large variety of cells and tissues. The
pleitropic, and often opposing, biological actions of
bradykinin reflect the wide distribution of B2 recep-
tors. B2 receptors have been documented by func-

tional, histological and biochemical means in fibro-
blasts, endothelial and smooth muscle vascular
cells, bronchial smooth muscle cells, epithelial and
glandular cells as well as on sensory nerves of the
airways. Localization of B2 receptors on sensory
nerves17 is of particular relevance for bradykinin
action in the airways because most of the responses
caused by local application of bradykinin in this
tissue are mediated indirectly by neurogenic mech-
anisms18. Bradykinin, along with its well-known pro-
algesic property, due to its ability to initiate the
afferent impulse that conveys nociceptive/painful
information, induces the release of peptide neuro-
transmitters from peripheral terminals of sensory
neurones, thus causing neurogenic inflammatory
responses1,18,19.

Neurogenic inflammation and biological
responses to tachykinin

Neurogenic inflammation consists of inflammatory
responses produced by neuropeptides (SP, NKA and
CGRP) released from peripheral endings of primary
sensory neurones. Neurogenic inflammation is par-
ticularly prominent at the vascular level where it
causes vasodilatation of arterioles, plasma protein
extravasation in post-capillary venules, and leuko-
cyte adhesion to endothelial cells of venules. Non-
vascular (urinary bladder, ureter, iris) smooth
muscle relaxation/contraction, inotropic and
chronotropic effect of the heart, and other effects are
also tissue-specific neurogenic inflammatory
responses. In the airways prominent extravascular
actions mediated by neurogenic mechanisms are
bronchoconstriction and in certain instances bron-
chorelaxation20,21, secretion from seromucous
glands22, and release of mediators (including prosta-
glandins and nitric oxide, NO) from the airway epi-
thelium. The sensory neuropeptide CGRP appears to
be involved solely in the vasodilatation of bronchial
arterioles in certain species23. Tachykinin and their
receptors mediate all the other neurogenic inflam-
matory responses in the airways (Fig. 9.1 and Table
9.1). NK2 receptors mediate bronchoconstriction in
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most species24,25. However, in pig26, guinea pig27 and
in human small28 and medium size (Amadesi and P.
Geppetti, unpublished observation) bronchi, NK1

receptors appear to contribute to bronchoconstric-
tion. NK1 receptors mediate the increase in airway
blood flow, plasma extravasation and leukocyte
adhesion in postcapillary venules29–31 and secretion
from seromucous glands in the ferret and man22,32.
NK1 receptor stimulation in the tracheal epithelium
promotes the secretion of bronchorelaxant NO in
the guinea pig21 and prostaglandins in the rat and
mouse20. NK2 receptors potentiate tachykinin-
induced neurotransmission on postganglionic
nerve terminals, whereas potentiation at the gang-

lion level by tachykinin appears to be mediated by
NK1 receptors24.

Modulation of neurogenic inflammation

Peptide-containing primary sensory neurones are
characterized by their unique sensitivity to capsai-
cin, the pungent principal contained in the plants of
the genus Capsicum33. The molecular basis of the
selective action of capsaicin on sensory neurones
has been recently clarified by the cloning of the
channel operated by capsaicin34. This 6 transmem-
brane domain protein, that allows the influx of
cations non-selectively, is physiologically stimu-
lated by heat (�43 °C) and by protons35,36. Capsaicin
selectively stimulates primary sensory neurones
and causes the release of sensory neuropeptide, thus
promoting neurogenic inflammation. At higher con-
centrations capsaicin destroys the neurones thus,
after a first excitatory phase, it blocks neurogenic
inflammation33. These unique features of capsaicin
have greatly contributed to the pathophysiological
role of peptide-containing primary sensory neu-
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Fig. 9.1 Schematic representation of the localization of

tachykinin and kinin receptors on different cells of the

airways. NK3 receptors have been involved in the cough

response and hyperresponsiveness. However, their

localization in the airways is not known. The localization of

NK1 and NK2 receptors proposed to play a role in the cough

response is also unclear. Representation of bradykinin B2

receptors is limited to the role of these receptors in neurogenic

inflammation.

Table 9.1. Tachykinin NK1, NK2 and NK3 receptor
antagonists and kinin B2 receptor antagonists

NK1 NK3

CP-96345 SR 142801 (Osanetant)

CP-99994 SB 218795

CP-122721 Dual NK1/NK2

SR 140333 (Nolpitantium) MDL 105,172

FK-888 FK-224

RP 67580 S 16474 

MK-869 B2

SDZ NKT 343 Hoe 140

LY 303870 WIN 64338

NK2 FR-173657

SR 48968 (Saredutant) B1

MEN 11420 (Nepadutant) [Leu8-des-Arg9]-bradykinin

GR 159897 R-715 

Note:

This is a partial list of all the antagonists discovered and

published.



rones, which for this reason, have been defined as
‘capsaicin-sensitive’37.

Activation of inhibitory receptors on sensory
nerves may limit neurogenic inflammatory
responses19. These receptors include NPY19, adeno-
sine38, 5-HT1D

39, histamine H3
40, dopamine D2

41

receptors, to name but a few. Agonists for these
receptors may thus be considered as anti-
inflammatory agents. Likewise, tachykinin receptor
antagonists are regarded as potential anti-
inflammatory drugs.

A number of studies and review articles1,18,19,42

have described the large variety of agents that stim-
ulate sensory nerves, activating both their afferent
and ‘efferent’ (neurogenic inflammation) functions.
These stimuli include either autacoids like prostan-
oids, leukotrienes, histamine and serotonin19,
changes in the milieu, like lowering of the pH35,
increased osmolarity43 and variations of the temper-
ature or inflammatory or tissue injury conditions
like anaphylaxis44. Among the stimulators of sensory
nerves, kinin play a special role because kinin and
tachykinin have been shown to share a final
common pathway to produce inflammation in
several important models of tissue injury in the
airways18. Three examples of this assumption will be
given in the next paragraphs.

Inflammatory models in the airways: role of
kinin and tachykinin

A long series of mediators cause plasma extravasa-
tion and bronchoconstriction in the airways in vivo
by releasing tachykinin: from the early studies
showing that part of histamine- and serotonin-
induced plasma extravasation was abolished by cap-
saicin pretreatment45,46 to more recent evidence that
tryptase, the major protease released from mast
cells, releases tachykinin47 and causes bronchocon-
striction48 by stimulating proteinase-activated
receptor 2 (PAR-2) on sensory nerves. In addition to
the large body of evidence that mediators may cause
inflammation via neurogenic mechanisms, the
involvement of sensory neuropeptides in airway

inflammation has been obtained in more complex
models of disease.

Tachykinin have been shown to mediate the dra-
matic increase in plasma extravasation caused by
cigarette smoke inhalation in rats 49,50. IgG-medi-
ated alveolitis was reduced in mice in which the NK1

receptor gene was deleted by homologous recombi-
nation and gene targeting51. Kinin levels have been
shown to increase in the bronchoalveolar lavage of
sensitized guinea pigs and asthmatic patients after
antigen challenge52. Kinin antagonists have been
shown to afford protection against inflammation in
models of asthma in the sheep46.

The cascade of inflammatory responses initiated
by kinin and brought about by tachykinin is,
however, described better in the following examples.
Inhalation of cold air in guinea pigs’ airways was
found to increase plasma protein extravasation and
total lung resistance53,54. Tachykinin NK1 (plasma
extravasation) or an NK2 (bronchoconstriction)
receptor antagonist or a B2 receptor antagonist (both
effects)53,54 reduced or abolished these effects of cold
air. Because exposure to cold air can trigger attacks
of asthma and is known to worsen the disease, these
findings are of relevance. Reflux of acid material
from the stomach to the airways has been proposed
as a mechanism of nocturnal asthma55. As men-
tioned before, acidic media possibly via direct stim-
ulation of the capsaicin-activated channel35,36, are
powerful stimulants of sensory neurones. A combi-
nation of NK2 and NK1 receptor antagonists, abol-
ished and a bradykinin B2 receptor antagonist
reduced56 bronchoconstriction induced by citric
acid inhalation in guinea pigs. Finally, in guinea pigs
sensitized to and challenged with ovalbumin, an
NK1 receptor antagonist or a combination of
NK1/NK2 receptor antagonists markedly reduced
plasma extravasation and bronchoconstriction,
respectively44,57–59. When tachykinin metabolism
was blocked by the NEP inhibitor, phosphoramidon,
the role of kinin/tachykinin was emphasized44,57–59.

The inflammatory pathway described above and
involving the ability of kinin to promote inflamma-
tion, releasing tachykinin from sensory nerves is
well documented in guinea pigs44. As reported in the
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guinea pigs60, bronchoconstriction induced by bra-
dykinin in asthmatics is reduced by a dual NK1/NK2

receptor antagonist61 and is markedly increased
after inhibition of the -Arg/NO synthase pathway62.
However, to date there is no conclusive proof that
kinin, either on their own or by stimulating tachyki-
nin release, play a major role in asthma or in chronic
obstructive pulmonary disease (COPD).

Tachykinin and kinin receptor antagonists

The search for high affinity, orally available and
metabolically stable tachykinin and kinin antago-
nists has progressed through three main steps in the
last 20 years. A first generation of peptide com-
pounds originated from the substitution of critical
amino acids on the backbone of naturally occurring
peptides9,63. Although these molecules often
retained agonistic properties, they were useful for

the in vitro characterization of receptor subtypes in
specific tissues and gave a first impetus for the
understanding of the physiological and pathophy-
siological role of kinin and tachykinin. Selectivity
and affinity for respective receptors was markedly
increased and in certain instances pharmacokinetic
features were optimized in a second generation of
peptide antagonists. Hoe 140 (Icatibant)64, MEN
1142065 or GR 15989766 are examples of this improve-
ment. Although these compounds have been used
for a number of in vivo studies in experimental
animals, and have been tested in man by local routes
of administration, their poor oral bioavailability
because of the peptide nature, limits their further
exploitation in human studies.

The discovery of the first non-peptide antagonist
for NK1 receptors, CP-96,345, was reported in
199167. Soon after a number of antagonists for NK1,
NK2 and eventually NK3 receptors appeared. Some
of these drugs exhibit non-specific effects, includ-

188 P. Geppetti

Table 9.2. Effects inhibited or blocked by tachykinin, NK1, NK2 and NK3 receptor antagonists in the airways
of experimental animals and humans

(a) Experimental animals

Effect Stimulus Receptor

Plasma extravasation Cigarette smoke, allergen, NK1

cold air

Arterial vasodilatation Capsaicin NK1

Bronchoconstriction Capsaicin, allergen NK1, NK2

Bronchodilatation [Sar9, Met(O2)11]-SP NK1

Leukocyte adhesion Cigarette smoke, capsaicin NK1

Eosinophil accumulation Allergen NK1, NK2

Hyperresponsiveness Allergen, citric acid, NK1, NK2, NK3

Toluene diisocyanate

Cough Capsaicin, Allergen, citric acid, mechanical stimulation NK1, NK2, NK3

Gland secretion Substance P NK1

(b) Humans

Effect Stimulus Receptor

Bronchoconstriction in vivo NKA, exercise, bradykinin NK2, NK1 (?)

Bronchoconstriction in vitro NKA, [Sar9, Met(O2)11]-SP NK2, NK1

Vasodilatation in vitro [Sar9, Met(O2)11]-SP NK1

Note:

This is a partial list of the airway effects inhibited by tachykinin receptor antagonists. Bradykinin B2 receptor antagonists were

shown to inhibit most of the responses in experimental animals listed above.



ing Ca2�-channel antagonism68 which reduced
interest for further development. However, changes
in lead molecules, or new molecules often obtained
by the powerful combinatorial chemistry and high-
throughput screening, rapidly offered new com-
pounds that combined high affinity and selectivity
with excellent pharmacokinetic profiles. A list of
tachykinin and kinin antagonists is given in Table
9.2, and recent review articles9,69 have described in
detail the properties of tachykinin antagonists.
Here, attention will be focused on those com-
pounds that have been used in airway studies and
those for which studies in man may be envisaged.

The use of CP-96,345 and CP-99,99470 demon-
strated unequivocally that neurogenic plasma
protein extravasation in rodent trachea caused by a
variety of stimuli, including cigarette smoke, is
mediated by NK1 receptors50. Another NK1 selective
antagonist, SR 14033371, merits being mentioned
because of its large use in experimental animals6 and
because it is derived from the chemical structure of
the selective NK2 antagonist, SR 4896872. It is worth
mentioning that from the same chemical structure
the first high affinity non-peptide antagonist for NK3

receptors was discovered73.
A random screening approach has also been the

strategy for the discovery of non-peptide B2 receptor
antagonists. WIN 6433874 was the first compound
showing a reasonable affinity for the B2 guinea pig
receptor. However, it exhibited low affinity for the
human receptor. A few years later FR-17365775 over-
came the drawbacks of WIN 64338, because of its
high affinity and selectivity for B2 receptors in most
mammal species, including man. FR-173657 and
other compounds derived from its structure,
because of their non-peptide nature, have marked
advantages over Icatibant. However, only a few
studies have been performed with FR-173657 in the
airways to date76.

Tachykinin and kinin receptor antagonists in the
airways

CP-96,345, CP-99,994 and SR 48968 were of critical
value to discover the role of tachykinin and NK1 and

NK2 receptors in airway anaphylaxis in guinea pigs
and monkeys44,58,59,77,78. These observations were
confirmed with a dual antagonist for NK1 and NK2

receptors79. The use of these antagonists have con-
tributed to show the role of tachykinin in cold air and
low pH-induced airway inflammation54,56.

The role of NK3 receptors in airway pathophysio-
logy is still unclear. First, the preferred agonist of NK3

receptor, NKB, is not present in and released by
peripheral neurones or by other cells in the airways.
However, SR 142801 has revealed that NK3 receptors
contribute to the development of hyperresponsive-
ness after exposure to SP80. SB 21879581, an addi-
tional NK3 receptor antagonist, may further
contribute to the discovery of new roles of NK3

receptors in models of airway diseases.
The hypothesis that a drug with both bronchodi-

lator and anti-inflammatory properties could result
from the combination of NK1 and NK2 antagonism is
derived from the observation that bronchial smooth
muscle contraction is mainly due to NK2 recep-
tor25,72, and proinflammatory vascular functions82

and secretion from seromucous glands22 are due to
NK1 receptor activation. Thus, a series of dual antag-
onists have been developed, including FK-22483,
MDL 10517279 and S 1647484.

Hoe 140 has markedly contributed in clarifying
the role of kinin in a large array of pathophysiologi-
cal models of respiratory diseases. These models
include airway anaphylaxis44,57, exposure to cold
air53,54, citric acid inhalation, and the release of NO
from airway epithelium62. Similar studies with non-
peptide B2 receptor antagonists have not been per-
formed yet.

Cough is a common symptom of most airway dis-
eases that results from the activation of a complex
reflex pathway in which A�- and C-fibres play a
major initiating role. Possible involvement of kinin
in cough is suggested by the epidemiological obser-
vation that cough is the most frequent adverse effect
in patients in whom ACE (kininase II), the peptidase
that cleaves bradykinin, is inhibited85. Studies in
guinea pigs86 and mice87 showing that ACE inhibi-
tors produced Icatibant-reversible proinflammatory
effects in the airways and sensitization of the cough
reflex, added further support to the hypothesis that
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kinin play a major role in causing the protective
cough reflex.

The role of tachykinin and tachykinin receptors in
cough seems to be more complex. Early evidence
for the involvement of SP in cough has been
reported88. Involvement of NK2 receptors in the
cough reflex is suggested by the finding that NK2

receptor antagonists reduced or ablated citric acid-,
cigarette smoke- and allergen-induced cough89.
Involvement of NK1 and NK3 receptors has been also
shown in the cough induced by different stimuli90,91.
NK1 and NK2 antagonists revealed a dual (both
peripheral and central) antitussive site of action for
tachykinin antagonists in guinea pigs, whereas in
the cat the antitussive site of action of tachykinin
antagonists was only at the central level92. The
multiple receptors involved in the cough response
at diverse sites in different species underline the
caution in extrapolating data from experimental
animals to man.

Tachykinin and kinin receptor antagonists in the
human airways

Clinical studies with tachykinin and kinin receptor
antagonists in human airways are not abundant.
This paucity may be the result of either conflicting
findings obtained with early, peptide antagonists,
poor outcome in studies whose endpoints were not
the most appropriate or poor choice of the type of
disease under investigation. Studies performed with
FK-224, a dual NK1 and NK2 receptor antagonist are
an example of the first case. Reduced bronchocon-
striction in response to inhaled bradykinin was
obtained after pretreatment with FK-224, given via a
metered-dose inhaler in moderate asthmatic
patients61. However, these results could not be
reproduced93, and FK-224 (4 mg q.i.d, administered
over 4 weeks) did not ameliorate asthma symptoms
of patients with mild to moderate asthma94. The
finding that FK-224 failed to inhibit NKA-induced
bronchoconstriction in moderate asthmatics
whereas another NK2 receptor antagonist, SR 48968,
was effective95 underlines the critical importance of
the antagonist under investigation.

An example of the second case is offered by a
study with the selective non-peptide NK1 receptor
antagonist CP-99,994. This drug, given intrave-
nously (250 µg/kg) was ineffective in reducing bron-
choconstriction and cough induced by inhalation of
hypertonic saline in moderate asthmatics96.
However, the fact that bronchoconstriction in man
is mainly mediated by NK2 receptor activation and
the multiple tachykinin receptors involved in the
tussive response in experimental animals suggest
that the study endpoints were not the most suitable
to investigate the role of a highly selective NK1

antagonist.
The NK1 receptor antagonist, FK-888, did not sig-

nificantly attenuate the maximal fall in specific
airway conductance; however, it did improve the
recovery time from exercise-induced airway narrow-
ing in asthmatics97, thus suggesting that NK1 recep-
tors have a role in the recovery phase of
exercise-induced airway narrowing. Whereas it is
unlikely that tachykinin and their receptors play a
major role in the majority of asthma patients the
possibility exists that selected types of asthma might
be a good target for unravelling the role of tachy-
kinin in this disease: asthma with cough and noctur-
nal asthma induced by gastroesophageal reflux may
be appropriate subtypes. COPD, a disease character-
ized by cough, sputum and progression of non-
reversible airway obstruction might also be a
suitable target for drugs that inhibit cough, seromu-
cous gland secretion and bronchoconstriction.

The presence of B2 receptors has been shown in a
large number of airway cells, including epithelial
cells98. In asthmatic patients in vivo the airways
respond to aerosolized bradykinin with minor or
exaggerated bronchoconstriction according to the
status of the disease: the more severe the asthma, the
more pronounced the bronchoconstriction99,100. In
guinea pigs, bronchoconstriction by bradykinin is
limited by NO release from the epithelium57,62. There
is indirect evidence that exaggerated bradykinin-
induced bronchoconstriction in severe asthma, a
condition characterized by prominent epithelial
shedding, results from the failure of bradykinin to
release bronchoprotective NO from a damaged epi-
thelium99,100. This hypothesis implies that in severe
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asthma, which is characterized by the loss of epithe-
lium-dependent protective role of bradykinin, B2

receptor antagonists may give better protection by
blocking the remaining neurogenic detrimental role
of bradykinin. Aerosolized Hoe 140 was found to give
some protection in moderate asthma in a 4-week
study101. The type of protection offered by Icatibant
suggested that this drug possesses a more anti-
inflammatory than bronchodilator property.
However, the effect of bradykinin B2 receptor antag-
onists has not been investigated in severe asthma.
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It is now well recognized that IgE plays a key role in
the sequence of cellular events leading to an allergic
reaction such as occurs in allergic rhinitis and
asthma. Various strategies have been attempted to
interfere with the IgE-dependent activation of mast
cells and basophils, including trying to find antago-
nists to block the interaction between IgE and its
high affinity receptor Fc�RI. However, the affinity of
IgE for Fc�RI is extremely high, of the order of
1010–1012/mol/l1,2. For any drug to compete with IgE
it would have to interact with Fc�RI with compar-
able affinity: it is not surprising that this has been
difficult to achieve and no such drugs have yet been
described.

An alternative approach would be to decrease the
level of IgE available to interact with Fc�RI. This
rationale is supported by evidence that serum levels
of IgE have been reported to correlate with the sever-
ity of allergic symptoms, including in allergic
asthma3–5. At the cellular level, the amount of IgE
bound to Fc�RI on human basophils correlates
closely with serum levels of IgE. However, cell sensi-
tivity to receptor cross-linking is influenced also by
intracellular pathways such that in vitro the extent of
mediator release appears to be independent of the
number of IgE molecules per basophil6. Also, cross-
linking of only a small number of IgE receptors (rel-
ative to the total available) is sufficient to stimulate
secretion7,8. Thus, it is arguable that it would be very
difficult to inhibit mast cell/basophil responses by
decreasing the plasma level of IgE, as a decrease of�

99% would be required. Nevertheless, it is becoming
clear, particularly from clinical studies with

rhuMAb-25 (see later), that decreasing plasma IgE
has an antiallergic outcome. Critical to understand-
ing the mechanism by which this occurs are recent
observations that the expression of Fc�RI on baso-
phils and mast cells is regulated by levels of circulat-
ing IgE. A decrease in plasma IgE leads to a marked
down-regulation of Fc�RI on basophils and a sub-
stantial inhibition of the response of these cells to
specific antigen9–12. Hence, the decrease in Fc�RI
density amplifies the antiallergic effect obtained.
These observations give great impetus to therapeu-
tic strategies designed to decrease plasma levels of
IgE by drugs which act at the level of T or B lympho-
cytes, or by antibodies that deplete circulating IgE or
by immunization to actively generate antibodies
which block the interaction between IgE and its
receptors.

In this chapter, we describe the progress which
has been made with various strategies designed to
decrease both IgE production and activity. Before
this, however, we provide a brief description of how
IgE synthesis is regulated, and how cytokines act to
increase or decrease synthesis.

Regulation of IgE synthesis

The nature of the heavy chain carried by an immu-
noglobulin (Ig) molecule largely determines its
effector function. In humans, five broad classes of
heavy chain exist, giving rise to the different isotypes
IgM, IgG, IgD, IgA, and IgE. It is one of the defining
features of the immune system, and in particular the
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B lymphocyte, that the cell can produce antibodies
(Ab) which retain the original antigen (Ag) specific-
ity, yet can express different heavy chain isotypes
throughout the course of an immune response, thus
altering the effector function attributed to a single
specificity. This process, termed class switching,
occurs in a predetermined manner within distinct
sites in lymphoid tissue, and is driven both by intrin-
sic factors (e.g. related to cell cycle progression) and
by extrinsic factors (e.g. influence of cytokines and
cell–cell contact). Thus, early in the immune
response to Ag, the dominant isotype is IgM. As the
response progresses, IgG isotypes predominate,
with some IgA observed particularly at mucosal
sites. In normal individuals, IgE is rarely detected. In
atopic individuals, however, high levels of IgE are
observed, and these are associated with the develop-
ment of hypersensitivities to common allergens. The
process by which Ab class switching occurs is
increasingly understood, and, in the case of switch-
ing to the epsilon (�) isotype, has long been a
favoured process, targeted by those seeking to selec-
tively prevent IgE production. To understand how a
B-cell becomes committed to IgE production, it is
first necessary to appreciate the structure and
arrangement of the Ig genes within the heavy chain
locus, and the DNA rearrangement process by which
the variable segment is juxtaposed beside the C�

locus. (For a more complete description of Ig gene
organization and the process of isotype switching,
the reader is referred to recent reviews13,14.)

Nature of B cell gene rearrangement

The Ig heavy chain locus is located on chromosome
14 in humans and the organization of the heavy
chain genes in the germline is shown in Fig. 10.1. To
produce functional heavy chain, two sets of re-
arrangement are required:
(i) The variable region of the Ig heavy chain is

encoded by the V, D, and J segments which
recombine during B cell ontogeny to form a con-
tiguous segment which defines the antigen
binding site of the Ig. This segment lies upstream
of the genes encoding the � and � heavy chains.

Transcription at this stage can produce RNA
molecules containing the VDJ region together
with the C� and C� gene segments, and the pro-
duction of mature IgM and IgD molecules results
from differential splicing of the RNA transcript.

(ii) Rearrangement of the VDJ segment to lie beside
a gene encoding an alternative heavy chain can
occur through a mechanism known as deletional
switch recombination. Taking the example of a B
cell which is switching to produce IgE from
IgM15, the switch regions upstream of the C� and
C� gene segments can ligate and join, promoting
circularization of the intervening DNA. Once
these circles are excised, RNA transcription from
VDJ through to C�, and splicing of the message to
remove the switch regions, will result in the pro-
duction of a mature heavy chain mRNA encoding
antigen-specific IgE.

Although many of the overall details of the gene re-
arrangement process are understood in broad
terms, specific molecular details regarding how the
process is directed remain unresolved. For example,
the recombination event is catalysed by an enzyme
termed the ‘switch recombinase’. The nature and
activity of this complex remain the subject of current
studies16,17. Similarly, switching is preceded by
transcription of the germline heavy chain gene
segment from the I exon through to the end of the C
exons to which the cell is switching18. This produces
a germline transcript, which is not translated due
to the presence of a stop codon within the I exon.
Transcription through this region may be required to
signal accessibility to switch recombination,
although how this occurs is still largely unknown19.

It is the nature of these processes as a whole, and
the extracellular signals which promote and control
their activity to which this chapter will now turn.

Signals required for IgE production

A large body of evidence has accumulated to indi-
cate that two signals are required to promote
isotype switching of B-cells to IgE production14,20,21.
The initial signal, delivered by IL-4 and IL-13,
can induce the production of the germline C�
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transcript, while the second signal, delivered follow-
ing binding of B cell CD40 to its cognate ligand
CD40L (CD154), will drive the isotype switching
process. Both signals are delivered following the
interaction of antigen-specific B-cells with T-cells,
which occurs through a series of interactions
between ligand : receptor pairs expressed on the
surface of these cells (Fig. 10.2).

The process is initiated when antigen is captured
by surface Ig expressed on the B cell. This complex is
internalized and transported through a series of
endosomal and lysosomal compartments in which
antigen is first denatured, and subsequently proteo-
lysed into peptidic fragments22. Selected fragments
can bind with high affinity to MHC Class II mol-
ecules, which are then transported back to the cell
surface for presentation to T-cells. Recognition of

the peptide/MHC complex by a T-cell bearing the
appropriate specificity will promote activation of
the cell, and in conjunction, up-regulation of CD40L
expression on the T-cell surface occurs23. Ligation of
CD40 on the B-cell by its cognate ligand will, in turn,
induce expression of CD80, which through its
engagement of CD28 back on the T-cell, will deliver
the costimulatory signal to the T-cell necessary to
promote production of various cytokines, including
IL-4. The secreted IL-4 will bind to the IL-4 receptor
(IL-4R) on the surface of B cells, and, together with
the signal delivered by CD40, will drive IgE isotype
switching and synthesis.

Binding of IL-4 to its receptor will initiate
transcription of the I�–C� germline transcript. IL-13
also fulfils this function; however, it is considered
less potent than IL-424,25. The receptors used by these
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cytokines share many features, although critical
differences exist which may in part explain the
difference in potencies26. The IL-4R is composed of
an � chain and the common c chain, shared by
many cytokine receptor complexes (e.g. IL-2, IL-7,
IL-9, and IL-15). The IL-4R � chain also forms part of
the IL-13 receptor, together with a unique IL-13R �
chain. The configuration of receptor chains in
hematopoietic cells underlies the observation that
IL-4 can bind and signal through IL-13R, while IL-13
is unable to bind IL-4R. Cytokine-induced dimeriza-
tion of adjacent receptors results in the activation of
tyrosine kinases, and the initiation of intracellular
signalling cascades. None of the receptors men-
tioned previously has endogenous kinase activity
encoded within its sequence; therefore, a family of
receptor associated tyrosine kinases termed JAKs
(Janus family kinases) are critical for the signalling
process. Three members of this family have been
proposed to be associated with the IL-4R complex27;
JAK-1 and JAK-2 with the IL-4R � chain, and JAK-3
with the c chain. In the case of JAK-2, this kinase has
been shown to be of importance in IL-13 signalling,
in conjunction with another member of the Janus
family, Tyk 2. Activation of the kinases following
receptor engagement by IL-4 or IL-13 results in
phosphorylation of specific residues within the
intracellular domains of the IL-4R � chain28, which
in turn, act as binding sites for another important
molecule in the signalling cascade, STAT-6 (signal
transducer and activation of transcription)29–32.
Once phosphorylated, STAT-6 disengages from the
IL-4R � cytoplasmic tail, dimerizes, and then trans-
locates to the nucleus, where it interacts with the
promoter regions of IL-4 responsive genes33. A STAT-
6 binding site is situated upstream of the I� exon,
and this transcription factor is of critical importance
in the activation and/or enhancement of germline
C� transcription.

The signals delivered by cytokine, however, are
not sufficient to drive isotype switching and IgE pro-
duction, and additional signals, primarily provided
by CD40, are required34–36. This molecule is a
member of the tumour necrosis factor receptor

(TNF-R) superfamily of receptors, which includes
TNF-R1, TNF-R2, CD30, CD27, Fas and several
others. Although CD40 is expressed on a number of
cell types, including macrophages, monocytes, den-
dritic cells, endothelial cells and mast cells, it is its
pivotal role in promoting activation of deletional
switch recombination which characterizes its role in
B-cells23.

The process is activated when cell to cell contact
between T- and B-cells allows the interaction of
CD40 with CD40L, and the signals which are trans-
duced ultimately result in the targeting of a
transcriptionally active C� gene. Exemplification of
this mechanism comes from studies using mice in
which the gene for CD40 has been deleted37. In this
example, for a response to a nominal thymus-
dependent antigen, germinal centre formation was
poor and IgM was the predominant antibody
isotype generated, suggesting that switching did not
occur. In addition, a condition in humans termed X-
linked Hyper IgM syndrome has been observed in
which a deficiency of serum IgA , IgG and IgE is
attributable to a lack of functional CD40L38,39.

Several studies have identified signalling mole-
cules which associate with the intracellular domain
of B cell CD40. For example, the TNF receptor asso-
ciated family (TRAF) members TRAF-2, TRAF-3,
TRAF-5 and TRAF-6 have all been demonstrated to
bind to CD40 and are hypothesized to play a role in
isotype switching40,41. Interaction of CD40L with
CD40 has been shown to promote rapid tyrosine
phosphorylation of a number of intracellular sub-
strates, possibly through the activities of the Lyn and
Syk kinases42. Nevertheless, significant difficulties
have been encountered in the resolution of CD40
signalling cascades in B-cells (e.g. anti-CD40, anti-
bodies; Abs, stimulate poor tyrosine phosphoryla-
tion in vitro), and these have meant that the precise
nature of the control of switch recombination by
CD40 has yet to be understood.
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Cytokine/cytokine receptor modulation

The advances in the understanding of the mecha-
nisms by which IgE synthesis is regulated has corre-
spondingly led to an increase in the perceived
therapeutic opportunities available to block IgE pro-
duction. Many of these are targeted at inhibiting the
production and/or activity of IL-4 and IL-13, as
these cytokines have been shown to play a critical
role in the induction of an IgE response (both IL-4
and IL-13 gene knockout mice have much reduced
IgE responses to antigen)43,44.

Antibodies to both cytokines have been used to
block production of IgE in vitro and in vivo. Thus,
anti-IL-4 Abs can act synergistically with anti-IL-13
Abs to block IgE production in vitro using cells taken
from atopic individuals45. When administered to
mice, anti-IL-4 Abs can prevent the induction of an
IgE response to the sensitizing antigen46, and when
given together with anti-IL-5 Abs, can block the
antigen induced airway hyperresponsiveness in a
murine model of bronchial asthma47.

Another promising approach to IL-4 : IL-4R antag-
onism has been described by scientists at Immunex.
They have produced a soluble form of the receptor �
chain, which in preclinical studies in mice, has been
shown to inhibit production of IgE stimulated by
endogenous IL-448. The human version of this recep-
tor has been produced and has entered Phase II clin-
ical studies in mild to moderate asthmatics. Recent
data from these initial studies has suggested that a
single dose of this drug given by inhalation has sta-
bilized disease symptoms and has resulted in a
decrease in �2-agonist use.

Further series of antagonists have been produced
by introducing selected mutations into the
sequence of IL-4. For example, replacement of a
tyrosine residue with an aspartic acid at position 124
results in an IL-4 mutant protein which retains high
binding affinity for the receptor, yet prevents IgE
synthesis in vitro driven by both IL-4 and IL-1349,50. A
similar IL-4 mutant protein (BAY 16–9996) has
recently entered clinical trials for an asthma indica-
tion. In addition, a novel isoform of IL-4 has been
described (IL-4�2) which results from alternative

splicing of IL-4 mRNA. This molecule is a potent
antagonist of both IL-4 and IL-13, and prevents cyto-
kine induced synthesis of IgE and CD23 expres-
sion29,51. Finally, a molecule that binds with high
affinity to IL-13 has recently been isolated from
mouse serum and urine (IL-13BP)52, and the pos-
sibility exists that this could be used to modulate the
effects of IL-13. A human version of this molecule,
however, has yet to be identified.

In addition to the approaches aimed at directly
antagonizing the cytokines themselves, alternative
methods targeted at modulating the effects of the
pro-allergic cytokines have been suggested. Thus,
prototypical Type 1 cytokines such as IL-12, IL-18
and IFN have all been demonstrated to inhibit
either the production or activity of IL-4 in a number
of assay systems53–56. Other cytokines have also been
active in reducing the function of IL-4. For example,
both IL-8 and IL-10 are active in inhibiting IL-4-
induced IgE production from human B cells57–59.
Despite these data, however, the therapeutic oppor-
tunities afforded by cytokine therapy are limited,
due, for the most part, to the short half lives of many
of the cytokines when administered exogenously,
and to the pleiotropic nature of the cytokines’ activ-
ities in vivo.

To circumvent this problem, several approaches
have been examined in which administration of
agents that promote type 1 cytokine production,
rather than the delivery of the cytokines themselves,
have been attempted. These have the potential
advantage in inducing sustained production of
endogenous cytokines at the site at which the devel-
opment of the allergic response occurs, i.e. regional
lymph nodes. Many of these agents are derived from
bacteria, and have been examined either separately,
or when given in conjunction with specific allergen
immunotherapy. For example, preclinical studies
using the micro-organism Mycobacterium vaccae
have shown that administration of this bacteria to
allergen-sensitized animals can suppress a Th2
immune response, and decrease IgE levels in the
serum60. This therapy has entered clinical trials in
the UK for the treatment of seasonal pollen rhinitis.
A product derived from Streptococcus bacteria
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(OK432) has previously shown promise as an immu-
nopotentiator in oncology therapy. Due to its ability
to promote release of type 1 cytokines61, it may also
prove useful for allergy treatment. A more recent dis-
covery concerns the immunomodulatory effects of
bacterial DNA. This material, containing a high pro-
portion of unmethylated CpG dinucleotide motifs,
has been found to be a potent inducer of B cell acti-
vation62 and type 1 cytokine production63. In vitro,
CpG motifs induce IL-12, IL-18 and IFN production
in cells taken from allergic individuals, and can
inhibit IgE synthesis64. In vivo, CpG can both prevent
and treat allergen induced airway inflammation65.
First clinical trials for this agent have been initiated,
and it is anticipated that it may enter the clinic for
the treatment of allergic disorders within the next 2
years.

Finally, the role of the cell surface low affinity IgE
receptor (CD23) in regulating IgE production is rele-
vant to this discussion. Originally identified as a B
cell activation marker66, subsequent studies have
identified its presence on a number of hemato-
poietic cell types, e.g. follicular dendritic cells, eosin-
ophils, macrophages and some T cells67,68. A
significant body of evidence now exists to demon-
strate that the expression of this molecule is regu-
lated by factors which can increase or decrease IgE
synthesis. It maintains a dual role in IgE regulation.
A membrane anchored form of this molecule
(mCD23) can bind IgE-containing immune com-
plexes, resulting in downregulation of IgE synthe-
sis69,70. By contrast, a soluble version of the
extracellular portion of this molecule (sCD23) acts to
increase synthesis of IgE71,72. It is logical to propose,
therefore, that agents which can prevent the genera-
tion of sCD23, or can promote the expression and/or
the binding of IgE:Ag complexes to mCD23 will have
a negative effect on IgE production.

Drugs which affect IgE synthesis

Increased understanding about the natural control
of B cell function and the process of antibody class-
switching has raised the possibility that drugs might

be found which inhibit the production of IgE as a
strategy towards decreasing atopic disease. Drugs
that are already in clinical use have activity on this
process and novel agents have been reported which
may have therapeutic value in the future because of
their effects on B cell function.

Drugs in clinical use

Selective �2 adrenoceptor agonists such as salbuta-
mol are important drugs for treatment of allergic
asthma, principally through their bronchodilator
effects. They also have antiallergic activity by sup-
pressing IgE-mediated release of mediators from
lung mast cells and basophils. It has also been sug-
gested that long acting drugs such as salmeterol
have additional anti-inflammatory actions by sup-
pressing migration and activation of leukocytes in
vivo. It is interesting to note, therefore, that not all
activities of �2 adrenoceptor agonists tend towards
an antiallergic outcome. For example, salbutamol
and fenoterol have been shown to increase IL-4
induced production of IgE from human PBMC in
vitro, an effect accompanied by the increased
expression of CD23, the increased release of soluble
CD23 and a decreased release of IFN-73–75.
Furthermore, the proinflammatory effects of CD23
ligation with IgE/antiIgE complexes were poten-
tiated by salbutamol. These effects on human PBMC
required low concentrations of drug acting through
stimulation of �- adrenoceptors (blocked by butoxa-
mine and ,-propranolol) and probably involved a
PKA-dependent intracellular pathway, being asso-
ciated with an increase in cAMP and blocked by
protein kinase inhibitors such as H8 and Rp-AMP76.
Similar effects have been reported with murine B-
lymphocytes in vitro and have been extended to in
vivo studies where daily injections of salbutamol led
to an increase in antigen-specific IgE. This was asso-
ciated with an increased production of Th2-type
cytokines from murine splenocytes stimulated ex
vivo with conconavalin A77. However, the impor-
tance of all these observations to the clinical use of
�2 agonists is uncertain since the regular administra-
tion of oral salbutamol to atopic volunteers in a
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double-blind, placebo-controlled trial led to no
increase in serum IgE levels, compared to controls,
whilst the drug significantly decreased both vascular
and non-vascular symptoms of rhinitis brought
about by seasonal exposure to grass pollen78.

Glucocorticoids block allergic responses in several
ways but have been shown to substantially increase
IgE synthesis by human PBMC in vitro. This prob-
ably reflects an immunomodulatory effect on T lym-
phocytes and is not confined to IgE, secretion of
IgG1, IgG2 and IgG3 (but not IgG4) also being
increased79,80. This has raised the concern that such
an effect on IgE production might also occur clini-
cally. However, several studies have shown that
when given either systemically (prednisone) or top-
ically (beclomethasone; fluticasone) glucocorti-
coids did not increase either systemic or local levels
of IgE in allergic subjects79,81,82. Rather, they
decreased levels of IgE, consistent with their sup-
pressive effect on T-cell function.

Cyclosporin A is a powerful immunosuppressant
with its principal effect being to suppress T-cell func-
tion. Its main clinical use is to limit rejection of trans-
planted tissue but it has recently been shown to be
effective in relieving chronic severe corticosteroid-
dependent asthma83,84. The anti-inflammatory
action of cyclosporin A in asthma is consistent with
an effect on T-lymphocytes to decrease eosinophil-
active cytokines, rather than the weaker suppressant
effect on mast cell responses85. Like corticosteroids,
cyclosporin A also greatly increases IgE synthesis by
human PBMC in vitro, by up to 40-fold in one
study86. A similar effect has been observed in mice
where cyclosporin A and FK506 have both been
shown to increase antigen-specific and total IgE in
the serum87. This was consistent with the drugs
selectively suppressing Th1 rather than Th2 lympho-
cytes under the conditions of these experiments.
However, these experimental observations may also
have little relevance clinically as even small doses of
cyclosporin A have been shown to decrease signifi-
cantly levels of serum IgE88. The cephalosporin, cef-
adroxil, has also been shown to substantially reduce
IgE levels and improve the condition of a child with
atopic asthma and dermatitis89.

Disodium cromoglycate and nedocromil are anti-
allergic agents which have clinical efficacy (espe-
cially prophylactically) in mild–moderate atopic
asthma, rhinitis, conjunctivitis and other IgE-medi-
ated conditions. The mechanism of action of these
drugs is unclear but, at least in asthma, their mast
cell stabilizing properties are not sufficient to
explain their efficacy and other actions have been
sought90. It has recently been shown that in vitro
both drugs inhibit IgE synthesis by human B-cells.
For example, nedocromil acts on highly purified B-
cells to inhibit IgE synthesis induced by anti-CD40
and IL-4. It had no effect on the induction of E-
germline transcripts by IL-4 but strongly inhibited
CD40-mediated s�→s� deletional switch recombi-
nation91. The effect of nedocromil extended also to
inhibition of CD40/IL-4 induced synthesis of IgG4
by B-cells, and so was not specific for IgE. It caused
only moderate inhibition of spontaneous synthesis
of IgE by B-cells with hyper-IgE syndrome, suggest-
ing it has little effect on B-cells that have already
undergone isotype switching. These results strongly
suggest that nedocromil inhibits IgE isotype switch-
ing by inhibiting deletional switch recombination91.
Very similar effects have been reported for cromo-
glycate92 and both studies support the original
observation of Kimata and Mikawa93 that nedocro-
mil inhibits IgE and IgG4 production without affect-
ing synthesis of other IgE isotypes or classes of
immunoglobulin by IL-4 stimulated monocytes
from non-atopic donors. It is possible, therefore,
that the clinical effect of these drugs is due to a com-
bination of antiallergic activities, including a
decrease in IgE synthesis. This effect is likely to be
manifest locally in allergically inflamed tissues,
especially when the drugs are applied topically
(which includes inhalation), and so may not result in
a marked decrease in circulating IgE. This sugges-
tion is consistent with observations in food allergic
subjects where oral challenge with specific food
allergens led to symptoms of urticaria and wheez-
ing, and an increase in IgE levels in faecal extracts.
Patients treated orally with cromoglycate showed no
increase in faecal IgE levels and exhibited decreased
symptoms compared to controls94.
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New drugs and investigational agents

Suplatast tosilate (IPD-11517)
This is an antiallergic/immunomodulatory drug
introduced into Japan in the last few years and its
activities have been extensively described in a
number of studies95–102. It is orally active and has a
class-specific effect to suppress the primary IgE
antibody response in immunized BALB/C mice,
without affecting the IgG antibody response. When
studied in vitro, the drug inhibited production of IL-
4 by the Th 2 cell line D1OG4.1 but did not suppress
production of IgE or IgG1 by normal splenic B-cells
stimulated with lipopolysaccharide and IL-4.
Furthermore, IL-4 induced expression of Fc�RII on
normal spleen cells was not inhibited. These obser-
vations suggest that suppression of IgE synthesis is a
consequence of the action of suplatast on T-cells to
inhibit IL-4 production. This interpretation was sup-
ported by results of experiments with an allergen-
specific helper T-cell line (SN-4) from a patient
allergic to Japanese cedar pollen. Suplatast blocked
allergen-dependent IgE synthesis in autologous B-
cells cocultured with SN-4 T-cells, but did not signifi-
cantly block IgG synthesis. It has no antagonistic
effect on IL-4 receptors but did inhibit IL-4 produc-
tion by allergen-stimulated (SN-4) T-cells, as well as
IL-4 production by PHA-stimulated PBMC isolated
from normal donors. The agent appears to act at the
level of IL-4 gene transcription, blocking PHA-
induced expression of IL-4 mRNA in normal PBMCs.
It also blocked IL-5 production (by conalbumin-
stimulated D10 cells in vitro) but in contrast, it had
no inhibitory effect on IFN- production by either
allergen-stimulated (SN-4) T-cells or those from a
normal donor stimulated with an anti CD-3 mono-
clonal antibody. The overall effect of this agent
would, thus, appear to be to shift the balance from
the Th2 phenotype towards the Th1 by inhibiting IL-
4 and IL-5 production by T-cells. Further experi-
ments illustrate the sequelae of this activity since
suplatast has been shown to block eosinophil
recruitment and proliferation of mast cell progeni-
tor cells (but not of splenocytes or mature mast
cells) both of which require IL-4 and/or IL-5.

Furthermore, this drug inhibited antigen-induced
infiltration of CD4�T-cells, eosinophils and macro-
phages into lung tissue of sensitized guinea pigs
following bronchial challenge. The airway hyper-
reactivity that accompanies lung inflammation was
also inhibited. In rats, suplatast has been shown to
decrease IgE production in vivo and bring about a
commensurate decrease in airway responses pro-
voked by exposure to antigen. This interesting drug
has also been tested clinically in patients with per-
ennial allergic rhinitis to Dermatophagoides farinae.
Oral administration of 300 mg/day for up to 6
months significantly decreased serum levels of IL-4
and allergen-specific IgE, the rate of decrease of spe-
cific IgE correlated significantly with the rate of
decrease in IL-4. The drug was effective alone but
more effective when administered concomitantly
with allergen immunotherapy. In addition, suplatast
has been reported to prevent the ‘rebound’ increase
in Th2 cytokines observed when atopic subjects dis-
continue treatment with topical steroids such as
dexamethasone. These results indicate that the
modulatory effect of suplatast extends beyond IL-4
and IL-5, to include also IL-10 and IL-13. In conclu-
sion, suplatast has a novel pharmacological profile,
modulating the allergic phenotype at the Th 2 cell
level, and has the potential to control allergic disease
in a fundamental way.

M50367
This is another agent, chemically distinct from
suplatast, which has been discovered by screening to
modulate the Th1/Th2 balance and suppress IgE
synthesis in experimental models103. When spleno-
cytes were prepared from mice treated orally with
M50367 (10 or 30 mg/kg/day for 9 days) the com-
pound was found to change the cytokine profile
induced by conconavalin A, increasing IFN but
decreasing IL-4 and IL-5. However, the active
metabolite M50354 had no direct effect on cytokine
production by splenocytes in vitro. The authors
suggest M50367 may act on either antigen present-
ing cells or Th progenitor cells, but the exact mecha-
nism of action in vivo still has to be elucidated.
Alterations in Th1/Th2 cytokine production in vivo
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were accompanied by suppression of plasma levels
of IgE, inhibition of allergen-induced increase in
airway hyperreactivity and pulmonary eosinophilia.
Unlike prednisolone or cyclosporin A, M50367 had
no cytoxicity to splenocytes in vitro and no influence
on body weight gain in vivo. Hence, its activity is dis-
tinguishable from these immunosuppressants and
may be the prototype of yet another class of Th1/Th2
modulatory drugs.

Leflunomide
This is a new immunosuppressive agent with anti-
inflammatory activity. It has shown high tolerability
and efficacy in Phase II trials and is currently in
Phase III clinical trial for the treatment of rheuma-
toid arthritis. A substantial body of evidence has
emerged during the past few years to describe the
actions of this compound in both in vitro and in vivo
models104–112. The activity of leflunomide is attrib-
uted to its primary metabolite A77 1726, a malonon-
itrilamide, which inhibits T- and B-cell proliferation,
suppresses immunoglobulin production and inter-
feres with cell adhesion. It acts on the enzyme dehy-
droorotate dehydrogenase to inhibit de novo
synthesis of pyrimidines, but may also inhibit a
number of protein kinases. Thus, while the addition
of uridine-restored proliferation and IgM secretion
to leflunomide treated, LPS-stimulated, B-cells, it
did not restore secretion of IgG antibody.
Leflunomide also decreased tyrosine phosphoryla-
tion of JAK3 and STAT6 in the absence or presence of
uridine, and also decreased binding of STAT6 to the
STAT6 DNA binding site in the IgG1 promoter. These
data led to the suggestion that leflunomide blocks
IgG1 production by inhibiting tyrosine kinases. In
sensitized animals, leflunomide has been shown to
significantly reduce antigen-specific IgE as well as
IgG. As a consequence mast cell Fc�RI have become
depleted of IgE, resulting in a significant reduction
of bronchospasm and infiltration of eosinophils and
neutrophils following pulmonary antigen challenge.
T-cells from sensitized, leflunomide treated animals
failed to proliferate when stimulated with specific
antigen but were able to respond to conconavalin A.
Down-regulation of immunoglobulin production

was not restricted to IgE since levels of allergen-
specific IgG1 and IgG2 and IgM were also reduced.
This indicates that leflunomide does not act to
inhibit immunoglobulin class switching; the general
decrease in immunoglobulin levels may be due to a
loss in production of the T-helper cell-derived B-cell
differentiation factor IL-5. Taken together, these
observations position leflunomide more as an alter-
native to cyclosporin A for treatment of severe
allergy/asthma than as a truly novel immunomodu-
lator for treatment of a broader range of allergic dis-
eases.

Protease inhibitors
These may also be the source of novel drugs to
control the synthesis of IgE. The low affinity receptor
for IgE present on B-cells (Fc�RII; also called CD23)
is involved in the regulation of IgE synthesis, and is
part of a feedback loop whereby occupancy of CD23
by IgE acts to stop further synthesis of IgE. However,
this feed back control tends to be offset by other con-
comitant events. First, the amounts of CD23 on B-
cells is increased by cytokines such as IL-4 which
stimulate IgE synthesis. Secondly, protease(s)
present on B-cell membranes cleave CD23, which
not only removes the low affinity receptor for IgE but
also yields the soluble sCD23 which acts as a cyto-
kine to amplify IgE synthesis. Furthermore, many
allergens have proteolytic activities with the poten-
tial to amplify allergen-specific IgE production
through cleavage of CD23. Hence, such proteases,
but more importantly those present endogenously
on B cell membranes, are possible targets for drugs
to diminish IgE synthesis by protecting CD23 from
proteolytic cleavage. The precise nature of the pro-
tease(s) involved in this process is currently the
subject of much work. Several studies with standard
protease inhibitors have implicated a zinc-depen-
dent metalloproteinase rather than cysteine-,
serine- or acid-proteases. Hence, CD23-cleaving
activity found in an enriched fraction of plasma
membranes from B-cells was inhibited by standard
inhibitors of metalloproteinases (1,10-phenanthro-
line, imidazole and batimastat) but not inhibitors of
the other classes of proteinase113,114. Limited struc-
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ture-activity studies amongst a series of hydroxamic
acids related to batimastat suggested that the B-cell
enzyme(s) were distinguishable from collage-
nase115,116. Consistent with its effect to block CD23
processing to sCD23 on B-cells and monocytes, bat-
imastat inhibited IgE production from human and
murine B-cells stimulated in vitro with IL-4 anti
CD40. Furthermore, batimastat inhibited IgE pro-
duction in vivo in mice sensitized with ovalbumin.
These observations with batimastat have been con-
firmed and extended by experiments with another
hydroxamate-type inhibitor of zinc-metallopro-
teinases, GI 129471117. This compound also blocked
release of sCD23 from human B-cells in vitro and
potently inhibited production of IgE (IC50 �250 nM).
This effect was selective for IgE as concentrations up
to 10 �M had no effect on production of IgG1 or
IgG4. These observations are sufficient to encourage
further research to characterize the B-cell metallo-
proteinase(s) and identify selective, non-toxic inhib-
itors with in vivo activity.

Type 4 phosphodiesterase inhibitors
These have been shown to modulate the activity of
virtually all cells involved in the inflammatory
process. So-called second generation, selective
PDE4 inhibitors (e.g. Cilomilast; SB 207499) which
display a more reduced side effect profile than the
first-generation of this class of compound (e.g. roli-
pram) are now beginning to appear and have been
shown to have broad anti-inflammatory/antiasth-
matic activity118. Coqueret et al.119 reported the
effect of first-generation PDE4 inhibitors on IgE pro-
duction by human PBMC and purified B lympho-
cytes from non-allergic donors. Selective PDE4
inhibitors, rolipram and Ro 20–1724 inhibited IL-4
included IgE production by PBMC but not by pur-
ified B lymphocytes. Inhibitors of other phospho-
diesterase isoenzymes (PDE3; PDE5) had no effect.
The PDE4 inhibitors did not suppress lymphocyte
proliferation induced by PHA and did not affect cell
surface expression of the IL-4 receptor. However,
incubation of monocytes alone with the PDE4 inhib-
itor did bring about a significant reduction of IL-4
induced synthesis of IgE. These results suggest that

PDE4 inhibitors act on monocytes to suppress the
costimulating signals required to evoke IgE produc-
tion by B lymphocytes.

Anti-IgE therapeutic antibodies

Preclinical

The discovery of novel drugs which suppress IgE
production is clearly ongoing, and discrete molecu-
lar targets are becoming identified. In advance of
such agents, the present method of choice for
depleting circulating IgE is the use of specific anti-
bodies. Such therapeutic antibodies have several
clear advantages. These are:
(i) Exquisite specificity: the selection of antibody

to bind to a specific antigen is based on a theo-
retical repertoire size of 1011–12.

(ii) High intrinsic affinity: for the most part, affinity
constants for Ab. binding to its target Ag. range
from 10–9–10–11M.

(iii) Favourable pharmacokinetics: appropriately
humanized Abs have very low rates of clearance
from the systemic circulation compared with
most drugs.

Against this background, several groups have pro-
duced novel monoclonal antibodies (Mabs) to
human IgE, and this section will describe the nature
and characterization of some of these. This list is not
exhaustive; rather it will focus on those where the
potential for antiallergic therapy has been indicated.

MAb MAE11/huMAb-E25
The antibody MAE11 and its humanized counter-
part E25 were developed by Genentech and are the
furthest advanced in terms of clinical development
(see below). A panel of MAbs were raised against
human IgE, and the screening strategy employed
was based on the selection of Abs which recognized
IgE at the same site as that which is critical in deter-
mining binding to the high affinity receptor Fc�RI�.
Therefore, by design, the Abs will not bind to IgE
present on mast cells and will not be capable of
degranulation (anaphylactogenicity). Several clones
were isolated, the best of which was termed MAE11.
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Humanization produced a version of the antibody
(E25) which retained the affinity and properties of
the original molecule, but is suitable for in vivo
administration to allergic individuals120. The MAb
binds to free IgE, and IgE present on isotype-com-
mitted B cells, but does not recognize other isotypes
(IgM, IgG, or IgA). It can block binding of IgE to bas-
ophils, but is unable to recognize IgE once it has
bound to Fc�RI121,122. When used during in vitro sen-
sitization with antigen-specific IgE, MAE11/E25 can
abolish antigen-dependent mast cell histamine
release from human and monkey tissues123,124. No
evidence was obtained indicating that the antibody
could induce histamine release from passively sen-
sitized tissues125. This antibody can also prevent IgE
synthesis when added to in vitro culture, and can
block IgE binding to the low affinity Fc�RII (CD23).
In summary, the evidence indicated that
MAE11/E25 should have significant therapeutic
benefits for the treatment of IgE-mediated diseases,
and later sections will go on to describe in detail the
results from clinical studies with this molecule.

CGP51901/Hu-901
Although it has originated from a different source
(Tanox/Novartis), the antihuman IgE MAb
CGP51901 demonstrates the same properties in
vitro as E25, and was also being processed as a clin-
ical candidate for atopy. With an agreement to co-
develop between the three parties, E25 is currently
being advanced for the treatment of allergic rhinitis
and atopic asthma, while CGP51901 is being
pursued separately for the niche market of peanut
allergy.

BSW17
A panel of antihuman IgE MAbs has been described
from the laboratory of Stadler126,127, with one in par-
ticular, BSW17, revealing an interesting phenotype.
Despite the fact that this MAb can recognize recep-
tor-bound IgE, it is not anaphylactogenic128.
Furthermore, it is capable of preventing IgE associa-
tion with both Fc�RI� and Fc�RII129, and can
promote a net loss in receptor-bound IgE. The anti-
body can also inhibit IgE synthesis in vitro130. The

data thus indicate that BSW17 has a number of prop-
erties which suggest it may have value as a therapeu-
tic antibody. However, there is little evidence to
suggest that a humanized version of this MAb is
being pursued, with recent publications suggesting
it is being used to define mimotopes for use as novel
vaccine candidates in the generation of an anti-
human IgE response131,132.

PTMAb0005 and 0011
We have recently identified two MAbs which recog-
nize human IgE both free and receptor bound, and
which can prevent IgE binding to Fc�RI�. In contrast
to BSW17, however, the MAbs can promote binding
of IgE to Fc�RII, a property which may enhance the
CD23 mediated down-regulation of an IgE response.
In cell based assay systems, both MAbs are non-
anaphylactogenic across a range of donors and can
prevent basophil sensitization when coincubated
with antigen-specific IgE. Perhaps the most interest-
ing property of these MAbs, however, is their ability
to inhibit the responses of presensitized basophils
(Fig. 10.3). Thus, basophils are removed from atopic
individuals, and incubated with specific allergen
and either PTMAb0005, PTMAb0011 or isotype
matched controls. Under these circumstances, bas-
ophil histamine release is abolished by the anti-IgE
Abs, but not by the isotype matched controls. To our
knowledge, these are the first antihuman IgE MAbs
described which have a stabilizing effect on allergic
basophil degranulation, and thus may represent a
novel class of antibodies for allergy treatment. A sub-
class of natural autoantibodies against IgE which
can down-regulate basophil mediator release has
been demonstrated in the sera of certain atopics133,
and PTMAb0005 and 0011 may represent a mono-
clonal version of these.

migis Antibodies
An alternative approach to inhibiting IgE in allergic
individuals is to specifically target the IgE commit-
ted B-cells, and so remove the source of production.
Following the identification of unique epitopes
exposed on the membrane-proximal regions of Ig
expressed on B-cells, the feasibility of this approach
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has been examined. These regions, termed migis
(membrane-bound immunoglobulin isotype spe-
cific) epitopes are distinct across isotypes134,135, and
consist of a segment of 13–32 amino acids compris-
ing a high proportion of acidic and polar residues. In
one example, monoclonal antibodies have been
raised to the �migis sequence, and have been shown
to preferentially target IgE�B-cells. This approach
may be amenable to either a passive strategy (the
use of humanized antibodies) or an active strategy
(immunization with �migis epitope linked to a
protein carrier).

Clinical

Early clinical trials of rhuMAb-E25 included at least
four Phase I studies to establish detailed pharma-
cokinetics, dose-ranging, acceptability of the
product and preliminary assessment of efficacy in
allergic subjects. These have been followed by at
least six Phase II multicentre, double-blind,
placebo-controlled, parallel group trials; three in

allergic rhinitis patients and three in allergic asthma
patients. In addition, results of a Phase III trial in sea-
sonal allergic rhinitis were recently reported.

In summary, pharmacokinetics and early clinical
studies show that intravenous rhuMAb-E25 causes
an immediate fall in serum free IgE. Peak serum con-
centrations of the therapeutic antibody are achieved
between 3 and 14 days after subcutaneous adminis-
tration and it is slowly cleared from the circulation
with a terminal half-life of 1–4 weeks after either
intravenous or subcutaneous administration136–139.

An important observation from the study of
Casale et al.137 was that the impact of rhuMAb-E25
on serum free IgE levels was not only dependent on
the dose but also the baseline level of IgE before
treatment: the higher the baseline IgE, the lower the
effect of a particular dose of rhuMAb-E25. The
concept that arose from this study concerned the
pharmacodynamic relationship between rhuMAb-
E25 and both free and complexed IgE. Consistent
suppression of serum free IgE to the lowest level of
detection required the ratio of rhuMAb: total IgE (i.e.
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Fig. 10.3 The effect of PTMAb0005 and 0011 on allergen-induced histamine release from peripheral blood basophils. PBMC from
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Histamine EIA (Immunotech). Data are mean from three separate experiments from different donors.



free IgE plus complex of IgE/rhuMAb-E25) to be in
the range of 10:1 to 15:1. Thus, the efficacy of
rhuMAb-E25 will be influenced not only by body
weight but also individual baseline IgE levels among
patients. A dose of approximately 0.005 mg/kg/week
for each IU per ml of baseline IgE was estimated as
being required to suppress free IgE to a steady state
level at the limit of detection. From this and other
studies it has been estimated that serum free IgE
needs to be decreased below 40 ng/ml for Fc�RI
receptor-bound IgE to become depleted (as a result
of the shift in equilibrium towards free IgE) and a
therapeutic effect to be obtained.

This pharmacodynamic interpretation was con-
sistent with the overall failure of rhuMAb-E25 in this
early trial137 to decrease symptoms during the
ragweed pollen rhinitis season. After the trial it was
judged that only 11 patients in the highest dose
group received sufficient treatment (with repeated
doses of 0.5 mg/kg i.v.) to suppress free IgE enough
to deplete cell-fixed IgE. Because of these observa-
tions, subsequent studies in seasonal allergic rhin-
itis patients used higher doses of rhuMAb-E25
adjusted for basal levels of serum-free IgE. In ran-
domized, double-blind, placebo-controlled trials
involving several hundred patients; the effect of
rhuMAb-25 on primary outcome measures of
symptom/medication scores and quality of life
questionnaire was examined140. The doses of
rhuMAb-E25 were 300, 150 or 50 mg administered
subcutaneously every 3 or 4 weeks, based on total
serum IgE levels (151–700 and 30–150 IU/ml, respec-
tively) for 12 weeks. In both studies, significant clin-
ical improvement was observed with the two higher
doses (300 and 150 mg s.c.) whereas the 50 mg dose
was not different from placebo.

A Phase III trial was presented at the 20th Annual
Nordic Congress on Allergology by Sandstrom (May
1999). This was a randomized, placebo-controlled,
multicentre trial which examined symptoms of
rhinoconjunctivitis and rescue medication usage in
251 adult patients in Scandinavia with a history of
birch pollen allergy. Patients were treated with either
300 mg rhuMAb-E25 or placebo given subcutane-
ously, two injections given 3 or 4 weeks apart during

the 1998 birch tree pollen season in Scandinavia.
Rescue medications, such as antihistamines, were
used when patients determined that their symp-
toms were severe enough to require additional med-
ication. Using a scale of 0 for no symptoms and 3 for
severe symptoms, rhuMAb-E25 compared to
placebo led to a decrease in patient nasal and ocular
symptoms of 0.23 and 0.09, respectively. Results
show that patients receiving the anti-IgE treatment
used on average 0.5 antihistamine tablets per day vs.
1.3 tablets per day in the placebo group, and used
allergy medication on less than half as many days.
The treatment was well tolerated during this trial. No
antibodies against anti-IgE were detected and no
serum sickness, immune complex disease, anaphy-
lactic reactions, systemic urticaria or other allergy-
related side effects were reported.

Studies with rhuMAb-E25 in patients with allergic
asthma initially were designed to assess safety and
tolerance of the product and also responses to
inhaled allergens by subjects with stable mild
disease (baseline FEV1 � 70% predicted, requiring
only inhaled �2-agonist on demand, no corticoster-
oids). In all asthma trials reported so far, rhuMAb-
E25 has been administered intravenously. Fahy et
al.138 reported a randomized, double-blind, placebo-
controlled, parallel-group trial in which the dosing
regimen of rhuMAb-E25 was chosen to produce
trough serum concentrations of the therapeutic
antibody of 14 �g/ml at steady state. This required a
dose of 0.5 mg/kg to be given as an i.v. infusion over
5 minutes, every week for 9 weeks. Nineteen subjects
were characterized by spirometry, methacholine
reactivity and skin tests to allergens, they were also
taught to record in diaries peak flow, asthma symp-
toms, bronchodilator use and nocturnal asthma.
They then underwent airway challenge tests, with
allergen and methacoline, and sputum induction.
After the first intravenous infusion of rhuMAb-E25
to nine subjects serum free IgE fell from a baseline
level of �500 IU/ml to below the limit of detection
(10 IU/ml) and remained low for the duration of the
study: by 6 weeks until the end of the study six of
nine subjects had consistently undetectable free
serum IgE while in three subjects it was between 12
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and 33 IU/ml. Treatment with rhuMAb-E25 signifi-
cantly attenuated both the early and late phase
responses to airway challenge with allergen.
Changes in the early phase response included both
a smaller fall in FEV1 and a larger concentration of
allergen required to cause bronchospasm. No differ-
ences were observed in responses of the placebo
group to allergen challenge. The late phase bron-
chospasm and eosinophilia in induced sputum after
allergen challenge were significantly decreased as
was methacholine sensitivity (but this was not sig-
nificant). These observations implicate IgE-depen-
dent events in the inflammatory responses that
underlie airway hyperreactivity of asthma. In con-
trast to responses to allergen challenge, measures of
asthma symptoms and brochodilator usage did not
change significantly. It is possible that the dose of
therapeutic antibody was not sufficient, as sug-
gested by incomplete blockade of the early phase
response to allergen challenge. Higher doses may
have improved asthma symptoms. However, the
authors also emphasize that the study involved
patients with very mild asthma, in whom it would be
difficult to demonstrate improvement.

In a parallel study139 in mild atopic asthmatics,
allergen sensitivity was assessed by measuring FEV1

responses provoked by inhaling increasing amounts
of allergen, in doubling concentrations, at 10-
minute intervals until a 15% fall in FEV1 was
achieved. This is referred to as the PC15. Non-specific
airway hyperreactivity was assessed in a similar
manner by inhaling increasing concentrations of
methacholine to achieve the PC20. The therapeutic
antibody was given intravenously (over 5 min) as an
initial loading dose (2 mg/kg) followed by six subse-
quent doses (1 mg/kg) initially weekly (2 doses) and
then 2 weekly (4 doses). The mean serum concentra-
tion of total rhuMAb-E25 reached approximately 31
�g/ml at day 77 of the study. Geometric mean values
(� s.e.) for serum free IgE decreased from 288 �124
ng/ml to 30�11 ng/ml at day 77. In seven out of ten
subjects free IgE was below the limit of detection.
During treatment, the amount of allergen tolerated
increased significantly, the PC15 increasing by
2.3–2.7 doubling doses on days 27–77; the metha-

choline PC20 also improved slightly but was only sig-
nificant towards the end of the trial (day 76). No
changes were seen in the placebo group. The authors
emphasized that changes in the allergen PC15 seen in
this study were large, comparable to what has been
reported with inhaled corticosteroids, and may have
been underestimated since several subjects did not
bronchoconstrict with an increase in allergen of
three doubling doses which was the upper limit
imposed for safety reasons. Despite blocking
responses to inhaled allergen, rhuMAb-E25 did not
change respiratory symptoms or medication usage
during the treatment period. As in the study of Fahy
et al.138 the authors conclude that it would be diffi-
cult to observe improvement in these measures in
such mild disease.

In a further trial, Milgrom et al.141 investigated the
effect of the therapeutic antibody on exacerbations
of asthma following corticosteroid withdrawal in
subjects who had received 12 weeks of inhaled/oral
corticosteroid and �-agonists plus placebo-con-
trolled rhuMAb-E25. The doses of rhuMAb-E25 were
adjusted according to body weight and basal-free
IgE, as discussed earlier: they were 0.006 and 0.014
mg/kg/IU/ml administered intravenously every 2
weeks. This treatment significantly decreased exac-
erbations of asthma and also decreased daily
symptom scores and �2-agonist rescue medication,
whilst also allowing a decrease in use of corticoster-
oid. Hence, it is becoming apparent that with an
appropriate dosing regimen, the depletion of circu-
lating free IgE by rhuMAb-E25 exerts an anti-
inflammatory effect in allergic asthmatics sufficient
to allow reduction in concomitant therapy.

A second humanized anti-IgE therapeutic anti-
body has also been investigated in clinical trials. This
is Hu-901 which is a non-anaphylactogenic
mouse/human chimeric antibody (previously
known as CGP-51901) that binds to free IgE and
surface IgE of IgE-expressing B cells but not to IgE
bound to Fc�RI on mast cells or basophils or Fc�RII
on other cells. A Phase I single dose study was con-
ducted double-blind, placebo-controlled in 33 male
volunteers sensitive to mixed grass pollens142. Mean
baseline levels of serum free IgE ranged between 239
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and 395 IU/ml. Doses of Hu-901 of 3, 10, 30 or 100
mg were administered by intravenous infusion over
30 min. The therapeutic antibody was well tolerated
and brought about a rapid and dose-related fall in
free IgE, being more than 96% depleted after the
highest dose. Total IgE, composed of free and com-
plexed IgE increased. Complexed IgE was eliminated
at a rate comparable with the terminal half-life of
free Hu-901 which was between 11 and 13 days. The
time of recovery to 50% of baseline IgE was also dose
dependent, ranging from 1.3 days to 39 days for the
3 mg and 100 mg doses, respectively. This antibody
was further studied in a randomized, placebo-con-
trolled trial involving 153 patients with seasonal
allergic rhinitis and treated with placebo or Hu-901
at doses of 15, 30 or 60 mg, given intravenously 6
times at 2-weekly intervals143. This study provided
valuable pharmacokinetic and pharmacodynamic
profiles which indicated that repeat-dosing was safe
and a concentration of about 5 �g/ml would be
required to decrease serum free IgE by 85%: this
would be obtained with the highest dose given. In
addition, patients appeared to benefit from the anti-
IgE treatment during the pollen season, especially
the high dose group in whom symptoms were fewer
and less medication was needed. Having established
safety and pharmacodynamic efficacy, Hu-901 is
now undergoing trials in patients with severe peanut
allergy.

There are a number of potential safety issues
which have been assessed during early clinical trials.
The first has been to ensure that the inability of anti-
IgE therapeutic antibodies to stimulate mast cells
and basophils, which has been observed with
human blood cells in vitro125, also occurs when the
antibody is introduced into the body. There have
been a small number of subjects in whom they have
caused a generalized urticarial rash which required
treatment and at least one subject in whom it
appeared to provoke a mild asthma attack. However,
the general experience, with more than a thousand
subjects having been exposed, is that such therapeu-
tic antibodies appear to be quite free of anaphylac-
togenic properties.

There is a theoretical risk that immune complex
formation between serum free IgE and anti-IgE will
occur, and that its subsequent deposition in organs
such as the kidney will lead to significant immune
pathology. However, the complexes rhuMAb-E25
formed are very small and no clinical problem has
arisen. Also, because of the isotype of IgG chosen as
the template for humanization of the mouse mono-
clonal E-25, activation of complement does not
occur. Furthermore, there are no reports of immune
responses to the humanized form of the antibody
after repeated injection into allergic subjects.

Questions have also been raised, theoretically,
about the possible impact on safety of a therapeutic
strategy which interferes with IgE-dependent pro-
cesses, particularly concerning the role of mast cells
in host defence.

The presence of high affinity IgE receptors on
mast cells and eosinophils, the prominence of the
IgE response against parasites, and the lack of IgE
negative mutants in the human population argue for
a biological function for IgE in recent evolutionary
history: probably in defence against parasite infesta-
tion. However, available evidence is not wholly sup-
portive. There are several lines of argument to
suggest that the IgE/Fc�RI interaction is not
involved in protective immune responses and does
not seem to be essential for normal immunological
function.
(i) Individuals who have either no detectable or

very low levels of IgE in their blood144, or mice
rendered IgE deficient by immunological145,146

or genetic43 treatments live normally without
impaired immune function.

(ii) IgE appears very late in evolution and is pre-
sumed to be teleologically justified for its pro-
tective role in immunity to chronic infection
with parasites such as gut helminths. This
concept arises from observations of strongly
elevated levels of IgE after parasite infections in
man and animals147 and expulsion of parasites
is believed to involve mediator release from gut
mast cells sensitized through the high affinity
IgE receptor (Fc�RI).
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However, while serum IgE increases in response to
parasitic infections148,149, it is not clear that the
IgE/mast cell system is entirely beneficial150.
(i) Mice infected with Leishmania showed a high

mortality in BALB/c mice that gave high IgE
responses but no mortality in C57/BL/6 mice
that gave only low IgE responses to the para-
site151.

(ii) Treatment of high IgE responder mice with anti
IL-4 antibody, which inhibits IgE responses152,
converted a parasitic infection from a lethal into
a non-lethal outcome.

(iii) The presence of mast cells significantly aug-
mented the size of cutaneous lesions during
Leishmania major infection in mice, but did not
significantly influence either the parasite
burden or ultimate resolution of the infection153.

(iv) Depletion of mast cells with antistem cell-factor
significantly decreased parasite egg production
during N. brasiliensis infection154.

This indicates that the IgE/mast cell response to par-
asitic infection in mice has no protective role but,
instead, may contribute to a detrimental course of
the disease process. In addition to IgE, other
immune mechanisms are implicated in the host
defence response against parasites, including
eosinophil-dependent killing mediated by IgA and
IgG antibodies155–160. Thus, not only is there little
need for protection against parasitic infections in
developed countries, but the protective role of IgE is
not entirely clear. Furthermore, it is evident that
several mechanisms contribute to the immune pro-
tective response against parasites.

Recent evidence161,162 has identified an important
new role for the mast cell in natural immunity
against bacteria. However, this involves an anti-
body-independent mechanism quite distinct from
IgE-dependent processes involved in allergy.

Conclusions

Therapeutic agents which decrease levels of IgE in
the circulation have a beneficial effect in treating

allergic asthma and rhinitis which is independent of
the sensitizing allergen. Evidence from Phase II trials
with rhuMAb-E25 has been particularly important in
illustrating that circulating IgE must be depleted
substantially before an antiallergic effect is obtained.
This is consistent with the high affinity and slow off-
rate shown by IgE for Fc�RI, although down-regula-
tion of Fc�RI expression probably amplifies the mast
cell/basophil blockade obtained. A number of drugs,
such as suplatast, are now beginning to appear which
decrease IgE synthesis and have an antiallergic/anti-
asthmatic effect. Bearing in mind the extent to which
levels of IgE must be decreased by rhuMAb-E25
before a therapeutic effect is seen, the clinical effect
of suplatast may be the result of several properties
(mast cell stabilization; decreased IL-4; decreased
IgE) acting in concert.

The critical importance of IgE as an initiator of
acute allergic inflammation is well supported by
these clinical findings; but what, if any, is the asso-
ciated risk? The important role of the mast cell in host
defence is becoming clear. However, the role of the
IgE/ Fc�RI interaction on mast cells in host defence
is uncertain; there is almost certainly redundancy in
the immune mechanisms involved and these may
have little importance in populations who are not
exposed to intestinal parasites. Thus, safety issues
associated with even profound decreases in IgE
appear to be negligible, and drugs or vaccines
designed to have this effect will probably play an
important future role in controlling allergic disease.

REFERENCES

1 Ishizaka T, Dvorak AM, Conrad DH, Niebyl JR, Marquette

JP, Ishizaka K. Morphologic and immunologic character-

ization of human basophils developed in cultures of cord

blood mononuclear cells. J Immunol 1985; 134:532–540.

2 Rossi G, Newman SA, Metzger H. Assay and partial charac-

terization of the solubilized cell surface receptor for immu-

noglobulin E. J Biol Chem 1977; 252:704–711.

3 Bahna SL. The 1988 Bela Schick memorial lecture. A 21-

year salute to IgE. Ann Allergy 1989; 62:471–478.

4 Mascia A, Frank S, Berkman A et al. Mortality versus

Drugs affecting IgE 211



improvement in severe chronic asthma: physiologic and

psychologic factors. Ann Allergy 1989; 62:311–317.

5 Platts-Mills TA. Mechanisms of bronchial reactivity: the

role of immunoglobulin E. Am Rev Respir Dis 1992;

145:S44-S47.

6 Conroy MC, Adkinson NF, Jr., Lichtenstein LM.

Measurement of IgE on human basophils: relation to

serum IgE and anti-IgE-induced histamine release. J

Immunol 1977; 118:1317–1321.

7 MacGlashan DW, Jr., Peters SP, Warner J, Lichtenstein LM.

Characteristics of human basophil sulfidopeptide leuko-

triene release: releasability defined as the ability of the bas-

ophil to respond to dimeric cross-links. J Immunol 1986;

136:2231–2239.

8 MacGlashan DW, Jr. Releasability of human basophils: cel-

lular sensitivity and maximal histamine release are inde-

pendent variables. J Allergy Clin Immunol 1993;

91:605–615.

9 MacGlashan DW, Jr., Bochner BS, Adelman DC et al. Down-

regulation of Fc(epsilon)RI expression on human baso-

phils during in vivo treatment of atopic patients with

anti-IgE antibody. J Immunol 1997; 158:1438–1445.

10 MacGlashan D, Jr., McKenzie-White J, Chichester K et al. In

vitro regulation of FcepsilonRIalpha expression on human

basophils by IgE antibody. Blood 1998; 91:1633–1643.

11 Saini SS, MacGlashan DW, Jr., Sterbinsky SA et al. Down-

regulation of human basophil IgE and FC epsilon RI alpha

surface densities and mediator release by anti-IgE-infu-

sions is reversible in vitro and in vivo. J Immunol 1999;

162:5624–5630.

12 Yamaguchi M, Lantz CS, Oettgen HC et al. IgE enhances

mouse mast cell Fc(epsilon)RI expression in vitro and in

vivo: evidence for a novel amplification mechanism in IgE-

dependent reactions. J Exp Med 1997; 185:663–672.

13 Harriman W, Volk H, Defranoux N, Wabl M.

Immunoglobulin class switch recombination. Annu Rev

Immunol 1993; 11:361–384.

14 Bacharier LB, Geha RS. Regulation of IgE synthesis: the

molecular basis and implications for clinical modulation.

Allergy Asthma Proc 1999; 20:1–8.

15 Shapira SK, Jabara HH, Thienes CP et al. Deletional switch

recombination occurs in interleukin-4-induced isotype

switching to IgE expression by human B cells. Proc Natl

Acad Sci USA 1991; 88:7528–7532.

16 Volk H, Wabl M. A protein binding specifically to the IgG2b

switch region. Dev Immunol 1997; 5:105–114.

17 Borggrefe T, Wabl M, Akhmedov AT, Jessberger R. A B-cell-

specific DNA recombination complex. J Biol Chem 1998;

273:17025–17035.

18 Gauchat JF, Lebman DA, Coffman RL, Gascan H, de Vries JE.

Structure and expression of germline epsilon transcripts in

human B cells induced by interleukin 4 to switch to IgE

production. J Exp Med 1990; 172:463–473.

19 Snapper CM, Marcu KB, Zelazowski P. The immunoglobu-

lin class switch: beyond ‘accessibility’. Immunity 1997;

6:217–223.

20 Clark EA, Ledbetter JA. How B and T cells talk to each other.

Nature 1994; 367:425–428.

21 Warren WD, Berton MT. Induction of germ-line gamma 1

and epsilon Ig gene expression in murine B cells. IL-4 and

the CD40 ligand-CD40 interaction provide distinct but

synergistic signals. J Immunol 1995; 155:5637–5646.

22 Watts C. Capture and processing of exogenous antigens for

presentation on MHC molecules. Annu Rev Immunol 1997;

15:821–850.

23 Foy TM, Aruffo A, Bajorath J, Buhlmann JE, Noelle RJ.

Immune regulation by CD40 and its ligand GP39. Annu Rev

Immunol 1996; 14:591–617.

24 Keegan AD, Nelms K, Wang LM, Pierce JH, Paul WE.

Interleukin 4 receptor: signaling mechanisms. Immunol

Today 1994; 15:423–432.

25 Ezernieks J, Schnarr B, Metz K, Duschl A. The human IgE

germline promoter is regulated by interleukin-4, inter-

leukin-13, interferon-alpha and interferon-gamma via an

interferon-gamma-activated site and its flanking regions.

Eur J Biochem 1996; 240:667–673.

26 Welham MJ, Learmonth L, Bone H, Schrader JW.

Interleukin-13 signal transduction in lymphohemopoietic

cells. Similarities and differences in signal transduction

with interleukin-4 and insulin. J Biol Chem 1995;

270:12286–12296.

27 Nelms K, Keegan AD, Zamorano J, Ryan JJ, Paul WE. The IL-

4 receptor: signaling mechanisms and biologic functions.

Annu Rev Immunol 1999; 17:701–738.

28 Smerz-Bertling C, Duschl A. Both interleukin 4 and inter-

leukin 13 induce tyrosine phosphorylation of the 140-kDa

subunit of the interleukin 4 receptor. J Biol Chem 1995;

270:966–970.

29 Atamas SP, Choi J, Yurovsky VV, White B. An alternative

splice variant of human IL-4, IL-4 delta 2, inhibits IL-4-

stimulated T cell proliferation. J Immunol 1996;

156:435–441.

30 Darnell JE, Jr. STATs and gene regulation. Science 1997;

277:1630–1635.

31 Linehan LA, Warren WD, Thompson PA, Grusby MJ, Berton

MT. STAT6 is required for IL-4-induced germline Ig gene

transcription and switch recombination. J Immunol 1998;

161:302–310.

212 L.G. Garland and A.G. Lamont



32 Patel BK, Pierce JH, LaRochelle WJ. Regulation of interleu-

kin 4-mediated signaling by naturally occurring dominant

negative and attenuated forms of human Stat6. Proc Natl

Acad Sci USA 1998; 95:172–177.

33 Mikita T, Campbell D, Wu P, Williamson K, Schindler U.

Requirements for interleukin-4-induced gene expression

and functional characterization of Stat6. Mol Cell Biol 1996;

16:5811–5820.

34 Cerutti A, Zan H, Schaffer A et al. CD40 ligand and appro-

priate cytokines induce switching to IgG, IgA, and IgE and

coordinated germinal center and plasmacytoid pheno-

typic differentiation in a human monoclonal IgM�IgD�B

cell line. J Immunol 1998; 160:2145–2157.

35 Iciek LA, Delphin SA, Stavnezer J. CD40 cross-linking

induces Ig epsilon germline transcripts in B cells via activa-

tion of NF-kappaB: synergy with IL-4 induction. J Immunol

1997; 158:4769–4779.

36 Splawski JB, Fu SM, Lipsky PE. Immunoregulatory role of

CD40 in human B cell differentiation. J Immunol 1993;

150:1276–1285.

37 Kawabe T, Naka T, Yoshida K et al. The immune responses

in CD40-deficient mice: impaired immunoglobulin class

switching and germinal center formation. Immunity 1994;

1:167–178.

38 Korthauer U, Graf D, Mages HW et al. Defective expression

of T-cell CD40 ligand causes X-linked immunodeficiency

with hyper-IgM. Nature 1993; 361:539–541.

39 Allen RC, Armitage RJ, Conley ME et al. CD40 ligand gene

defects responsible for X-linked hyper-IgM syndrome.

Science 1993; 259:990–993.

40 Ishida T, Mizushima S, Azuma S et al. Identification of

TRAF6, a novel tumor necrosis factor receptor-associated

factor protein that mediates signaling from an amino-

terminal domain of the CD40 cytoplasmic region. J Biol

Chem 1996; 271:28745–28748.

41 Ishida TK, Tojo T, Aoki T et al. TRAF5, a novel tumor necro-

sis factor receptor-associated factor family protein, medi-

ates CD40 signaling. Proc Natl Acad Sci USA 1996;

93:9437–9442.

42 Ren CL, Morio T, Fu SM, Geha RS. Signal transduction via

CD40 involves activation of lyn kinase and phosphatidyli-

nositol-3-kinase, and phosphorylation of phospholipase C

gamma 2. J Exp Med 1994; 179:673–680.

43 Kuhn R, Rajewsky K, Muller W. Generation and analysis of

interleukin-4 deficient mice. Science 1991; 254:707–710.

44 McKenzie GJ, Emson CL, Bell SE et al. Impaired develop-

ment of Th2 cells in IL-13-deficient mice. Immunity 1998;

9:423–432.

45 Levy F, Kristofic C, Heusser C, Brinkmann V. Role of IL-13 in

CD4 T cell-dependent IgE production in atopy. Int Arch

Allergy Immunol 1997; 112:49–58.

46 Zhou CY, Crocker IC, Koenig G, Romero FA, Townley RG.

Anti-interleukin-4 inhibits immunoglobulin E production

in a murine model of atopic asthma. J Asthma 1997;

34:195–201.

47 Tanaka H, Nagai H, Maeda Y. Effect of anti-IL-4 and anti-IL-

5 antibodies on allergic airway hyperresponsiveness in

mice. Life Sci 1998; 62:L169-L174.

48 Sato TA, Widmer MB, Finkelman FD et al. Recombinant

soluble murine IL-4 receptor can inhibit or enhance IgE

responses in vivo. J Immunol 1993; 150:2717–2723.

49 Carballido JM, Aversa G, Schols D, Punnonen J, de Vries JE.

Inhibition of human IgE synthesis in vitro and in SCID-hu

mice by an interleukin-4 receptor antagonist. Int Arch

Allergy Immunol 1995; 107:304–307.

50 Carballido JM, Schols D, Namikawa R et al. IL-4 induces

human B cell maturation and IgE synthesis in SCID-hu

mice. Inhibition of ongoing IgE production by in vivo treat-

ment with an IL-4/IL-13 receptor antagonist. J Immunol

1995; 155:4162–4170.

51 Arinobu Y, Atamas SP, Otsuka T et al. Antagonistic effects of

an alternative splice variant of human IL-4, IL-4delta2, on

IL-4 activities in human monocytes and B cells. Cell

Immunol 1999; 191:161–167.

52 Zhang JG, Hilton DJ, Willson TA et al. Identification, purifi-

cation, and characterization of a soluble interleukin (IL)-

13-binding protein. Evidence that it is distinct from the

cloned Il-13 receptor and Il-4 receptor alpha-chains. J Biol

Chem 1997; 272:9474–9480.

53 Xu L, Rothman P. IFN-gamma represses epsilon germline

transcription and subsequently down-regulates switch

recombination to epsilon. Int Immunol 1994; 6:515–521.

54 Yoshimoto T, Okamura H, Tagawa YI, Iwakura Y, Nakanishi

K. Interleukin 18 together with interleukin 12 inhibits IgE

production by induction of interferon-gamma production

from activated B cells. Proc Natl Acad Sci USA 1997;

94:3948–3953.

55 Hofstra CL, Van AI, Hofman G, Kool M, Nijkamp FP, Van

Oosterhout AJ. Prevention of Th2-like cell responses by

coadministration of IL-12 and IL-18 is associated with inhi-

bition of antigen-induced airway hyperresponsiveness,

eosinophilia, and serum IgE levels. J Immunol 1998;

161:5054–5060.

56 Okamura H, Kashiwamura S, Tsutsui H, Yoshimoto T,

Nakanishi K. Regulation of interferon-gamma production

by IL-12 and IL-18. Curr Opin Immunol 1998; 10:259–264.

57 Kimata H, Yoshida A, Ishioka C, Lindley I, Mikawa H.

Interleukin 8 (IL-8) selectively inhibits immunoglobulin E

Drugs affecting IgE 213



production induced by IL-4 in human B cells. J Exp Med

1992; 176:1227–1231.

58 Punnonen J, de Waal MR, van Vlasselaer P, Gauchat JF, de

Vries JE. IL-10 and viral IL-10 prevent IL-4-induced IgE syn-

thesis by inhibiting the accessory cell function of mono-

cytes. J Immunol 1993; 151:1280–1289.

59 Jeannin P, Lecoanet S, Delneste Y, Gauchat JF, Bonnefoy JY.

IgE versus IgG4 production can be differentially regulated

by IL-10. J Immunol 1998; 160:3555–3561.

60 Wang CC, Rook GA. Inhibition of an established allergic

response to ovalbumin in BALB/c mice by killed

Mycobacterium vaccae. Immunology 1998; 93:307–313.

61 Katano M, Morisaki T. The past, the present and future of

the OK-432 therapy for patients with malignant effusions.

Anticancer Res 1998; 18:3917–3925.

62 Krieg AM, Yi AK, Matson S et al. CpG motifs in bacterial

DNA trigger direct B-cell activation. Nature 1995;

374:546–549.

63 Klinman DM, Yi AK, Beaucage SL, Conover J, Krieg AM.

CpG motifs present in bacteria DNA rapidly induce lym-

phocytes to secrete interleukin 6, interleukin 12, and inter-

feron gamma. Proc Natl Acad Sci USA 1996; 93:2879–2883.

64 Bohle B, Jahn-Schmid B, Maurer D, Kraft D, Ebner C.

Oligodeoxynucleotides containing CpG motifs induce IL-

12, IL-18 and IFN-gamma production in cells from allergic

individuals and inhibit IgE synthesis in vitro. Eur J

Immunol 1999; 29:2344–2353.

65 Kline JN, Waldschmidt TJ, Businga TR et al. Modulation of

airway inflammation by CpG oligodeoxynucleotides in a

murine model of asthma. J Immunol 1998; 160:2555–2559.

66 Meinke GC, Magro AM, Lawrence DA, Spiegelberg HL.

Characterization of an IgE receptor isolated from cultured

B-type lymphoblastoid cells. J Immunol 1978;

121:1321–1328.

67 Nonaka M, Hsu DK, Hanson CM, Aosai F, Katz DH. Cloning

of cDNA coding for low-affinity Fc receptors for IgE on

human T lymphocytes. Int Immunol 1989; 1:254–259.

68 Gordon J, Flores-Romo L, Cairns JA et al. CD23: a multi-

functional receptor/lymphokine? Immunol Today 1989;

10:153–157.

69 Yu P, Kosco-Vilbois M, Richards M, Kohler G, Lamers MC.

Negative feedback regulation of IgE synthesis by murine

CD23. Nature 1994; 369:753–756.

70 Luo HY, Hofstetter H, Banchereau J, Delespesse G. Cross-

linking of CD23 antigen by its natural ligand (IgE) or by

anti-CD23 antibody prevents B lymphocyte proliferation

and differentiation. J Immunol 1991; 146:2122–2129.

71 Pene J, Chretien I, Rousset F, Briere F, Bonnefoy JY, de Vries

JE. Modulation of IL-4-induced human IgE production in

vitro by IFN-gamma and IL-5: the role of soluble CD23 (s-

CD23). J Cell Biochem 1989; 39:253–264.

72 Saxon A, Ke Z, Bahati L, Stevens RH. Soluble CD23 contain-

ing B cell supernatants induce IgE from peripheral blood

B-lymphocytes and costimulate with interleukin-4 in

induction of IgE. J Allergy Clin Immunol 1990; 86:333–344.

73 Paul-Eugene N, Kolb JP, Calenda A et al. Functional inter-

action between beta 2-adrenoceptor agonists and inter-

leukin-4 in the regulation of CD23 expression and release

and IgE production in human. Mol Immunol 1993;

30:157–164.

74 Paul-Eugene N, Kolb JP, Damais C et al. Beta 2-adrenocep-

tor agonists regulate the IL-4-induced phenotypical

changes and IgE-dependent functions in normal human

monocytes. J Leukoc Biol 1994; 55:313–320.

75 Coqueret O, Dugas B, Mencia-Huerta JM, Braquet P.

Regulation of IgE production from human mononuclear

cells by beta 2-adrenoceptor agonists. Clin Exp Allergy

1995; 25:304–311.

76 Coqueret O, Demarquay D, Lagente V. Role of cyclic AMP in

the modulation of IgE production by the beta 2-adreno-

ceptor agonist, fenoterol. Eur Respir J 1996; 9:220–225.

77 Coqueret O, Petit-Frere C, Lagente V, Moumen M, Mencia-

Huerta JM, Braquet P. Modulation of IgE production in the

mouse by beta 2-adrenoceptor agonist. Int Arch Allergy

Immunol 1994; 105:171–176.

78 Corne JM, Linaker CH, Howarth PH et al. Effect of systemic

beta-agonist therapy on IgE production in allergic subjects

in vivo. J Allergy Clin Immunol 1998; 102:727–731.

79 Klebl FH, Weber G, Kalden JR, Nusslein HG. In vitro and in

vivo effect of glucocorticoids on IgE and IgG subclass

secretion. Clin Exp Allergy 1994; 24:1022–1029.

80 Akdis CA, Blesken T, Akdis M, Alkan SS, Heusser CH, Blaser

K. Glucocorticoids inhibit human antigen-specific and

enhance total IgE and IgG4 production due to differential

effects on T and B cells in vitro. Eur J Immunol 1997;

27:2351–2357.

81 Zieg G, Lack G, Harbeck RJ, Gelfand EW, Leung DY. In vivo

effects of glucocorticoids on IgE production. J Allergy Clin

Immunol 1994; 94:222–230.

82 Pullerits T, Praks L, Sjostrand M, Rak S, Skoogh BE, Lotvall

J. An intranasal glucocorticoid inhibits the increase of spe-

cific IgE initiated during birch pollen season. J Allergy Clin

Immunol 1997; 100:601–605.

83 Alexander AG, Barnes NC, Kay AB, Corrigan CJ. Clinical

response to cyclosporin in chronic severe asthma is asso-

ciated with reduction in serum soluble interleukin-2

receptor concentrations. Eur Respir J 1995; 8:574–578.

84 Lock SH, Kay AB, Barnes NC. Double-blind, placebo-

214 L.G. Garland and A.G. Lamont



controlled study of cyclosporin A as a corticosteroid-

sparing agent in corticosteroid-dependent asthma. Am J

Respir Crit Care Med 1996; 153:509–514.

85 Sihra BS, Kon OM, Durham SR, Walker S, Barnes NC, Kay

AB. Effect of cyclosporin A on the allergen-induced late

asthmatic reaction. Thorax 1997; 52:447–452.

86 Wheeler DJ, Robins A, Pritchard DI, Bundick RV, Shakib F.

Potentiation of in vitro synthesis of human IgE by cyclo-

sporin A (CsA). Clin Exp Immunol 1995; 102:85–90.

87 Nagai H, Hiyama H, Matsuo A, Ueda Y, Inagaki N, Kawada

K. FK-506 and cyclosporin A potentiate the IgE antibody

production by contact sensitization with hapten in mice. J

Pharmacol Exp Ther 1997; 283:321–327.

88 Etzioni A, Shehadeh N, Brecher A, Yorman S, Pollack S.

Cyclosporin A in hyperimmunoglobulin E syndrome. Ann

Allergy Asthma Immunol 1997; 78:413–414.

89 Tang AT, Lau YL, Jones B, Halpern GM, Yeung CY. Cefadroxil

reduces the production of IgE in a 3 year old asthmatic with

juvenile rheumatoid arthritis. Allergol Immunopathol

(Madr ) 1993; 21:131–135.

90 Garland LG. Pharmacology of prophylactic anti-asthma

drugs. In: Page CP, Barnes PJ, eds. Pharmacology of Asthma.

Basel: Springer Verlag; 1991: 261–290.

91 Loh RK, Jabara HH, Geha RS. Mechanisms of inhibition of

IgE synthesis by nedocromil sodium: nedocromil sodium

inhibits deletional switch recombination in human B cells.

J Allergy Clin Immunol 1996; 97:1141–1150.

92 Loh RK, Jabara HH, Geha RS. Disodium cromoglycate

inhibits S mu – �S epsilon deletional switch recombina-

tion and IgE synthesis in human B cells. J Exp Med 1994;

180:663–671.

93 Kimata H, Mikawa H. Nedocromil sodium selectively

inhibits IgE and IgG4 production in human B cells stimu-

lated with IL-4. J Immunol 1993; 151:6723–6732.

94 Sasai K, Furukawa S, Sugawara T, Kaneko K, Baba M, Yabuta

K. IgE levels in faecal extracts of patients with food allergy.

Allergy 1992; 47:594–598.

95 Yanagihara Y, Kiniwa M, Ikizawa K, Shida T, Matsuura N,

Koda A. Suppression of IgE production by IPD-1151T

(suplatast tosilate), a new dimethylsulfonium agent: (2).

Regulation of human IgE response. Jpn J Pharmacol 1993;

61:31–39.

96 Yanagihara Y, Kiniwa M, Ikizawa K, Shida T, Matsuura N,

Koda A. Suppression of IgE production by IPD-1151T

(suplatast tosilate), a new dimethylsulfonium agent: (2).

Regulation of human IgE response. Jpn J Pharmacol 1993;

61:31–39.

97 Yamaya H, Basaki Y, Togawa M, Kojima M, Kiniwa M,

Matsuura N. Down-regulation of Th2 cell-mediated

murine peritoneal eosinophilia by antiallergic agents. Life

Sci 1995; 56:1647–1654.

98 Konno S, Adachi M, Asano K et al. Suppressive effects of

IPD-1151T (suplatast-tosilate) on induction of mast cells

from normal mouse splenocytes. Eur J Pharmacol 1994;

259:15–20.

99 Taniguchi H, Togawa M, Ohwada K et al. Suplatast tosilate,

a new type of antiallergic agent, prevents the expression of

airway hyperresponsiveness in guinea pigs. Eur J

Pharmacol 1996; 318:447–454.

100 Hanashiro K, Tamaki N, Koga T, Nakamura M, Kinjoh K,

Kosugi T. Inhibitory effect of azelastine hydrochloride and

suplatast tosilate on airway responses in sensitized rats fol-

lowing exposure to antigen. Int J Tissue React 1997;

19:163–169.

101 Washio Y, Ohashi Y, Tanaka A et al. Suplatast tosilate affects

the initial increase in specific IgE and interleukin-4 during

immunotherapy for perennial allergic rhinitis. Acta

Otolaryngol Suppl 1998; 538:126–132.

102 Kimata H. Selective enhancement of production of IgE,

IgG4, and Th2-cell cytokine during the rebound phenome-

non in atopic dermatitis and prevention by suplatast tosi-

late. Ann Allergy Asthma Immunol 1999; 82:293–295.

103 Kato Y, Manabe T, Tanaka Y, Mochizuki H. Effect of an orally

active Th1/Th2 balance modulator, M50367, on IgE pro-

duction, eosinophilia, and airway hyperresponsiveness in

mice. J Immunol 1999; 162:7470–7479.

104 Chong AS, Finnegan A, Jiang X et al. Leflunomide, a novel

immunosuppressive agent. The mechanism of inhibition

of T cell proliferation. Transplantation 1993; 55:1361–1366.

105 Halloran PF. Molecular mechanisms of new immunosup-

pressants. Clin Transplant 1996; 10:118–123.

106 Silva Junior HT, Morris RE. Leflunomide and malononitril-

amides. Am J Med Sci 1997; 313:289–301.

107 Uhlig T, Cooper D, Eber E, McMenamin C, Wildhaber JH,

Sly PD. Effects of long-term oral treatment with lefluno-

mide on allergic sensitization, lymphocyte activation, and

airway inflammation in a rat model of asthma. Clin Exp

Allergy 1998; 28:758–764.

108 Eber E, Uhlig T, McMenamin C, Sly PD. Leflunomide, a

novel immunomodulating agent, prevents the develop-

ment of allergic sensitization in an animal model of aller-

gic asthma. Clin Exp Allergy 1998; 28:376–384.

109 Bruneau JM, Yea CM, Spinella-Jaegle S et al. Purification of

human dihydro-orotate dehydrogenase and its inhibition

by A77 1726, the active metabolite of leflunomide. Biochem

J 1998; 336 (2):299–303.

110 Siemasko K, Chong AS, Jack HM, Gong H, Williams JW,

Finnegan A. Inhibition of JAK3 and STAT6 tyrosine phos-

Drugs affecting IgE 215



phorylation by the immunosuppressive drug leflunomide

leads to a block in IgG1 production. J Immunol 1998;

160:1581–1588.

111 Jarman ER, Kuba A, Montermann E, Bartlett RR, Reske-

Kunz AB. Inhibition of murine IgE and immediate cutane-

ous hypersensitivity responses to ovalbumin by the

immunomodulatory agent leflunomide. Clin Exp

Immunol 1999; 115:221–228.

112 Mizushima Y, Amano Y, Kitagawa H, Ogata K. Oral admin-

istration of leflunomide (HWA486) results in prominent

suppression of immunoglobulin E formation in a rat type 1

allergy model. J Pharmacol Exp Ther 1999; 288:849–857.

113 Christie G, Barton A, Bolognese B et al. IgE secretion is

attenuated by an inhibitor of proteolytic processing of

CD23 (Fc epsilonRII). Eur J Immunol 1997; 27:3228–3235.

114 Marolewski AE, Buckle DR, Christie G. CD23 (FcepsilonRII)

release from cell membranes is mediated by a membrane-

bound metalloprotease. Biochem J 1998; 333 (3):573–579.

115 Bailey S, Bolognese B, Buckle DR et al. Selective inhibition

of low affinity IgE receptor (CD23) processing. Bioorg Med

Chem Lett 1998; 8:29–34.

116 Bailey S, Bolognese B, Buckle DR et al. Hydroxamate-based

inhibitors of low affinity IgE receptor (CD23) processing.

Bioorg Med Chem Lett 1998; 8:23–28.

117 Wheeler DJ, Parveen S, Pollock K, Williams RJ. Inhibition of

sCD23 and immunoglobulin E release from human B cells

by a metalloproteinase inhibitor, GI 129471. Immunology

1998; 95:105–110.

118 Underwood DC, Bochnowicz S, Osborn RR et al.

Antiasthmatic activity of the second-generation phospho-

diesterase 4 (PDE4) inhibitor SB 207499 (Ariflo) in the

guinea pig. J Pharmacol Exp Ther 1998; 287:988–995.

119 Coqueret O, Boichot E, Lagente V. Selective type IV phos-

phodiesterase inhibitors prevent IL-4-induced IgE produc-

tion by human peripheral blood mononuclear cells. Clin

Exp Allergy 1997; 27:816–823.

120 Presta LG, Lahr SJ, Shields RL et al. Humanization of an

antibody directed against IgE. J Immunol 1993;

151:2623–2632.

121 Shields RL, Whether WR, Zioncheck K et al. Inhibition of

allergic reactions with antibodies to IgE. Int Arch Allergy

Immunol 1995; 107:308–312.

122 Shields RL, Werther WR, Zioncheck K et al. Anti-IgE mono-

clonal antibodies that inhibit allergen-specific histamine

release. Int Arch Allergy Immunol 1995; 107:412–413.

123 Saban R, Haak-Frendscho M, Zine M et al. Human FcERI-

IgG and humanized anti-IgE monoclonal antibody MaE11

block passive sensitization of human and rhesus monkey

lung. J Allergy Clin Immunol 1994; 94:836–843.

124 Saban R, Haak-Frendscho M, Zine M, Presta LG, Bjorling

DE, Jardieu P. Human anti-IgE monoclonal antibody blocks

passive sensitization of human and rhesus monkey

bladder. J Urol 1997; 157:689–693.

125 Fei DT, Lowe J, Jardieu P. A novel bioactivity assay for

monoclonal antibodies directed against IgE. J Immunol

Methods 1994; 171:189–199.

126 Kings MA, Conroy MC, Stadler BM, Magnusson CG, Skvaril

F, de Weck AL. Histamine release from human leukocytes

by anti-IgE antibodies: influence of multiple or single

epitope recognition. Diagn Immunol 1986; 4:89–96.

127 Grassi J, Didierlaurent A, Stadler BM. Quantitative deter-

mination of total and specific human IgE with the use of

monoclonal antibodies. J Allergy Clin Immunol 1986;

77:808–822.

128 Rudolf MP, Furukawa K, Miescher S, Vogel M, Kricek F,

Stadler BM. Effect of anti-IgE antibodies on Fc epsilonRI-

bound IgE. J Immunol 1996; 157:5646–5652.

129 Miescher S, Vogel M, Stampfli MR et al. Domain-specific

anti-IgE antibodies interfere with IgE binding to Fc epsilon

RII. Int Arch Allergy Immunol 1994; 105:75–82.

130 Stampfli MR, Miescher S, Aebischer I, Zurcher AW, Stadler

BM. Inhibition of human IgE synthesis by anti-IgE anti-

bodies requires divalent recognition. Eur J Immunol 1994;

24:2161–2167.

131 Rudolf MP, Vogel M, Kricek F et al. Epitope-specific anti-

body response to IgE by mimotope immunization. J

Immunol 1998; 160:3315–3321.

132 Kricek F, Ruf C, Rudolf MP, Effenberger F, Mayer P, Stadler

BM. IgE-related peptide mimotopes. Basic structures for

anti-allergy vaccine development. Int Arch Allergy

Immunol 1999; 118:222–223.

133 Shakib F, Smith SJ. In vitro basophil histamine-releasing

activity of circulating IgG1 and IgG4 autoanti-IgE antibod-

ies from asthma patients and the demonstration that anti-

IgE modulates allergen-induced basophil activation. Clin

Exp Allergy 1994; 24:270–275.

134 Chang TW, Davis FM, Sun NC, Sun CR, MacGlashan DW, Jr.,

Hamilton RG. Monoclonal antibodies specific for human

IgE-producing B cells: a potential therapeutic for IgE-medi-

ated allergic diseases. Biotechnology (NY) 1990; 8:122–126.

135 Davis FM, Gossett LA, Chang TW. An epitope on mem-

brane-bound but not secreted IgE: implications in isotype-

specific regulation. Biotechnology (NY) 1991; 9:53–56.

136 Fox JA, Hotaling TE, Struble C, Ruppel J, Bates DJ,

Schoenhoff MB. Tissue distribution and complex forma-

tion with IgE of an anti-IgE antibody after intravenous

administration in cynomolgus monkeys. J Pharmacol

Exp Ther 1996; 279:1000–1008.

216 L.G. Garland and A.G. Lamont



137 Casale TB, Bernstein IL, Busse WW et al. Use of an anti-IgE

humanized monoclonal antibody in ragweed-induced

allergic rhinitis. J Allergy Clin Immunol 1997; 100:110–121.

138 Fahy JV, Fleming HE, Wong HH et al. The effect of an anti-

IgE monoclonal antibody on the early- and late-phase

responses to allergen inhalation in asthmatic subjects. Am

J Respir Crit Care Med 1997; 155:1828–1834.

139 Boulet LP, Chapman KR, Cote J et al. Inhibitory effects of an

anti-IgE antibody E25 on allergen-induced early asthmatic

response. Am J Respir Crit Care Med 1997; 155:1835–1840.

140 Casale TB, Condemi J, LaForce C et al. Effect of omalizu-

mab on symptoms of seasonal allergic rhinitis: a random-

ized controlled trial. J Am Med Assoc 2001; 286:2956–2967.

141 Milgrom H, Fick RB, Jr., Su JQ et al. Treatment of allergic

asthma with monoclonal anti-IgE antibody. rhuMAb-E25

Study Group. N Engl J Med 1999; 341:1966–1973.

142 Corne J, Djukanovic R, Thomas L et al. The effect of intra-

venous administration of a chimeric anti-IgE antibody on

serum IgE levels in atopic subjects: efficacy, safety, and

pharmacokinetics. J Clin Invest 1997; 99:879–887.

143 Racine-Poon A, Botta L, Chang TW et al. Efficacy, pharma-

codynamics, and pharmacokinetics of CGP 51901, an anti-

immunoglobulin E chimeric monoclonal antibody, in

patients with seasonal allergic rhinitis. Clin Pharmacol

Ther 1997; 62:675–690.

144 Levy DA, Chen J. Healthy IgE-deficient person. N Engl J

Med 1970; 283:541–542.

145 Haba S, Nisonoff A. Inhibition of IgE synthesis by anti-IgE:

role in long-term inhibition of IgE synthesis by neonatally

administered soluble IgE. Proc Natl Acad Sci USA 1990;

87:3363–3367.

146 Marshall JS, Bell EB. Induction of an auto-anti-IgE

response in rats I. Effects on serum IgE concentrations. Eur

J Immunol 1985; 15:272–277.

147 Ishizaka T, Urban J, Jr., Takatsu K, Ishizaka K.

Immunoglobulin E synthesis in parasite infection. J Allergy

Clin Immunol 1976; 58:523–538.

148 Eisen HN. Antibody-mediated (immediate-type) hyper-

sensitivity. In: Davis BD, Dulbecco R, Eisen HN, Ginsberg

HS, eds. Microbiology. Philadelphia: Harper & Row; 1980:

468–492.

149 Rocklin RE, David J. Immediate hypersensitivity. In:

Rubenstein E, Federman DD, eds. Scientific American

Medicine. New York: Scientific American, 1991: 33–35.

150 Moqbel R, Pritchard DI. Parasites and allergy: evidence for

a ‘cause and effect’ relationship. Clin Exp Allergy 1990;

20:611–618.

151 Sadick MD, Heinzel FP, Holaday BJ, Pu RT, Dawkins RS,

Locksley RM. Cure of murine leishmaniasis with anti-

interleukin 4 monoclonal antibody. Evidence for a T cell-

dependent, interferon gamma-independent mechanism. J

Exp Med 1990; 171:115–127.

152 Finkelman FD, Holmes J, Katona IM et al. Lymphokine

control of in vivo immunoglobulin isotype selection. Annu

Rev Immunol 1990; 8:303–333.

153 Wershil BK, Theodos CM, Galli SJ, Titus RG. Mast cells

augment lesion size and persistence during experimental

Leishmania major infection in the mouse. J Immunol 1994;

152:4563–4571.

154 Newlands GF, Miller HR, MacKellar A, Galli SJ. Stem cell

factor contributes to intestinal mucosal mast cell hyper-

plasia in rats infected with Nippostrongylus brasiliensis or

Trichinella spiralis, but anti-stem cell factor treatment

decreases parasite egg production during N. brasiliensis

infection. Blood 1995; 86:1968–1976.

155 Abu-Ghazaleh RI, Fujisawa T, Mestecky J, Kyle RA, Gleich

GJ. IgA-induced eosinophil degranulation. J Immunol

1989; 142:2393–2400.

156 Chandrashekar R, Rao UR, Subrahmanyam D. Antibody-

mediated cytotoxic effects in vitro and in vivo of rat cells on

infective larvae of Brugia malayi. Int J Parasitol 1990;

20:725–730.

157 De Simone C, Salvi MC, Ferrarelli G, De Santis G, Mango G,

Sorice F. Human eosinophils and parasitic diseases – III.

Beta-interferon increases eosinophil IgG-Fc receptor

expression and capacity. Int J Immunopharmacol 1986;

8:479–485.

158 Dunne DW, Richardson BA, Jones FM, Clark M, Thorne KJ,

Butterworth AE. The use of mouse/human chimaeric anti-

bodies to investigate the roles of different antibody iso-

types, including IgA2, in the killing of Schistosoma mansoni

schistosomula by eosinophils. Parasite Immunol 1993;

15:181–185.

159 Hamada A, Greene BM. Clq enhancement of IgG-depen-

dent eosinophil-mediated killing of schistosomula in vitro.

J Immunol 1987; 138:1240–1245.

160 Smith PD, Keister DB, Elson CO. Human host response to

Giardia lamblia. II. Antibody-dependent killing in vitro.

Cell Immunol 1983; 82:308–315.

161 Echtenacher B, Mannel DN, Hultner L. Critical protective

role of mast cells in a model of acute septic peritonitis.

Nature 1996; 381:75–77.

162 Malaviya R, Ikeda T, Ross E, Abraham SN. Mast cell mod-

ulation of neutrophil influx and bacterial clearance at sites

of infection through TNF-alpha. Nature 1996; 381:77–80.

Drugs affecting IgE 217



Introduction

Cellular responses to external stimuli are coordi-
nated by intracellular transducers, which rapidly
relay a chemical signal from the cell membrane to
specific effector sites inside the cell. The transducers
are typically enzymes and adaptor proteins, such as
kinases, phosphatases, lipases, and G-proteins,
while the signal is frequently an allosteric activator
such as Ca2�, cAMP, phospholipid, and phosphate.
Response to external signals may occur in seconds,
e.g. changes in ion channels and membrane struc-
ture, to minutes, e.g. trafficking of proteins to cell
surface, to hours, e.g. changes in protein levels due
to gene expression. The diversity and detail of these
signalling pathways is both remarkable and only
partly understood1. The discovery of numerous pro-
teins within decipherable biochemical pathways
has provided novel approaches to controlling spe-
cific cell responses2. For instance, the overexpres-
sion of multiple genes encoding inflammatory
enzymes, cytokines, adhesion molecules, and pro-
teases is responsible for diseases such as asthma,
chronic obstructive pulmonary disease (COPD),
rheumatoid arthritis, inflammatory bowel disease
psoriasis and colitis3. By targeting key signalling
components of these pathways for therapeutic
intervention, it is believed that a new generation of
drugs will attack the underlying cause of disease and
not just the disease symptoms4.

A sufficient description of all of the molecular
drug targets available in cell signalling pathways is
not possible within the confines of this chapter,
when it is estimated that there are between 400 and

600 protein kinases alone encoded in the human
genome1. Instead, this chapter focuses on an
emerging subset of protein kinases for which
first generation inhibitors are starting to enter -
pre-clinical development and clinical trials.
Serine–threonine kinases play an important role in
cell growth, differentiation, apoptosis, cell mobility
and mitogenesis. Over the past decade, five
serine–threonine protein kinase cascades, critical
for regulating inflammatory gene expression, have
been described. The challenges faced in identifying
potent small molecule inhibitors with kinase and
isoform selectivity, known mechanism of action,
and efficacy in disease models, are well illustrated
with these drug targets.

p38 kinase pathway

The mitogen activated protein kinase, p38, is the
human homologue of the yeast HOG1 protein
kinase, and has retained a name based on its molec-
ular weight of 38000 Daltons. While both kinases are
activated in response to osmotic shock5, mammal-
ian p38s are also induced by inflammatory cyto-
kines, bacterial endotoxin, hypoxia, UV, heat shock,
and other cell stresses6. Activation occurs by serial
phosphorylation of tyrosine and threonine residues
in a TGY motif present in the activation loop (the
related MAPKs, ERK and JNK, contain TEY and TPY
motifs, respectively) and is mediated by the
MAPKKs, MKK3, MKK6 and MKK4 (Fig. 11.1). Four
p38 isoforms have been identified, each the product
of a unique gene. p38� was originally identified as a
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LPS-inducible kinase activity5,7 and as a protein that
bound to a class of small molecule cytokine inhibi-
tors8. It has a broad tissue distribution that includes
the lung, trachea and hematopoietic cells. p38�

(p38–2) has 72% amino acid identity to p38�, and
has highest expression in the brain and major
organs9. It is not expressed in hematopoietic cells,
spleen, bone marrow, placenta or lung. Kinetic anal-
yses indicate p38� has a two-fold higher substrate
affinity and 100-fold greater catalytic activity than
p38� for the substrate, ATF2. p38, originally iden-
tified as ERK6, has 60% amino acid identity to
p38�10. It has a restricted tissue distribution with
high levels observed only in skeletal muscle, and low
levels in brain. p38� has 57% amino acid homology
to p38�11. It is expressed predominantly in glandu-
lar–epithelial tissues with lower levels in hemato-
poietic cells. p38� does not phosphorylate the p38�

substrate, MAPKAP kinase-2. Therefore, p38 iso-
forms exhibit differences in both tissue distribution
and substrate selectivity. The important isoforms in
the lung are likely to be p38� and p38�.

Many proteins have been proposed as putative
substrates for p38, although confirmation of their
physiological relevance has been less forthcoming.
Candidate substrates include the transcription
factors ATF2, GADD153, Elk-1, MEF2A, MEF2C, and
kinases MAPKAP kinase-2, -3, Mnk1 and 2, Msk1 and
PRAK12. The best validated of these targets are MEF2
and MAPKAP kinase-2. Myocyte-enhancer factor 2
(MEF2) was isolated as a potential target of p38 fol-
lowing stringent binding in a yeast two-hybrid
screen13, and has been identified as an essential reg-
ulator of myocardial growth14. Both MEF2A and
MEF2C, but not MEF2B or MEF2D, are p38 sub-
strates, and are activated by phosphorylation of dual
threonine residues in the activation domain15. A
docking domain (D) on MEF2 is sufficient for p38
binding even if the domain is fused to non-p38 sub-
strates16. Mitogen activated protein kinase activated
protein kinase-2 (MAPKAP kinase-2) is an essential
post-transcriptional regulator of TNF� synthesis.
Treatment of LPS stimulated monocytes with the
p38 kinase inhibitor, SB 203580 (see below), blocked
p38 activity, MAPKAP kinase-2 activity, and TNF�

secretion but not the increase in TNF� mRNA17. This
observation was confirmed when mice deficient in
MAPKAP kinase-2 were found to express normal
levels of TNF� mRNA following LPS stimulation, but
showed a 90% reduction in TNF� protein levels18.
Targeted disruption of p38� causes developmental
failure in utero19. Experiments with heterozygous
(-/�) and homozygous null (-/-) embryonic fibro-
blasts demonstrate that p38� is essential for IL-1
induced IL-6 synthesis, and the phosphorylation of
MAPKAP kinase-2. Therefore, p38 clearly mediates
effects at both the transcriptional and post-tran-
scriptional levels.

Two upstream MAPKKs have been identified as
key activators of p3820. Experiments using over-
expression of MKK3 and MKK6 suggest that MKK6
may play a more dominant role in activating p3820,
perhaps in part because, while MKK6 can activate all
p38 isoforms, MKK3 appears to selectively activate
p38�21. Mkk6-/- mice have not yet been described
but Mkk3-/- mice are viable and display no morpho-
logical defects. Murine embryonic fibroblasts and
macrophages from Mkk3-/- mice exhibit a selective
defect in p38 activation following TNF� and LPS
stimulation12,22. p38 activation by IL-1, osmotic
shock, and UV radiation are normal. A striking
observation was the loss of IL-12 expression in
macrophages and dendritic cells stimulated with
LPS or CD40L respectively12. This suggests Mkk3-/-
animals may fail to mount a viable Th1 type immune
response.

The kinetic mechanism of p38 phosphorylation of
ATF2 has been described23. Data indicate that catal-
ysis follows an ordered sequential mechanism with
binding of substrate (GST-ATF2) an essential prereq-
uisite for ATP binding. Such a binding mechanism is
atypical of MAPKs and indicates a high affinity for
substrate. Furthermore, the Km for ATP is unusually
high, being in the vicinity of 20–150 �M24,25, com-
pared to values of 2 �M and 0.2 �M for JNK2 and
IKK2, respectively. Our understanding of the binding
mode for ATP, as well as for p38 inhibitors, has been
enhanced by the crystallization of p3826. Structural
information has been critical in the design of novel
inhibitors as well as optimization of the original
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pyridinyl-imidazole compounds first described as
inhibitors of TNF-� and IL-1 in vitro and in vivo27.
This compound class was subsequently called
CSAIDs (cytokine-suppressive anti-inflammatory
drugs, Fig. 11.2). In 1994, with the aid of radiola-
belled compound, scientists from SmithKline
Beecham reported the isolation of a protein that
bound these inhibitors (cytokine-suppressor
binding protein, CSBP), and established that the
target protein was identical to murine p388. SB
20358028, an early pyridinyl-imidazole p38 inhibitor,
emerged as a potent, orally active inhibitor of p38
with a spectrum of anti-inflammatory activity in
animal pharmacology models, and remains the
most extensively studied inhibitor of p38. Many
patent applications for SB 203580-like inhibitors
have appeared and have been reviewed elsewhere29.

Enzymology studies show that SB 203580 is an ATP
competitive, reversible inhibitor with a Ki value of 21
nM30. Using a CSBP/p38 binding assay with 3H-SB
202190 as the radioligand, SB 203580 had an IC50

value of 42 nM31. The X-ray crystallography studies32

of a close analogue of SB 203580 bound to p38 clearly
show that the nitrogen atom of the 4-pyridyl group
of SB 203580 forms an essential interaction with
methionine 109 while the fluorophenyl group pro-
vides a critical hydrophobic binding in a lipophilic
pocket in the active site. The p38 crystal structure
with a similar p38 inhibitor, VK-19911, has also been
published33. In monocyte assays, SB 203580 inhib-
ited LPS stimulated production of IL-1� and TNF-�

at 0.05 and 0.1 �M, respectively. SB 203580 inhibited
TNF-� induced IL-6 and GM-CSF production in
murine L929 cells, human U937 cells, and HeLa
cells. No effect of SB 203580 on the TNF-�-induced
NF-
B DNA binding in L929 cells was observed. SB
203580 inhibited IL-1 stimulated p38 kinase activity
in bovine cartilage-derived chondrocytes, an in vitro
model of rheumatoid arthritis, with an IC50 value of
1.0 �M.

SB 203580 was extensively evaluated in a series of
animal pharmacology models of inflammation34. SB
203580 was shown to be a potent inhibitor of cyto-
kine production in mice and rats at ED50 �15–25
mg/kg p.o., and had therapeutic activity in collagen-

induced arthritis at 50 mg/kg p.o., b.i.d. in DBA/LACJ
mice. In the adjuvant-induced arthritis models in
Lewis rats, SB 203580 administered at 30 and 60
mg/kg p.o., improved both bone mineral density and
histological scores. SB 203580 reduced mortality in a
murine model of endotoxin-induced shock in a
dose-dependent manner at 25 – 100 mg/kg p.o. In
order to determine whether chronic administration
of CSAIDs leads to immunosuppression, ovalbumin-
sensitized BALB/c mice were treated for 2 weeks with
SB 203580 at 60 mg/kg i.p. Although the ovalbumin
antibody titre was marginally suppressed, ex vivo
lymphocytic responses were unaffected.

Increased liver weight and significant elevations
of hepatic P-450 enzymes observed with SB 203580
in 10-day dose-ranging toxicological studies in rats
were attributed to potent inhibition of cytochrome
P-450s by this pyridine-based compound. A search
for a surrogate functionality for the pyridine group
yielded potent p38 inhibitors based on 2-aminopy-
rimidines including SB 22002535, SB 21638536, and
SB 22688237, which inhibited p38 at 0.060, 0.48, and
0.032 �M, respectively. These compounds showed
much less affinity toward a variety of P-450 iso-
zymes, and therefore are presumed to be more suit-
able for clinical development. SB 220025, at 30
mg/kg b.i.d. p.o., inhibited inflammatory angiogen-
esis by 40% in the murine air pouch granuloma
model. SB 220025 reduced LPS-induced TNF� pro-
duction with an ED50 value of 7.5 mg/kg p.o. in mice.
In the mouse collagen-induced arthritis model, SB
220025 inhibited the progression of arthritis. SB
226882 showed inhibition of LPS-induced TNF-�

production at 3.0 and 5.7 mg/kg p.o. in the mouse
and rat, and was effective in both the rat adjuvant-
and mice collagen-induced arthritis models.

SB 239063, is a second-generation p38 inhibitor
(IC50 �44 nM)24. In the LPS-induced human periph-
eral blood mononuclear cells (PBMC), SB 239063
blocked IL-1 and TNF� with an IC50 of 120 and 350
nM, respectively. The ED50 (TNF�) value in vivo was
5.8 mg/kg p.o. In ovalbumin sensitized mice, airway
eosinophilia measured 96 hrs after ovalbumin chal-
lenge was reduced by 93% when the animals were
treated with SB 239063 at 12 mg/kg p.o., while total
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leukocyte accumulation in the bronchoalveolar
lavage fluid was reduced by 47%. In similar experi-
ments using guinea pigs, 50% reduction in airway
eosinophilia was observed at 10 and 30 mg/kg p.o.
Bronchoconstriction and airway resistance were not
resolved in this model, suggesting that SB 239063
may have efficacy in reducing the inflammatory
component of asthma.

A number of 1-(4-pyridyl)-2-arylheterocycles
have been identified as potent inhibitors of p38
kinase. L-167,30738 a pyrrole analogue of SB 203580,
was shown to inhibit p38� and p38� with the IC50

values of 5.0 and 8.1 nM, respectively. This com-
pound is also a modest inhibitor of Raf kinase (0.47
�M). LPS-induced TNF-� release was inhibited in
human monocytes with an IC50 of 65 nM. It is inter-
esting to note that upon i.v. or p.o. administration to
the rat, L-167,307 is readily metabolized to the cor-
responding sulfone which shows much longer t1/2

than the sulfoxide precursor. L-167,307 reduced paw
edema in the rat adjuvant arthritis model with an
ED50 of 7.4 mg/kg p.o. b.i.d. At 20 mg/kg, radio-
graphic examination of the hind paws showed
reduced joint destruction.

An aminopyridine-based inhibitor, M3939, was
shown to be a highly potent (0.19 nM) inhibitor of
p38 with �5000-fold selectivity against JNK2,
p56Lck, EGF receptor tyrosine kinase, MEK, PKA and
PKC. Raf kinase was inhibited at 810 nM. No P-450
liability was found when this compound was tested
in a battery of rat and human P-450 assays. LPS-
induced TNF� production in human whole blood
was blocked with an IC50 of 2.8 nM. M39 shows
greatly improved in vivo activity over the first-gener-
ation derivative. Introduction of the N-methyl group
resulted in significant improvement of plasma half-
life. Oral bioavailability in rat and rhesus monkey
were 85 and 86% respectively. In vivo TNF� produc-
tion was inhibited with an ED50 of 0.6 mg/kg p.o. in
the mouse model of endotoxin shock. In the 21-day
rat adjuvant arthritis model, oral administration of
M39 reduced joint destruction with an ED50 of 17.5
mg/kg b.i.d. M39 was also evaluated in the in vitro
and in vivo mouse models of pulmonary inflamma-
tion40. TNF� and MIP-2 production were inhibited
by M39 at a concentration	0.1 nM when murine

neutrophils were treated with LPS, although much
higher (0.1–1 �M) concentrations of M39 were nec-
essary to achieve similar results in mouse alveolar
macrophages. In both assays, KC chemokine levels
were not affected. M39 administered at 3 mg/kg p.o.
decreased neutrophil accumulation, and TNF�

release in mice intratracheally administered LPS.
However, recruitment of monocytes and macro-
phages were not affected by M39 in the same model.
These results suggest involvement of p38 MAP
kinase in early responses in endotoxin challenged
lung inflammation.

Analogue synthesis of indole and pyrrolopyridine
templates has yielded a series of CSAIDs/p38 inhibi-
tors41,42. RWJ-6835443,44 inhibits immunoprecipitated
human monocyte p38 at 150 nM, suppresses LPS-
induced production of TNF� and IL-1� at 6.3 and 26
nM, respectively, and inhibits Staphylococcus enter-
otoxin B-induced TNF� generation at 23 nM. In
female BALB/c mice and male Lewis rats, RWJ-68354
prevented LPS-induced TNF� production in a dose-
dependent manner upon oral administration. In the
adjuvant arthritis model in male Lewis rats, RWJ-
68354 reduced the size of hind paw edema by 50% at
50 mg/kg/day. An imidazole-based compound, RWJ-
6765745, blocked p38 with an IC50 value of 3 nM and
reduced TNF-� levels in LPS-treated mice and rats at
the ED50 value of 25 and 10 mg/kg p.o., respectively.

A pyridinylpyrazole, SC-10246, inhibits p38 at the
IC50 value of 50 nM, and blocks TNF-�, IL-1 and IL-6
production in LPS-stimulated mice at ED50 �1–10
mg/kg p.o.

Two Fujisawa CSAIDs, FR-133605 and FR-
167653, have structural features very similar to the
pyridinylimidazole p38 inhibitors, although no
information on their MAP kinase inhibitory selec-
tivity and activity is currently available. These com-
pounds are worth mentioning since rather
extensive pharmacological studies were performed
which may help understand the role of CSAID/p38
inhibitors in a variety of disease states47,48. FR-
133605 showed inhibition of LPS-induced IL-1 and
TNF� production at 0.52 and 1.0 �M in human
monocytes, and reduced the production of LPS-
stimulated serum IL-1 and TNF� at the ED50 of 4.3
and 2.0 mg/kg in the mice. In the adjuvant arthritis
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model in rats, FR-133605 reduced paw swelling and
destruction of bone and cartilage. In LPS-treated
human monocytes, FR-167653 inhibited IL-1�, IL-
1�, and TNF-� at 0.84, 0.088, and 1.1 �M, respec-
tively, and TNF-� at 0.072 �M in lymphocytes
stimulated with phytohemagglutinin-M. In the
LPS-induced disseminated intravascular coagula-
tion model in the rat, FR-167653 markedly
improved thrombocytopenia and plasma coagula-
tion. Complete suppression of IL-1 and TNF� was
observed. In the rabbit model of septic shock, FR-
167653 reduced mortality, attenuated the hypoten-
sive response and returned mean arterial blood
pressure to control levels49. In the dog model of liver
resection with ischemia, FR-167653 improved liver
function and survival50 and dose-dependently
reduced the size of myocardial infarct size in the rat
model of ischemia–reperfusion51. TNF-� and IL-1�

mRNA levels were also reduced in this study. FR-
167653 at 30 mg/kg reduced the accumulation of
exudate by 50% in the rat carrageenan-induced
pleurisy model52. Chronic infusion of LPS at 150
�g/kg/h in conscious male Long Evans rats caused
hypotension and damage to kidney and liver.
Coinfusion of FR-167653 at 0.32 mg/kg/h normal-
ized mean arterial pressure, but did not improve
kidney and liver function53. Acute pancreatitis
induced by infusion of caerulein at 5 �g/kg/h54 or
by surgical closure of duodenal loop55 was pre-
vented by FR-167653. In a model of cerebral ische-
mia–reperfusion in mongrel dogs, FR-167653 given
continuously at 1.0 mg/kg/h i.v. improved cerebral
blood flow and cerebral glucose metabolism rate,
while cerebral oxygen metabolism and carbon
dioxide excretion were not affected56.

VX-745, a pyrimidinopyridazinone based p38
inhibitor, has an IC50 value of 10 and 220 nM in the
p38� and p38� assay, respectively57. This compound
is highly selective toward these two isoforms of p38,
showing no inhibition of p38�, p38, Erk2, JNK1/2,
p56Lck, Src, and MAPKAP kinase-2. In the in vitro
LPS-induced cytokine production models, VX-745
inhibited Il-1� and TNF� production at 56 and 52
nM, respectively. Oral anti-inflammatory efficacy
was demonstrated in the CIA and adjuvant arthritis

models. The potential of VX-745 for the treatment of
rheumatoid arthritis is currently being evaluated in
the Phase 2 clinical trials.

In summary, dramatic progress has been made in
the past decade in identifying potent, orally active
inhibitors of p38. The pharmacological effects of such
inhibitors are actively being investigated, and being
profiled in a variety of animal models of acute and
chronic inflammatory diseases, septic shock, bone
loss and ischemia–reperfusion. Moreover, a structu-
rally related CSAID, FR-167653, is efficacious in addi-
tional disease models of cardiac and liver ischemia,
and stroke. However, the full scope of the usefulness
of p38 inhibitors as therapeutic agents is far from
being understood. Currently two compounds are
known to be in clinical trials: VX-745 (Vertex, for
inflammation) and HEP-689 (SB-235699, Leo
Pharmaceuticals, for psoriasis). Clinical trial data,
which will undoubtedly become available in the near
future, should provide further insight in this regard.

Extracellular regulated kinase (ERK) pathway

The extracellular regulated kinases, ERK1 and ERK2,
were the first mammalian MAPK family members
identified58. Like other MAPK family enzymes, they
are activated by dual phosphorylation on tyrosine
and threonine residues present in the activation
loop. The characteristic amino acid triplet for ERK is
TEY (see first paragraph of p38 kinase). Enzymatic
studies suggest a ‘two-collision distributive method’
whereby the upstream kinase preferentially phos-
phorylates tyrosine, while the subsequent phos-
phorylation of threonine requires an independent
binding/catalytic event59. Phosphorylation of both
tyrosine and threonine residues is required for acti-
vation. Crystallographic data has positioned the
activation loop as a ‘phosphorylation lip’ present at
the mouth of the active site. In the inactive state, the
lip blocks binding of substrate (ATP). Upon phos-
phorylation, a major conformational shift is effected
which rotates the N- and C-domains of the enzyme
and opens the active site for substrate docking60. An
additional consequence of the active conformation
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is the ability to form homodimers61 (Fig. 11.1). This
dimerization is essential for regulating activity both
by altering substrate binding and promoting nuclear
localization61. Translocation of ERK to the nucleus is
critical because this is the location of the most well
characterized substrate for ERK, the transcription
factor Elk-162. Elk-1 is an essential component of the
serum responsive transcriptional complex that reg-
ulates c-fos gene expression. Two other genes
induced by ERK are the MAPK phosphatases, MKP-1
and MKP-263. MKP levels are induced by serum,
overexpression of Raf or ERK, and can be blocked by
the MEK inhibitor, PD 98059. This observation is
compelling, because MKP-1, -2 can dephosphory-
late ERK to effect a negative feed-back loop to
switch-off ERK activity. Recently an ERK specific
MKP family member has been identified which is
constitutively expressed, tyrosine specific, and
localized to the nucleus64. This phosphatase may
play a role in acute inactivation of ERK in contrast to
MKP-1, which requires de novo synthesis.

Phosphorylation of ERK is mediated by two ERK
selective MAPKK enzymes, MEK1 and MEK2 (Fig.
11.1). Interestingly, although MEK is predominantly
cytoplasmic, it contains a nuclear export signal sug-
gesting there are circumstances where MEK may be
nuclear and act in competition with nuclear phospha-
tases to prolong ERK activity65. Identification of MEK
as the MAPKK in the ERK pathway occurred relatively
early on since it was identified as a major protein in
complexes containing both Ras and Raf66. Like its
upstream regulators, the role of MEK in the ERK
pathway is validated by its ability to promote neurite
outgrowth in PC12 cells (differentiation) and trans-
form fibroblasts67. Mek1-/- mice die in utero from
apparent failure to fully vascularize the placenta indi-
cating MEK1 is essential for angiogenesis and endo-
thelial migration68. Indeed, extensive literature
indicates that the ERK pathway is predominantly acti-
vated by mitogens and is essential for cell prolifera-
tion, differentiation and tumourogenesis. However,
supporting data also indicate that the ERK pathway
plays a critical role in certain inflammatory responses.
This is because the transcription factor, AP-1, which is
a heterodimer of c-Fos and c-Jun is a key regulator of

many inflammatory genes. The structural interactions
of Fos/Jun heterodimers with DNA has been
reported69,70. A key example is the regulation of inter-
leukin-2 (IL-2), an autocrine growth factor for T-cells.
IL-2 gene transcription is regulated by essential AP-1,
NF-AT and NF-
B promoter elements71. Inhibition by
the MEK inhibitor, U-0126 blocks T-cell proliferation
by down-regulating IL-2 mRNA levels72. ERK may also
regulate inflammatory signalling pathways such as
phosphorylating STAT proteins thereby modulating
gene expression induced by interferons73.

Surprisingly little is known about small molecule
ERK inhibitors. A report describing a substrate
docking motif in ERK74 may lead to new inhibitors
using structure based drug design. A recently pub-
lished patent describes pyrimidinylimidazoles to be
inhibitors of ERK, although no biological data was
reported75. Instead, it is MEK that has been the target
of the most significant ERK pathway inhibitors so far
reported.

PD 98059 inhibits MEK at low micromolar con-
centrations without significant effects on ERKs76.
Inhibition of MEK by PD 98059 was shown to prevent
downstream activation of ERK and subsequent
phosphorylation of ERK substrates in vitro. PD
98059 prevented stimulation of cell growth and
reversed phenotype of ras-transformed mouse 3T3
fibroblast cells and rat kidney cells. PD 98059
appears to preferentially bind the non-phosphory-
lated form of MEK, and is highly selective among
related serine/threonine kinases77. PD 98059 has
been extensively used as a research tool to identify
the role of the MEK cascade in a variety of pharma-
cological assays.

U-0126 is a dual inhibitor of MEK-1 and -2 with
IC50 values of 72 and 58 nM, respectively for phos-
phorylation of ERK. This compound is selective
against other closely related kinases78. The inhibi-
tion is reversible and non-competitive with respect
to both ATP and ERK. This compound prevents T-cell
proliferation induced by concanavalin A and anti-
CD3 cross-linking, and blocks PMA/ionomycin-
stimulated up-regulation of IL-2 mRNA in
peripheral blood leukocytes72. Anti-inflammatory
activity of U-0126 was demonstrated in the
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TPA-induced ear edema model (ED50 �64 �g/ear)
and a carrageenan-induced paw edema model (ED30

�10 mg/kg i.p.)79.
Screening of fermentation broths for inhibitors of

T cell activation yielded Ro 09–221080, a macrocyclic
lactam from Curvularia sp. Ro 09–2110 inhibits anti-
CD3- and ionomycin-induced T cell activation at
58–139 nM, and anti-CD3-stimulated IL-2 release in
Jurkat T cells at 16 nM. Rabbit skeletal muscle MEK
and human recombinant MEK1 were potently
inhibited by Ro 09–2110 at 59 and 140 nM, respec-
tively, while no or little inhibition was observed with
ERK, PKC, ZAP-70 and p56Lck. In contrast to PD
98059, Ro 09–2110 is able to bind both phosphory-
lated and unphosphorylated MEK.

L-783,27781, a structurally related natural product
isolated from Phoma sp. was recently reported to be
a potent MEK1 inhibitor with an IC50 value of 4 nM.
PKC, PKA and RAF were not inhibited by L-783,277,
while modest (IC50 �750 nM) inhibition was
observed in the p56Lck assay. Detailed enzyme
kinetic studies showed that L-783,277 is an ATP-
competitive, irreversible inhibitor of MEK. SAR also
supports this observation since the �,�-unsaturated
ketone moiety appears to be essential for the inhibi-
tion. Paradoxically, inhibition of p56Lck by L-783277
was shown to be fully reversible. This compound was
found to be active in cellular and animal models of
tumour growth, although no experimental data has
been reported at this time (Fig. 11.3).

Jun-N-terminal kinase (JNK) pathway

The Jun-N-terminal kinases (JNK), also known as
stress activated protein kinases (SAPK), are
members of the mitogen activated protein kinase
(MAPK) family82,83. JNKs are encoded by three separ-
ate genes, Jnk1, Jnk2 and Jnk3, although alternative
splicing results in a total of 10 isoforms84. The most
well-characterized role for JNK is the phosphoryla-
tion of serines 63 and 73 on c-Jun, a component of
the transcription factor, activator protein-1 (AP-
1)85,86. JNK can also phosphorylate and activate the
transcription factors ATF287 and Elk-188. Activation

of Elk-1 may in part mediate the proliferative activ-
ity of JNK. AP-1 and ATF2 are implicated in a host of
inflammatory diseases including asthma, and in the
transcriptional regulation of multiple genes, partic-
ularly in synergy with the transcription factor NF-

B89. Acute lung inflammation is associated with
elevated leukocytes in bronchoalveolar lavage and
these cells exhibit high levels of AP-1 DNA binding
activity90. Lung epithelial cells exposed to particu-
late matter as a model of air pollution showed
increased c-Jun phosphorylation, AP-1 activity, and
cell proliferation91. Examination of clinical cases of
steroid-resistant asthma revealed increased levels of
activated JNK and phosphorylated c-Jun92. Finally,
emerging evidence indicates that AP-1 is critical for
the transcriptional regulation of several matrix
metalloproteinase family members and thus may
have special significance for COPD92. Together, this
experimental evidence suggests that inhibition of
JNK may provide significant therapeutic benefit to
patients with inflammatory lung disease.

JNK is the terminal kinase in a MAPK signalling
cascade comprised of MAPK kinase kinases
(MAPKKK; e.g. MEKK-1, 2, 3, MLK-3, ASK1, TAK1,
Tpl2), MAPK kinases (MAPKK; MKK4 and MKK7)
and MAPK (JNK1, 2, 3) (Fig. 11.1). JNK is activated by
dual phosphorylation of a threonine and tyrosine
residue present in a T-P-Y triplet motif in the kinase
domain. JNK can be deactivated by MAPK phospha-
tases (MKP), specifically MKP-1, 2, and 593. Many of
these phosphatases are activated by the kinases they
deactivate, and MKP gene transcription is induced
by the transcription factors downstream of the
MAPK. Together, these systems provide feedback
loops that tightly regulate the activity of JNK and
other MAPKs.

Additional regulation of the JNK pathway has
been revealed in the discovery of scaffold proteins
that enable specificity and efficiency in signalling,
coupling distinct stimuli to specific components of
the cascade. The JNK-interacting protein, JIP-1 has
binding domains for a MAPK, MAPKK and MAPKKK.
Specificity studies show JIP-1 can bind either JNK1,
2, or 3, MKK7 but not MKK4, and MLK but not MEKK
family members. Therefore JIP-1 coordinates a sig-
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nalling module composed of MLK-3, MKK-7, and
JNK94. Additional JNK scaffold proteins have been
identified including JIP-295, JIP396, and JSAP-197. JIP3
is notable in being highly expressed in the brain in
common with JNK3. JSAP1 appears to bind a distinct
signalling module containing MEKK-1, MKK4 and
JNK.

The identification of multiple upstream kinases
that lead to JNK activation is a likely reflection of the
multiple stimuli that can activate this pathway.
Additional research is required to fully delineate the
role of all the MAPKKK enzymes in JNK activation.
The most well characterized MAPKKK is MEKK-1,

which has a validated role in JNK activation follow-
ing stimulation with TNF, osmotic shock and cold
stress98,99. However, genetic deletion of MEKK-1
does not block JNK activation following heat shock
or UV irradiation. ASK1 is also activated by TNF and
potentially drives JNK mediated apoptosis100. In
contrast, MLK-3 is not activated by TNF but is
strongly induced following CD3/CD28 co-stimula-
tion in T-cells101 and by over-expression of the small
GTP binding proteins Rac1 and Cdc42102. TAK1–JNK
signalling is activated by transforming growth factor
�103. Therefore, preliminary studies of these kinases
suggest a degree of stimulus specific activation
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and/or specificity for downstream substrates MKK4
or MKK7.

Our understanding of the roles of MKK4 and
MKK7 is more established. Homozygous deletion of
Mkk4 results in a loss of anisomycin and heat shock
induced JNK activation, while stimulation by UV,
osmotic shock and cytokine was retained104. This led
to a search for a second JNK activating kinase iden-
tified as MKK7105 that when deleted in embryonic
stem cells resulted in the additional loss of JNK activ-
ity following UV irradiation and osmotic shock106.
Therefore MKK4 and MKK7 fulfil non-redundant
roles in the regulation of JNK and may represent an
opportunity for selectively inhibiting the JNK signal-
ling cascade.

JNK1 and JNK2 are widely expressed in human
tissues, while JNK3 is restricted to the brain, heart
and testis. JNK3 has not been observed in the lung.
Mice deficient in JNK3 are viable, but exhibit resis-
tance to kainate-induced seizures and to neuronal
apoptosis in the hippocampus107. JNK1 or JNK2
knockout animals are also viable, although both
display defects in T-cell differentiation. Effects on
lung morphology and function have not been
reported. Jnk1-/- CD4�cells skew to a Th2 pheno-
type when activated by CD3/CD28 co-stimulation
and cells hyper-proliferate and exhibit reduced cell
death108. Similarly, Jnk2-/- CD4�cells fail to differ-
entiate into a Th1 population upon exposure to IL-
12109. Although the phenotypes of Jnk1 and Jnk2
deletion appear similar, the mechanistic deficits
appear distinct. In Jnk1-/- cells, it has been proposed
that failure to phosphorylate, and translocate the
Th2 transcription factor NF-ATc out of the nucleus
leads to unregulated transcription of Th2 cytokine
genes. In contrast, Jnk2-/- cells fail to polarize to a
Th1 phenotype following IL-12 stimulation, at least
in part by failing to produce the Th1 cytokine, inter-
feron-gamma (IFN-). Interestingly, CD4�cells
deficient in both JNK1 and JNK2 show no defect in
IL-2 expression despite earlier reports linking JNK
and AP-1 activity to IL-2 gene expression106,110.
Consistent with the single knockout experiments,
these cells also preferentially polarize to a Th2-like
phenotype. It is not yet clear if inhibition of JNK will

benefit or exacerbate lung inflammation, which fre-
quently follows a Th2 type immune response. One
could hypothesize that inhibiting the ability of T-
cells to differentiate to the Th1 subset will only
amplify the Th2 response. It will be of interest
whether Jnk1-/- or Jnk2-/- animals exhibit altered
leukocyte or Th1:Th2 ratios in models of lung
inflammation. Furthermore, inhibition of JNK in
alveolar eosinophils and macrophages may provide
significant anti-inflammatory benefit. As well as
promoting Th1 differentiation, JNK1 and JNK2
appear to regulate apoptosis by promoting mito-
chondrial permeability and cytochrome c release111.
Jnk1-/-Jnk2-/- embryonic fibroblasts are resistant to
UV-C, mitomycin C, and anisomycin induced apop-
tosis as measured by DNA fragmentation. Additional
studies are required on the role of JNK in ischemic
injury but JNK inhibitors hold significant promise in
myocardial infarction and stroke. As these genetic
models are used in additional clinical models of
disease it is likely that new roles for JNK will be iden-
tified.

Recently, a small molecule inhibitor of JNK has
been disclosed by Celgene Corporation’s Signal
Research Division183. SP600125 is an anthrapyrazo-
lone, MW 220.2, with a Ki of 190 nM vs. JNK2. The
compound showed no selectivity to other JNK iso-
forms but exhibited a minimum 20-fold selectivity
to 16 other kinases examined. SP600125 was ATP
competitive and the binding was fully reversible.
Based on these kinetic properties, limited SAR, and
the structure of other kinase inhibitors, it can be
hypothesized that the pyrazole moiety is required
for hydrogen bonding to the ATP binding site of JNK.
SP600125 showed both in vitro and in vivo activity.
The IC50 in cells for inhibition of c-Jun phosphory-
lation, TNFa and IL-2 expression was approximately
5 �M. In an animal model of adjuvant-induced
arthritis, SP600125 suppressed the destruction of
bone and cartilage in the joint184 and the expression
of matrix metalloproteinase enzymes known to be
transcriptionally regulated by AP-1/c-Jun.

The only JNK pathway inhibitor that has com-
pleted preclinical development is CEP-1347
(Cephalon). Although efficacy has not been reported
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in models of lung inflammation, its effects in neuro-
nal disease is enlightening. CEP 1347, also known as
KT 7515, was reported as a JNK pathway inhibitor as
early as 1998112. CEP 1347 inhibits JNK-1 activity
with an IC50 of 30 nM with little or no inhibition
observed for trk and PKC. MAPKAP kinase-2 activity
in Cos7 cells was not affected by CEP 1347, indicat-
ing that the p38 pathway was not significantly inhib-
ited. CEP 1347 prevents cell death in a number of
neuronal cell lines supporting a role for JNK in apop-
tosis. Most recently, CEP 1347 was specifically iden-
tified as a potent inhibitor of mixed-lineage kinases
(MLKs), which are MAPKKK upstream kinases of
JNKs113. In human recombinant MLK assays, CEP
1347 inhibited MLK1, MLK2, and MLK3 at 23, 64,
and 23 nM respectively. Neuroprotective effects of
CEP 1347 have been demonstrated in a series of
animal models. Peripheral administration of 0.5 and
1.0 mg/kg CEP 1347 reduced death of motor neurons
of the spinal nucleus of the bulbocavernosus in
postnatal female rats114. Reduction in choline acetyl-
transferase activity in cortex and the number of cor-
tically projecting neurons in the nucleus basalis
induced by infusion of ibotenate into the nucleus
basalis magnocellularis of rats was attenuated by
CEP 1347115. Further behavioural examination116 of
the animals used in the ibotenatic acid-induced
lesion model revealed that CEP 1347-treated rats
committed fewer errors in a memory retention test.
CEP 1347 treated animals showed 40% recovery as
compared to the control animals in choline acetyl-
transferase activity in the frontal cortex when tested
3 months after cessation of the drug treatment. In
the MPTP-mediated dopaminergic neurotoxicity
model in rats, an animal model of Parkinson’s
disease, administration of 0.3 mg/kg/day of CEP
1347 reduced the loss of dopaminergic cell bodies
and terminals117. These results clearly demonstrate
clinical potential of JNK and JNK pathway inhibitors
for the treatment of neurodegenerative diseases
such as epilepsy, traumatic brain damage,
Alzheimer’s disease and Parkinson’s disease.

In a noise-trauma model in guinea pigs, subcuta-
neous administration of CEP 1347 attenuated noise-
induced hearing loss and hair cell death in cochleas.

In vitro in the cochlear cultures, CEP 1347 prevented
neomycin-induced hair cell death118. In a similar
manner observed with FR-167653, CEP 1347 ameli-
orated caerulein-induced pancreatic edema forma-
tion and reduced histological severity of
pancreatitis119.

Encouraging pharmacological success with CEP
1347 in a variety of animal models provides ample
evidence that intervention of the JNK pathway will
provide highly attractive therapeutic opportunities
for many diseases with unmet medical needs. CEP
1347 is currently under evaluation in Phase 2 clinical
trials for neurodegenerative diseases.

I
B kinase (IKK) pathway

Since its initial description in 1986, the transcription
factor NF-
B has been implicated in multiple
inflammatory and immune diseases120. The expres-
sion of more than 70 known proteins is transcrip-
tionally regulated by the binding of NF-
B to specific
sequence elements in the promoter region of these
genes121. In non-activated cells, NF-
B is retained in
the cytoplasm by an inhibitory molecule, I
B, which
binds to NF-
B and masks its nuclear localization
signal122. Following an inflammatory insult, I
B� is
phosphorylated on serines 32 and 36 to form a
unique recognition motif that is specifically bound
by the I
B� E3 ubiquitin ligase, �TRcP, in association
with other proteins123. Ubiquitin is covalently
attached to I
B� at lysine 21 or 22 thereby targeting
I
B� for degradation by the 26S proteosome. In the
absence of I
B, free NF-
B translocates to the
nucleus to promote the transcription of immune
genes.

The dominant role of NF-
B in inflammatory dis-
eases such as asthma has focused attention on iden-
tifying NF-
B regulatory proteins for targeted
therapeutic intervention. The current frontline
treatment for severe asthma, glucocorticoids, sup-
press the expression of multiple NF-
B regulated
genes. The mechanism of action of steroid drugs is
unresolved, but may include up-regulation of I
B124

or disruption of histone acetylation and DNA
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re-arrangement necessary for gene transcription125.
These observations suggest that a selective inhibitor
of NF-
B could have efficacy comparable to steroids
without the unwanted side effects (Fig. 11.4).

A focus of current drug discovery efforts is the I
B
kinase (IKK), which appears to be the central inte-
grator of diverse inflammatory signals leading to the
phosphorylation of I
B. Two kinases, IKK-1/IKK�

and IKK-2/IKK�, and a regulatory protein IKK-
/IKKAP-1, have been identified as part of a large
multiprotein complex called the ‘Signalsome’126,127.
Although both kinases can phosphorylate I
B in
vitro, early studies using genetic mutants indicated
that IKK-2, but not IKK-1, was essential for activa-
tion of NF-
B by proinflammatory stimuli such as
IL-1� and TNF�126. Furthermore, only catalytically
inactive mutants of IKK-2 blocked the expression of
NF-
B regulated genes such as monocyte chemo-
tactic protein (MCP-1) and intercellular adhesion
molecule (ICAM-1)25. These data were confirmed by
Ikk-1 and Ikk-2 knock-out mice. Ikk-2 -/- mice
display an embryonic lethal phenotype with striking
similarity to the I
B� and RelA knockout
animals128–132. Embryonic fibroblasts from Ikk-2
deleted animals, stimulated with IL-1� or TNF�,
show defective activation of NF-
B, and reduced
expression of NF-
B regulated genes such as IL-6.
This is consistent with experiments using dominant
negative mutants of IKK-2 delivered by adenovirus25.
In contrast, Ikk-1 -/- mice are born viable but die

within hours. These animals exhibit skeletal and
limb defects along with dysregulated proliferation of
epidermal keratinocytes132.

Therefore, cell and animal experiments indicate
that IKK-2 plays a central role in the immune
response. IKK-2 is activated in response to multiple
inflammatory stimuli and signalling pathways,
many of which play an important role in respiratory
disease including IL-1�, LPS, TNF�, CD3/CD28
(antigen presentation), CD40L, viral infection, and
oxidative stress. The ubiquitous expression of NF-

B, along with its response to multiple stimuli
means that almost all cell types present in the lung
are potential targets for anti-NF-
B/IKK-2 therapy.
This includes alveolar epithelium, mast cells, fibro-
blasts, vascular endothelium, and infiltrating leuko-
cytes; neutrophils, macrophages, lymphocytes,
eosinophils and basophils. By inhibiting the ex-
pression of genes such as cyclooxygenase-2 and
12-lipoxygenase (synthesis of inflammatory media-
tors), TAP-1 peptide transporter (antigen process-
ing), MHC class I H-2K and class II Ii invariant chains
(antigen presentation), E-selectin and vascular cell
adhesion molecule (leukocyte recruitment), inter-
leukins-1, 2, 6, 8 (cytokines), RANTES, eotaxin, GM-
CSF (chemokines), and superoxide dismutase and
NADPH quinone oxidoreductase (reactive oxygen
species), inhibitors of IKK-2 should display broad
anti-inflammatory activity.

Recently, two new kinases with sequence similar-
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ity to IKK-1 and IKK-2 have been reported. Despite
apparent structural homology, both kinases are
components of unique high molecular weight sig-
nalling complexes, and under in vivo conditions
may not phosphorylate I
B directly. The first kinase,
IKK-i/IKK� is transcriptionally induced by LPS, TNF
and IL-1, and is expressed predominantly in
immune cells133,134. Although its activity is inducible
by PMA, its precise role remains unknown. The
second kinase, TBK1/NAK, was found to associate
with the adaptor proteins TRAF-2 and TANK that
lead to the phosphorylation and activation of IKK-
2135,136. Preliminary evidence indicates TBK1/NAK
may play a role in signalling from PKC isozymes
and/or CD40. Both IKK-i/IKK� and TBK1/NAK rep-
resent new targets that may provide a stimulus
selective means for modulating NF-
B activity.

Initial studies characterizing the physicochemical
properties of IKK-2 have been published.
Understanding both the mechanisms of catalysis
and structural motifs that characterize IKK-2 will
provide key insights into the discovery and design of
selective pharmacologic inhibitors. This is especially
true since the IKK enzymes show relatively low
sequence homologies with other kinases, and early
profiles with known kinase inhibitors have not iden-
tified compounds with striking potency25,137. Kinetic
analysis shows that IKK-2 binds to and phosphory-
lates I
B�, I
B�, and I
B� with high and relatively
equal affinities138. Recombinant IKK-2 phosphory-
lates I
B� peptide 26–42 with near equal affinity to
full length I
B�; however, the native IKK
‘Signalsome’ phosphorylates full-length I
B�

25000-fold more efficiently, suggesting important
regulatory sequences in the C-terminal region of
I
B�, or additional regulatory proteins in the IKK
‘Signalsome’ that accelerate the rate of catalysis139.
Both variables provide important insights for the
design of compound screens. Phosphorylation of
I
B� occurs via a random sequential kinetic mecha-
nism, meaning either ATP or I
B� may bind first to
IKK-2, but that both must be bound before phos-
phorylation of I
B� can take place137. IKK-2 binds
ATP with uniquely high affinity (Ki �130 nM) com-
pared to other serine-threonine kinases such as p38

and JNK, perhaps indicating a unique ATP binding
pocket that reflects the relatively poor activity of
many broad specificity kinase inhibitors when
tested against IKK-2.

To date, no crystal structure of IKK-2 has been
reported. However, homology modelling has iden-
tified 3 structural domains including an N-terminal
kinase domain with an activation loop, a leucine
zipper domain that likely mediates the formation of
IKK-1 and IKK-2 homo/heterodimers, and a C-ter-
minal helix–loop–helix with serine-rich tail.
Activation of IKK-2 is critically dependent upon
phosphorylation of serine 177 and 181 in the activa-
tion or T loop. Alanine mutations abolish activity,
while glutamate mutations result in a constitutively
active enzyme126. Several kinases appear to be
physiologically relevant in this activation process.
Mitogen activated protein kinase kinase kinase-1
(MEKK-1) has been identified in IKK immunopre-
cipitates from activated cells126. MEKK-1 preferen-
tially phosphorylates IKK-2 with high efficiency,
while a dominant negative mutant of MEKK-1 sig-
nificantly blocks IKK activity and the expression of
NF-
B regulated genes140. Note that MEKK-1 is also
a key upstream activator of the JNK pathway. A novel
kinase, NF-
B inducing kinase (NIK) was identified
by two-hybrid screening, and found to phosphory-
late both IKK-1 and IKK-2. Dominant negative
mutants of NIK block TNF�, CD95 (Fas) and IL-1
mediated activation of NF-
B141. NIK deficient mice
exhibit a pathology distinct from IKK-2 deficient
animals, suggesting that NIK is not essential for IKK-
2 activation142. Recently a third candidate IKK-
kinase has been reported. It has been known for
several years that the atypical protein kinase C
(aPKC) isoforms (PKC �/�, �) can promote the phos-
phorylation of I
B� and the transcriptional activity
of NF-
B.With the cloning of IKK-1 and IKK-2, direct
association experiments have been performed and
it appears that these PKC isoforms are part of an IKK
immunoprecipitable complex. Furthermore, PKC�

can directly phosphorylate IKK-2 on serines143,177.
The novel PKC isoform, �, is an important mediator
of CD3/CD28 activation in T-cells, and has been
recently identified as an upstream activator of
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IKK-2144,145. Therefore MEKK-1, NIK and PKC all
appear to be able to activate IKK-2 directly. Their
specific roles will likely be found to depend on both
the inflammatory stimulus and the cell type.

The helix–loop–helix domain has been proposed
to interact directly with the kinase domain to stabi-
lize the active conformation, and/or with IKKAP-1,
to stabilize the multiprotein complex. Mutations or
deletions in this region abolish enzyme activity146.
These observations suggest that disruption of the
leucine zipper or helix–loop–helix may provide a
route of inhibition distinct from the kinase active
site.

No selective inhibitors of IKK have been reported
to be in preclinical development although many
pharmaceutical companies are actively working in
this area. Several known kinase inhibitors have been
reported to inhibit IKK and we briefly describe these
here. Staurosporine is a ubiquitous ATP competitive
inhibitor of kinases and blocks IKK-2 with a Ki �172
nM137. However, this activity is much less potent
than its inhibition of PKC, Ki�10 nM. Similarly,
quercetin inhibits many kinases and is only a micro-
molar inhibitor of IKK137. The anti-inflammatory
effects of aspirin (salicylate) are known to be due at
least in part to the inhibition of cyclooxygenase
activity and prostaglandin synthesis. It has also been
reported that aspirin inhibits IKK-2 activity in an
ATP competitive manner with an IC50 of 50 –100 �M
in vitro, although at low nM ATP concentrations. In
vivo, the IC50 for TNF� inhibition is also 50 �M147.
Because high dose treatment can result in serum
levels of 1–5 mM, it has been postulated that inhibi-
tion of IKK-2 may contribute to the anti-
inflammatory effects observed with aspirin.
Recently, the mechanism of aspirin mediated inhibi-
tion of IKK-2 in vivo has been questioned. Instead it
is proposed that aspirin leads to activation of MKK3
and p38 which in turn interferes with NF-
B signal-
ling stimulated by TNF, but not by IL-1147. Potential
biological inhibitors of IKK-2 are the A- and J-type
cyclopentenone prostaglandins, and their mecha-
nism of inhibition is informative for drug discovery
efforts. It has been known for several years that pros-
taglandin A1 can inhibit the activation of NF-
B by

TNF or PMA with an IC50 of 5 �M148. Recently the
mechanism of inhibition has been identified as
direct covalent binding to cysteine 179 on IKK-2 that
leads to irreversible inactivation of the enzyme149.
This data indicates that compounds with strong
Michael acceptors will be reactive to IKK-2.

Protein kinase C (PKC)

Protein kinase C (PKC) describes a family of 11 struc-
turally related serine-threonine kinase isoen-
zymes150–152. These signalling enzymes are critical
mediators of receptor activation events that release
phospholipid second messengers. PKC isoenzymes
are important for a diversity of physiologic effects
ranging from the regulation of ion channels and
secretion, cell–cell communication and substrate
adherence, cell proliferation, differentiation, tumor-
ogenesis and apoptosis. PKC enzymes are divided
into three classes based on their cofactor require-
ments for activation. The conventional PKCs (cPKC),
�, �I, �II, , are regulated by diacylglycerol (DAG),
phosphatidylserine (PS) and calcium ion (Ca2�). The
novel PKCs (nPKC), �, �, �, �, �, lack a Ca2�binding
domain and are regulated by DAG and PS. The atyp-
ical PKCs (aPKC), �, �/� (mouse/human), do not
respond to Ca2�or DAG but can be regulated by PS
and other acidic phospholipids.

PKCs are single polypeptide enzymes with a N-ter-
minal regulatory half containing the C1 and C2
domains, and a C-terminal catalytic half containing
the C3 and C4 domains. The constant domains (C)
are separated by five variable (V) regions. The C1
domain is cysteine rich and coordinates two Zn2�

atoms forming dual Zn finger motifs. This domain
binds DAG and the synthetic DAG mimic, phorbol
ester. In the aPKC isoenzymes, there is only one Zn
finger motif and these enzymes do not bind DAG.
The C2 domain is responsible for binding of Ca2�

and PS. The nPKC and aPKC isoenzymes lack key
aspartate residues necessary for Ca2�binding. The
C3 and C4 domains constitute the kinase portion of
the enzyme. The C3 domain binds ATP and is highly
conserved across isoenzymes. However, despite this
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high sequence similarity, isoenzyme selective small
molecule inhibitors that target the ATP binding site
have been reported153. The C4 domain in combina-
tion with V4 and V5 forms the substrate binding
domain and the site for phosphate transfer.

PKC activity is regulated by trans- and cis-phos-
phorylation at three sites in the catalytic half of the
enzyme. One site in the activation loop (threonine
500 in PKC �II) is phosphorylated by upstream
kinases. For cPKC isoenzymes, the phosphatidylino-
sitide dependent kinase (PDK) is a candidate
upstream activator. PDK-1 phosphorylates a highly
analogous site on protein kinase B (PKB) and has
been shown to associate directly with PKC in vivo.
This phosphorylation event is independent of either
the phosphorylation state of the C-terminus or
binding of the cofactors, DAG, Ca2� and PS154. The
nPKCs and aPKCs appear to be phosphorylated at
the activation loop by phosphoinositide 3-kinase
(PI3K). At least two sites in the carboxyl terminus
must be phosphorylated for maximum activity.
These sites (threonine 641 and serine 660 in PKC �II)
are phosphorylated only after the activation loop
site is phosphorylated, and appear to be due to auto-
phosphorylating activity of PKC.

The phospholipid second messengers/cofactors
that maximally activate PKC are released following
ligand engagement of hormone and growth factor
receptors and associated G-proteins and tyrosine
kinases. Briefly, receptor binding leads to activation
of a family of PI3K enzymes and phospholipases,
probably in part by SH2 domain association with
receptor adaptor molecules like the insulin receptor
substrate, IRS155. PI3K phosphorylates the mem-
brane lipid, phosphatidylinositide (PI) to give PI 4-
phosphate (PIP) and PI 4,5-bisphosphate (PIP2).
PIP2 is then hydrolysed to DAG and inositol 1,4,5-
triphosphate (IP3) by phospholipase C (PLC). IP3 is
released into the cytoplasm where it binds to a spe-
cific receptor on the endoplasmic reticulum, depo-
larizing the membrane to release Ca2�. It is via this
abbreviated scheme that two key cofactors of PKC
are produced. A more prolonged activation of PKC
may occur when DAG is produced by hydrolysis of
phosphatidylcholine (PC) via specialized isoforms

of PLC and PLD. This is because PC derived DAGs
contain variable acyl linkages that are poor sub-
strates for the enzymes that convert DAG back to PI.

The precise order of events leading to PKC activa-
tion remain uncertain and is probably in part a
reflection of the different isoenzymes, cell types and
stimuli used in experimental studies. Newly trans-
lated PKC contains a pseudosubstrate domain at the
N-terminus (not found in isoenzyme �) that masks
both the activation loop and the substrate-binding
domain. Structural studies indicate that the pseudo-
substrate must be displaced prior to phosphoryla-
tion of the activation loop. This change in
pseudosubstrate conformation renders it highly
susceptible to proteolytic degradation by endoge-
nous proteases. Other studies report that the
pseudosubstrate is displaced following binding of
DAG. A majority of the PKC isolated from non-stim-
ulated cells is already phosphorylated and experi-
mental evidence indicates that phosphorylation
must occur before PKC can bind DAG and acidic
phospholipids. Therefore, phosphorylation is most
likely an event associated with post-translational
modification rather than acute stimulation, and
may occur during or when the enzyme is initially
transported to its subcellular address. Following cell
stimulation, the activity of the upstream kinase acti-
vators PDK and PI3K is up-regulated, thereby
increasing the proportion of activated PKC in the
cell. Coordinately, PI3K and PLC drive the synthesis
of lipid cofactors necessary for complete and
maximal activation of PKC.

PKCs have been shown to associate with, and
phosphorylate a host of substrates. Because PKCs
localize to the plasma membrane as well as nuclear
and intracellular membranes, many of these sub-
strates are membrane- and cytoskeleton-associated
proteins. These include the myristolated alanine
rich C kinase substrate (MARCKS) and MacMARCKS
proteins, ribosomal proteins (e.g. S6), cytoskeletal
proteins (e.g. troponin, synapsin, annexin), histones
(e.g. histone H1), metabolic enzymes (e.g. pyruvate
kinase, glycogen synthase) and signalling proteins
(e.g. IKK-2, GTPases)156. This promiscuity for sub-
strates necessitates the tight regulation of these
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enzymes. We have already described regulation of
PKC via selective binding of cofactors, activation by
phosphorylation, structural variations in the sub-
strate binding domain, and cell specific expression
of different isoenzymes. Additional regulatory
mechanisms include scaffold proteins that stabilize
PKC and enforce subcellular localization, proteo-
lytic degradation of PKC, and binding of inhibitory
phospholipids. Together these have been referred to
as the ‘sevenfold way of PKC regulation’157. Scaffold
proteins include the receptors for activated C-
kinases (RACKs), perinuclear binding protein (PICK)
and PKA anchoring proteins (AKAPs). The most well-
studied inhibitory phospholipid is sphingosine,
which binds to the C1 domain in competition with
DAG and PS.

The complexity of PKC isoenzyme expression and
activity holds true when examined in the lung. A
major reason is the diversity of cell types that consti-
tute this tissue. Studies in human airway smooth
muscle identified PKC �, �I, �II, �, �, �, � 158. A similar
pattern was observed in canine airway smooth
muscle although PKC � and � were not detected159.
Increased activity of PKC� and PI3K may be asso-
ciated with smooth muscle cell proliferation, cyclin
D1 and DNA synthesis. Analysis of human lung
revealed PKC �, �II, �, �, �, while more selective anal-
ysis has revealed that epithelial cells are the exclu-
sive site of PKC� expression160 so that this isoform
has been called the lung-type PKC. Stimulation of
airway epithelium with phorbol ester leads to PKC
activation and increased chloride secretion161. PKC�

is highly expressed in the differentiated secretory
epithelium of the mammary gland, giving rise to an
interesting parallel and potential role for PKC� in
secretory lung epithelium and mucus production162.
Studies of lung vascular endothelium have not been
reported, although experiments with human umbil-
ical vein endothelial cells identified PKC �, �, �.
Stimulation with phorbol ester, bradykinin or TNF�

resulted in activation and translocation of PKC � and
�, and subsequent increase in microvascular perme-
ability163. Respiratory disease is associated with a
marked increase in leukocyte infiltrate into the lung
tissue and airways. Several studies have identified

the PKC isoenzymes in lung leukocytes including
basophils (PKC �I, �II, �), eosinophils (PKC �, �I, �II,
�), alveolar macrophages (PKC �, �I, �II, �, �, , �),
and lymphocytes (PKC �, �I, �II, �, �, �, �)164–167. One
key isoenzyme that is the focus of efforts to down-
regulate the immune response is PKC�. Mention has
already been made in the section on IKK2 of the role
that PKC� plays in regulating the NF-
B pathway by
phosphorylating IKK-2144. This isoenzyme appears
to show marked tissue selectivity for hematopoietic
cells, particularly T lymphocytes. Immuno-
fluorescent studies have revealed that of the six iso-
forms identified in T-cells, only one, PKC�,
translocated to the site of cell contact following
antigen presentation168. Following costimulation of
the CD3 and CD28 receptors on T cells, PKC� has
been shown to activate JNK and IL-2 gene expres-
sion169 and to synergize with Vav to promote IL-4
gene expression170. Both IL-2 and IL-4 are critical T
cell growth and differentiation factors. PKC� does
not appear to be important for T-cell activation via
NF-
B in immature lymphocytes suggesting a selec-
tive inhibitor of this isoenzyme will target mature T-
cells and not developing thymocytes171.

A number of PKC inhibitors based on the indolo-
carbazole and bisindolylmaleimide template have
been synthesized and profiled pharmacologically.
Due to the fact that the parent inhibitors for this
class of compounds, staurosporine and K252a, are
notoriously ubiquitous inhibitors of protein kinases,
it would appear unlikely that the pharmacological
profiles of so-called indolecarbazole PKC inhibitors
can be fully rationalized solely based on PKC isoen-
zyme selectivity. Despite these challenges, many
PKC inhibitors have advanced to the clinical stages.
Among the forerunners are midostaurin, LY-333531,
and Ro-31–8425. Studies in models of lung inflam-
mation are not yet available.

Midostaurin (CGP-41251, Novartis), the N-
benzoyl derivative of staurosporine, is a potent PKC
inhibitor currently in Phase 2 clinical trials for the
treatment of a variety of tumours. An extensive
review of midostaurin is available172. In vitro, midos-
taurin inhibited PKC-�, , and � at 30, 21, and 265
nM, respectively, but failed to block PKC-� and �
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activity. This observation is in marked contrast to
staurosporine, which inhibited all the isoenzymes
tested at 4 – 70 nM, except for PKC-� (�1 �M)173. It
should be noted that PDGF receptor tyrosine auto-
phosphorylation was potently (	0.1 �M) inhibited
by midostaurin while no inhibition up to 1 �M was
observed in the EGF receptor tyrosine kinase
assay174.

LY-333531, a macrocyclic bisindolylmaleimide is a
PKC-� selective inhibitor currently at phase 3 clini-
cal trial for diabetic retinopathy. PKC-�I,II were
selectively inhibited by LY-333531 with IC50 values of
approximately 5 nM153. Selectivity against the other
PKCs were�50-fold. Oral administration of LY-
333531 at 0.1–10 mg/kg dose dependently improved
glomerular filteration rate, albumin excretion rate,
and retinal circulation in diabetic rats. Transgenic
mice overexpressing PKC-�II exhibited severe vas-
cular dysfunction including left ventricular hyper-
trophy, necrosis of cardiomyocytes, multifocal
fibrosis, and decreased left ventricular performance.
Treatment of PKC-�II transgenic mice with LY-
333531 markedly improved both vascular histology
and function153.

Ro 31–8425 (Roche) represents a PKC inhibitor
under clinical development for inflammatory indica-
tions. This compound shows little selectivity
between the PKC isoenzymes, inhibiting all isoen-
zymes at 32–45 nM175. Ro 32–0432, the S-enantiomer
of Ro 31–8425, appears to be more selective against
PKC�176 and inhibits PMA/PHA-induced IL-2 pro-
duction in human peripheral blood T-lymphocytes
at 30 nM177. Oral administration of Ro 32–0432
reduced PMA-induced paw edema and graft-
induced increase of popliteal lymph node wet weight
in rats. In rat adjuvant arthritis, Ro 32–0432 reduced
paw swelling and improved joint lesion scores.

Obtaining PKC isoenzyme selectivity, as well as
understanding the pharmacological effects of such
compounds remains a tough challenge for those
involved in drug discovery efforts. However, as already
demonstrated, PKCs clearly play essential roles in a
number of disease conditions and potent inhibitors
are emerging. This area is expected to remain highly
competitive for years to come (Fig. 11.5).

Conclusions

Protein kinase signal-transduction cascades provide
a rich source of targets for small-molecule drugs
with potential to control both multiple and individ-
ual inflammatory protein expression and activity.
Issues that remain unanswered include the pre-
ferred level for targeted intervention of the kinase
cascades. For example, is it better to develop a MEKK
inhibitor or a MAPK inhibitor? There are reasons to
suggest that inhibitors of each step of the cascade
might provide a different profile of activity based on
the cellular environment, activation and amplifica-
tion steps.

Likewise, protein kinases are challenging drug
targets. Inhibitors directed at the ATP binding site
initially seemed unlikely since the binding site for
ATP in different kinases should be similar and con-
sequently selectivity would be impossible to
achieve. The very high intracellular ATP concentra-
tion (approximately 1 to 5 mM) suggested that inhib-
itors competing for binding with ATP would have
to be highly potent to demonstrate efficacy.
Furthermore, the large number of kinases in the
human genome suggested that inhibitors directed to
the ATP binding site could be associated with
unwanted side effects. Despite the conventional
dogma that the catalytic site inhibitors are nonspe-
cific, the identification of several very selective
kinase inhibitors has created considerable optimism
for the future. There is also the promise that protein
substrate binding sites will provide additional
opportunities for kinase inhibitor design.

Protein kinases form tight complexes with their
substrates. These complexes are bridged by a third
protein such as a scaffold or involve a direct high-
affinity interaction between the kinase and a short
substrate sequence, known as a docking site178.
Several docking sites can exist for a single substrate
increasing the affinity for a kinase. For example, c-
Jun contains a distinct docking sequence, known as
the delta domain, which is essential for specific
phosphorylation of JNK. These docking sites may be
used to generate competitive inhibitors of protein
phosphorylation. Unfortunately, the structural
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details of how docking sites bind to protein kinases
is lacking in most cases.

Specificity of signalling pathways may be
achieved, in part, by the use of scaffolding or
anchoring proteins179,180. For example the MAPK
scaffold protein JIP-1 (JNK interacting protein-1) is a
cytoplasmic protein which functions as a scaffold-
ing protein for specific component kinases in the
JNK pathway. JIP-1 binds a MAPKKK, MKKK, and
MKK for selective regulation of JNK activation94.
These scaffolds may also provide novel drug targets

to selectively modulate signalling pathways in
inflammatory cells.

Finally, the rapid progress made in the production
of crystal structures of a number of serine/threonine
and tyrosine-specific protein kinases has identified
the catalytic core of these important enzymes. In
particular, recent X-ray crystallographic and protein
mutagenesis experiments have provided a basis for
understanding the selectivity of p38 MAP kinase
inhibitors. As greater knowledge of active site inhib-
itors for kinases emerges, it is becoming clearer how
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to modify compounds to create greater potency and
specificity.

A debate also exists as to the benefits of develop-
ing reversible inhibitors that block the enzyme for
only a few hours, in contrast to irreversible inhibi-
tors that provide greater duration of inhibition.
Because protein kinases are intracellular enzymes,
issues related to cell penetration, selectivity and in
vivo efficacy and safety remain the challenge for the
medicinal chemist. In this age of increased chemical
diversity, it is anticipated that to address these
issues, new kinase inhibitor templates will emerge
from chemical libraries and natural product screen-
ing, as well as from the availability of massive com-
binatorial libraries. Biologically enhanced screening
capacities resulting from HTS together with the
availability of multiple recombinant human kinases
is expediting selective kinase inhibitor identifica-
tion. There are numerous kinases within the cell
and, consequently, rapid and broad profiling
remains an important goal. Understanding of the
secondary and tertiary events that are modified by
selective kinase inhibition will be greatly facilitated
by gene microarray methodologies that will allow
transcript profiles to be obtained. Such profiles will
be extremely useful in evaluating the selectivity of
drug candidates.

It is anticipated that multiple kinase inhibitors will
be developed in a variety of immuno-inflammatory
and proliferative diseases and it is hoped that our
capability to generate kinase inhibitors will allow the
rapid transition from novel kinase to validated target
to clinical application and the marketplace. As more
kinases are discovered and their activities identified,
it can be anticipated that this large gene family will
provide numerous therapeutic opportunities in
multiple major diseases including asthma.
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Part II

Diffuse parenchymal lung disease





Interstitial lung diseases (ILDs) are a heterogeneous
group of disorders characterized by a spectrum of
inflammatory and fibrotic changes affecting alveo-
lar walls and airspaces1–7. Clinical manifestations are
protean, but progressive cough, dyspnea, parenchy-
mal infiltrates on chest radiographs, and loss of pul-
monary function are characteristic. More than 150
causes of ILD are known and include disorders due
to specific agents or antigens (e.g. pneumoconioses,
asbestosis, silicosis, berylliosis, granulomatous
infections, hypersensitivity pneumonia) as well as
myriad disorders in which the etiological factors
have not been identified (e.g., cryptogenic fibrosing
alveolitis, sarcoidosis, etc.)1–6,8,9. Before discussing
specific diseases, we review diagnostic strategies to
differentiate these diverse ILDs (Table 12.1).

Pulmonary function tests (PFTs) are useful to
assess extent of impairment and follow the course of
the disease (natural history or response to
therapy)1,2. Initial testing for patients with suspected
ILD should include spirometry, lung volumes, single
breath diffusing capacity for carbon monoxide
(DLCO), and oxygen saturation10. Characteristic
physiological aberrations in ILDs include: reduc-
tions in DLCO and lung volumes (e.g. vital capacity
(VC), total lung capacity (TLC)), and impaired oxy-
genation (either at rest or with exercise)1,10. Formal
cardiopulmonary exercise tests (CPET) are more
sensitive than resting physiological testing to detect
aberrations11 but are expensive, require significant
technical support, are modestly uncomfortable, and
are logistically difficult (particularly in elderly or

debilitated patients). Oximetry is less accurate than
direct measurement of arterial blood gases, but is
non-invasive and well tolerated. A 6-minute walk
test with oximetry is adequate to assess the need for
supplemental oxygen or evolution of disease over
time12. Physiological tests (PFTs or CPET) cannot
reliably predict prognosis or therapeutic responsive-
ness13–15 but serial PFTs are invaluable to monitor
the course and assess response to therapy1,2.

Chest radiographs are often the first clue to the
presence of ILD3,5,6,16. Parenchymal infiltrates, cystic
radiolucencies or nodules are present in most
patients with ILD. The distribution and pattern of
radiographic lesions suggest specific ILDs3–7,16.
Upper lobe predominance is characteristic of sarcoi-
dosis, granulomatous infections, silicosis, pulmo-
nary eosinophilic granuloma (EG), chronic
eosinophilic pneumonia, cystic fibrosis, or ankylos-
ing spondylitis2–6,17. By contrast, lower lobe predom-
inance is highly characteristic of fibrosing alveolitis
(cryptogenic or associated with collagen vascular
disease) or asbestosis2,3,5,6,17. Although chest radio-
graphs are non-specific, serial radiographs are inval-
uable in assessing chronicity or evolution of ILDs.
Review of old films is critical in patients with newly
diagnosed ILD.

High resolution computed tomographic scanning
(HRCT), employing 1–2 mm thin sections of the lung
parenchyma, is far superior to conventional chest
radiographs in depicting fine parenchymal details
and demarcating honeycombing, cystic changes,
alveolar opacities, or interstitial disease3,5,6. HRCT is
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non-invasive, does not require contrast, and is
useful to assess the extent and nature of the disease
and prognosis1,3,5,6,14. The pattern of HRCT aberra-
tions may be highly characteristic of specific etiolog-
ical diagnoses (e.g. lymphangioleiomyomatosis,
pulmonary EG, lymphangitic carcinomato-
sis)1,3,5–7,17. HRCT also discriminates end-stage fibro-
sis from potentially reversible disease14,16,18–23. HRCT
should be part of the initial diagnostic evaluation for
most patients with suspected ILD3,6.

Radionuclide scans (e.g. gallium-67 citrate or tech-

netium-99) or positron-emission tomographic
(PET) scans were used as surrogate markers of alveo-
litis in ILDs (e.g. sarcoidosis, IPF), but are expensive,
inconvenient, non-specific, and lack prognostic
value1,17. We see no practical role for radionuclide
scans in either the diagnosis or follow-up of ILDs.

Since clinical, radiographic, and physiological
manifestations of chronic ILDs overlap, lung biopsy
is required to substantiate a precise diagnosis, and
assess the extent and nature of the disease5,7,24,25.
Fibreoptic bronchoscopy with transbronchial lung
biopsies (TBBs), which can be done as an outpatient
with light sedation, is usually performed prior to
surgical lung biopsy. For some ILDs, TBBs often
establishes the diagnosis (e.g. sarcoidosis, hypersen-
sitivity pneumonitis, pulmonary alveolar proteino-
sis, pulmonary EG, malignancy, etc.), provided
adequate parenchyma is sampled3,4,26. However,
because of the small size (2–5 mm), TBBs cannot
substantiate the diagnosis of idiopathic interstitial
pneumonias (discussed in detail later) or assess the
degree of inflammation or fibrosis1,15. When TBBs
are not definitive, and the diagnosis remains uncer-
tain, surgical lung biopsy is warranted (unless
specific contraindications exist). Video-assisted tho-
racoscopic (VATS) lung biopsy has less morbidity
than open lung biopsy, and is the preferred surgical
technique1,3. At least two sites should be sampled
(from the upper and lower lobes), to provide a repre-
sentative analysis. Biopsies are obtained from
apparently normal lung as well as grossly abnormal
areas1,3. Surgical lung biopsy achieves three pur-
poses: (a) alternative etiologies are definitely
excluded; (b) the extent of inflammatory and fibrotic
lesions is directly assessed; (c) a histopathological
pattern is discerned27–29. Histopathological classifi-
cation schema allow a precise histopathological
diagnosis and have prognostic value28,29. Given the
expense and morbidity associated with surgical lung
biopsies, the decision to perform lung biopsy needs
to be individualized7. We favour VATS lung biopsy
in patients with suspected idiopathic interstitial
pneumonias when clinical features, HRCT, and TBBs
are equivocal provided no specific contraindications
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Table 12.1. Diagnostic evaluation of interstitial
lung diseasea

Careful occupational, exposure, drugs, family history, risk

factors

Conventional chest radiographs

(compare with old films)

Pulmonary function tests

Spirometry, flow-volume loop, lung volumes, DLCO,

oximetry (rest, exercise)

Formal cardiopulmonary exercise tests (arterial

cannulation) (selected patients)

Serologies (selected patients)

(e.g. collagen vascular disease profile, complement fixation

for fungi, serum angiotensin converting enzyme,

hypersensitivity pneumonitis screen)

High resolution thin section computed tomographic scan

(HRCT)

Lung biopsy (selected patients)*

Fibreoptic bronchoscopy (FB) with transbronchial lung

biopsies and BAL

Video-assisted thoracoscopic (VATS) lung biopsy

(when FB non-diagnostic and no contraindications to

surgical biopsy exist)

a The need for lung biopsy depends upon extent, severity,

chronicity, and nature of the disease; risk/benefit of biopsy

and therapeutic options available must be carefully

assessed. In most patients, transbronchial lung biopsies and

BAL are performed prior to considering VATS since a specific

diagnosis can sometimes be made by TBBs (e.g. sarcoidosis,

pulmonary alveolar proteinosis, malignancy, granulomatous

infections, etc.), averting the need for surgical biopsies.

Reprinted with permission8.



to biopsy exist. The risks of VATS are excessive in
elderly or extremely debilitated patients. In such
patients, we rely upon less invasive diagnostic
studies, e.g. HRCT, clinical features, PFTs, TBBs. It
should be emphasized that HRCT features are highly
characteristic or even pathognomonic for some dis-
orders4–7,30. When HRCT scans are classical for a spe-
cific diagnosis, lung biopsy is not required3,4,7,31–23.

BAL has contributed significant insights into the
pathogenesis of diverse ILDs1,34–36, but its clinical
value is limited. Characterization of cell profiles
narrow the differential diagnosis in patients with
ILDs. Marked lymphocytosis on BAL (�30%) is char-
acteristic of sarcoidosis or hypersensitivity pneumo-
nia, but is rare in cryptogenic fibrosing alveolitis
(CFA)2,17,35,36. BAL neutrophilia is characteristic of
idiopathic or collagen-vascular disease-associated
FA (noted in more than 80% of patients)1,2,17,26 but is
rare in sarcoidosis37,38. Striking BAL eosinophilia
suggests chronic or acute eosinophilic pneumonia
or infectious etiologies (particularly parasitic)39–41.
However, BAL cell profiles are not specific, and do
not predict prognosis. BAL has an important role in
identifying infectious organisms (particularly in
immunocompromised hosts). Furthermore, specific
cytological features in BAL fluid (sometimes with
immunohistochemical stains) are diagnostic for
specific ILDs, e.g. pulmonary EG42; pulmonary
alveolar proteinosis43,44.

Corticosteroids and immunosuppressive or cyto-
toxic agents are the mainstay of therapy for some
ILDs, but have significant toxicities1,45. Lung trans-
plantation is an option for severe, life-threatening
chronic ILD refractory to medical therapy46–48. Due
to a shortage of donor organs, waiting time for donor
organs may be prolonged (often exceeding 2 years);
patients may die while awaiting transplantation46–48.
Contraindications to lung transplantation include:
age �60 years, coronary artery disease, extrapulmo-
nary organ failure (e.g. liver, renal, cardiac), or unsta-
ble or inadequate psychosocial profile/stability46,48.
In the following sections, we review clinical, radio-
graphic, and histological features of specific ILDs,
and discuss therapeutic options.

Idiopathic interstitial pneumonias

Classification schema for idiopathic interstitial
pneumonias recently evolved25,29. An initial schema
defined five groups of idiopathic interstitial pneu-
monias based on histopathological features49. These
five entities included: usual interstitial pneumonia
(UIP); desquamative interstitial pneumonia (DIP);
bronchiolitis obliterans with interstitial pneumonia
(BIP); giant cell interstitial pneumonia (GIP); and
lymphoid interstitial pneumonia (LIP)49. It was later
recognized that GIP was the histopathological man-
ifestation of hard metal pneumoconiosis25. BIP is
primarily a disease of small airways and is
now termed bronchiolitis obliterans organizing
pneumonia (BOOP) or cryptogenic organizing
pneumonia25,31,50. Subsequently, additional histo-
pathological variants were described including:
acute interstitial pneumonia (AIP)51; non-specific
interstitial pneumonia (NSIP)52; and respiratory
bronchiolitis interstitial lung disease (RBILD)53,54. In
a recent review, Katzenstein and Myers proposed
subdividing idiopathic interstitial pneumonias into
4 categories: UIP, DIP/RBILD, AIP, and NSIP25.
Lymphoid interstitial pneumonia (LIP) was dropped
from the schema, as this is a lymphoproliferative
disorder55. Most experts now agree that the terms
cryptogenic fibrosing alveolitis (CFA) or idiopathic
pulmonary fibrosis (IPF) should be restricted to the
histopathological entity UIP1,25. The literature con-
tinues to evolve, and the value of these histopatho-
logical classifications25,29 is controversial. Each of
these pathological entities is discussed below.

Cryptogenic fibrosing alveolitis/(idiopathic
pulmonary fibrosis)

Cryptogenic fibrosing alveolitis (CFA), also termed
idiopathic pulmonary fibrosis (IPF), is synonymous
with the pathological variant usual interstitial pneu-
monia (UIP)1,25,27. The literature is confusing, as
older published series of CFA/IPF included patients
with diverse histological entities including UIP, DIP,
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RB-ILD, NSIP, and AIP25. These entities are distinct
from UIP and the clinical syndrome CFA/IPF, and
differ widely in prognosis and responsiveness to
therapy. Surgical lung biopsies are required to distin-
guish these histopathological disorders. Cardinal
histological features of UIP include: patchy, non-
uniform (heterogeneous) involvement; a proclivity
for bibasilar and subpleural regions; ‘fibroblastic
foci’; honeycomb cysts; distortion of the alveolar
architecture25,56 (Fig. 12.1(a) and 12.1(b)). Temporal
heterogeneity, which can be appreciated at low
power magnification, distinguishes UIP from other
idiopathic interstitial pneumonias, e.g. DIP, NSIP,
and AIP25,29,31,33,56. Aggregates of proliferating myo-
fibroblasts and fibroblasts (termed ‘fibroblastic
foci’) are invariably present in UIP25. Zones of acel-
lular collagen bundles (‘old’ fibrosis), normal lung,
and honeycomb change are present concomi-

tantly25,56. A mononuclear inflammatory cell infil-
trate is present within the alveolar interstitium, but
is not severe25. Intra-alveolar inflammation is not
prominent25,29. Granulomas, vasculitis, microorgan-
isms, or minerals (e.g. silica crystals, ferruginous
bodies, etc.) are absent15,25.

The estimated prevalence of CFA/UIP ranges from
5 to 29 cases per 1000001,15,57,58. CFA /UIP is distinctly
more common in older adults. In one study, the
prevalence of CFA (per 100000) was 2.7 among
adults between the ages of 35 and 44 years but rose
to 175 per 100,000 in adults older than 74 years58.
CFA does not occur in children. While the etiology is
unknown, exposure to or inhalation of minerals,
dusts, organic solvents, urban pollution, or cigarette
smoke is associated with an increased risk1,59–61. No
genetic basis has been found, but familial forms
exist1,62.
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Fig. 12.1(a) Usual interstitial pneumonia (UIP). Photomicrograph: patchy subpleural fibrosis with dense scarring and remodelling

of lung architecture. The fibrosis is heterogeneous with areas of relatively unaffected adjacent lung (hematoxylin–eosin).

(Reproduced with permission.)68
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Clinical features include cough, dyspnea, end-
inspiratory velcro rales, diffuse parenchymal infil-
trates on chest radiographs, honeycombing on
HRCT scans, hypoxemia, and a restrictive ventila-
tory defect on PFTs15,31,33,63. Crackles are present on
chest auscultation in�90% of patients; digital club-
bing, in 20 to 50%1,15,31–23,63. Extrapulmonary involve-
ment does not occur. Laboratory aberrations are
non-specific1,15,31,33,63.

Chest radiographs are abnormal in 95% of
patients with CFA/UIP1,15,63 (Fig. 12.2). Bilateral
interstitial or reticulonodular infiltrates, with a pre-
dilection for basilar and subpleural regions, are
characteristic1. As the disease progresses, lung
volumes shrink. Similar features are found in asbes-
tosis and collagen vascular disease-associated pul-
monary fibrosis5,6. Intrathoracic lymphadenopathy
or pleural thickening are not evident on chest radio-

graphs, but may be noted on HRCT scans5,6. Chest
radiographs cannot predict functional impairment
or responsiveness to therapy1,15, but serial radio-
graphs provide insight into the rate of progression of
the disease32. HRCT scans are superior to conven-
tional chest radiographs in depicting the salient
aberrations and demarcating the extent and distri-
bution of the disease14,18,20,64–68. HRCT scans in UIP
reveal heterogeneity (alternating zones of normal
and abnormal lung), subpleural, bibasilar predomi-
nance, honeycomb cysts, and coarse reticular lines;
ground glass opacities (hazy zones of increased
alveolar attenuation) are rare or absent31,33,64 (Fig.
12.3 and 12.4). Specific HRCT patterns have prog-
nostic value14,21,64,65,69. Ground glass opacities reflect
either inflammation, i.e. alveolitis, or fibro-
sis18–20,66,69–71 and sometimes regress with
therapy21,72. Reticular or linear lines do not improve
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Fig. 12.1(b) Usual interstitial pneumonia (UIP). Photomicrograph: Areas of fibrosis. Fibrosis shows heterogeneity with dense

eosinophilic collagen and a fibroblastic focus (hematoxylin–eosin). (Reproduced with permission.)68
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with therapy21,72.. Honeycomb cysts, traction bron-
chiectasis, or bronchioloectasis indicate irreversible
destruction of alveolar walls and fibrosis19,21,64,66,70,72.
HRCT is often used in lieu of surgical lung biopsies
to diagnose UIP32,33,56,73,74. When HRCT scans are
‘typical’ or ‘definite’ of UIP, specificity exceeds
90%32,33. HRCT scans ‘typical of UIP’ predict a poor
prognosis and low rate of response to therapy33,56,73.
Radionuclide scans, e.g. gallium-67 citrate or posi-
tron emission tomography, have no role in the man-
agement of CFA/UIP1.

Physiological aberrations in CFA include: reduced
DLCO and lung volumes; preserved expiratory flow
rates (except in smokers); impaired oxygenation (at
rest or with exercise)13,15,75. With exercise, the alveo-
lar-arterial (A-aD02) gradient widens1. When con-
comitant emphysema is present, expiratory flow
rates are reduced and lung volumes are pre-
served13,20,75. Not surprisingly, severe impairment in
VC, DLCO, or oxygenation are associated with worse

survival13,15,32,57. However, static or exercise PFTs
cannot discriminate alveolitis from fibrosis or
predict therapeutic responsiveness13,14,76. Sequential
PFTs (often combined with 6-minute walk or cardio-
pulmonary exercise tests (CPET) are used to
monitor the course of the disease. Stability or
improvement in VC or DLCO with corticosteroid
therapy is associated with an improved prognosis
and survival14,15,76.

Bronchoalveolar lavage (BAL) fluid in CFA reveals
increased numbers and percent neutrophils in
�80% of patients (increases in eosinophils or lym-
phocytes may occur, but are less common)1,35,36. BAL
cell profiles do not predict prognosis or therapeutic
responsiveness 1.

The cause or pathogenetic mechanisms respon-
sible for IPF are unknown. The fibrotic process
involves complex interactions between inflamma-
tory and mesenchymal cell populations1,15. Injury to
alveolar epithelial cells, followed by an inflamma-
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Fig. 12.2 Usual interstitial pneumonia (UIP). Posterior-anterior (PA) chest radiograph demonstrates diffuse interstitial infiltrates

and areas of cystic radiolucencies. Note the peripheral predominance. VATS lung biopsy demonstrated UIP. (Reproduced with

permission.)67



tory and reparative response, plays a central role.
The factors responsible for initiation, evolution, and
perpetuation of the process are not known.

CFA is a frustrating disorder to manage, since
treatment is largely ineffective31,32,57,77. The disease
progresses inexorably over months to years.
Spontaneous remissions do not occur, but some
patients stabilize after an initial decline1. Median
survival from the onset of symptoms is 2.7 to 3.2
years32,56,57; 10-year survival, only 10 to 20%27,29,33,56.
Response to therapy (corticosteroids or immuno-
suppressive agents) is dismal (response rates, 0 to
16%)27,29,31–23,56,66. Earlier studies of patients with
CFA/IPF cited higher response rates (10 to 28%), but
included a mix of histopathological categories, e.g.
UIP, NSIP, RBILD35,36,78–81. Survival among patients

with UIP is distinctly worse than other histological
subgroups27,29,31,33,56.

Corticosteroids have been the mainstay of therapy
for CFA15,57,77, but randomized, placebo-controlled
trials are lacking, and the value of corticosteroids is
debated32,57,73,77. Optimal dose or duration of therapy
has not been studied. Some investigators initiate
treatment with high dose prednisone (1.0
mg/kg/day) for 4 to 6 weeks, with gradual taper36,81.
Lower doses have been used in Europe2,80.
Responses to corticosteroids are achieved in fewer
than 20% of patients and are incomplete1,31,32,73,77.
Recent studies which analysed UIP as a distinct
entity from NSIP or RBILD cited low rates of
response to therapy (all forms)31–23,73. In three
studies comprising 56 patients with UIP treated with
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Fig. 12.3 Usual interstitial pneumonia (UIP). HRCT scan shows numerous honeycomb cysts in a peripheral (subpleural)

distribution. Ground glass opacities are absent. (Reproduced with permission.)67



corticosteroids (alone or combined with immuno-
suppressive agents), only one patient improved;
�80% worsened31,33,73. A retrospective study of 487
patients with CFA/UIP seen at the Mayo Clinic from
1994–1996 noted that survival rates (by multivariate
analysis) with prednisone, colchicine, oxygen, or
immunosuppressive agents were no different than
no therapy32. Toxicities associated with high dose
corticosteroids are appreciable15,73,77. Two recent
international consensus statements1,2 advocate an
individualized approach to therapy of CFA.
Treatment is reserved for patients with significant
impairment or declining lung function. The risks of
treatment are balanced by potential benefits. Both
consensus statements1,2 recommend combining

prednisone or prednisolone (0.5 mg/kg/day) with
either azathioprine (AZA) or cyclophosphamide
(CP) as initial therapy for CFA/IPF1,2. These recom-
mendations are reasonable, but published studies
employing these regimens are lacking.

Importantly, therapy has not been shown to
improve survival in CFA1,32,57. Anecdotal successes
were cited with AZA or CP15,33,80–82, but long-term effi-
cacy is not established. No studies have compared
AZA with CP as therapy for CFA. Published data eval-
uating AZA are limited to anecdotal cases and two
prospective studies (only one of which was random-
ized)81,82. In both prospective studies, azathioprine
(2–3 mg/kg/day) was combined with high dose pred-
nisone. Favourable responses were noted, but the
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Fig. 12.4 Usual interstitial pneumonia (UIP). HRCT scan demonstrates numerous honeycomb cysts with greater involvement in

peripheral (subpleural) regions. Extensive distortion and destruction of the lung parenchyma is evident. Ground glass opacities are

not seen. (Reproduced with permission.)67



independent effect of AZA is impossible to ascertain.
Despite the paucity of data, AZA may be used as
initial primary therapy, as adjunctive therapy (to
achieve a steroid-sparing effect), or for patients
failing or experiencing adverse effects from cortico-
steroids.

Data evaluating cyclophosphamide (CP) are
limited to several retrospective studies32,35,57,78,83–87,
one prospective, but non-randomized trial88, and
two randomized studies80,89. In one randomized
study, 28 patients with ‘mid-course IPF’ were ran-
domized to prednisone alone, CP (1.5 mg/kg/day)
alone or CP plus prednisone89. At 6 months, BAL
neutrophil counts declined among CP-treated
patients but PFTs did not improve in any cohort. In
a controlled trial in England, 43 patients with
untreated IPF were randomized to oral CP (1
mg/kg/day) plus low dose prednisolone (20 mg
every other day) or high dose prednisolone alone80.
Patients failing therapy were crossed over to the
other arm at the investigators’ discretion. At one
year, 5 of 21 patients receiving CP improved (defined
as�10% improvement above baseline PFT); 7 of 22
in the prednisolone arm improved. By 3 years, 3 of 21
CP-treated patients had died compared to 10 of 22
deaths in the prednisone group. The apparent survi-
val benefit with CP likely reflected differences in
severity of disease between groups at the time of
randomization. Among 12 patients with initial (pre-
therapy) TLC below 60% of predicted, 9 were ran-
domized to prednisolone; only 3 were randomized
to CP. All 12 failed therapy. Several retrospective
studies failed to demonstrate efficacy of
CP32,57,86,87,90. In a retrospective study of 244 cases of
CFA from England, the use of either CP or cortico-
steroids was associated with worse survival57. A
study from the University of Iowa cited a greater rate
of decline in PFTs among patients receiving CP90.
These negative results57,90 likely reflect selection
bias, since treated patients likely had more severe
disease. Others cited low response rates in CFA
patients failing corticosteroids15,86–88. In three
studies, only one of 38 patients failing �3 months of
corticosteroid therapy subsequently responded to
CP86–88. High-dose intravenous ‘pulse’ CP was used

to treat corticosteroid-recalcitrant CFA, but results
are unimpressive83–85. Immunosuppressive and
cytotoxic drugs have myriad potential adverse
effects45, and the appropriate use of these agents
needs to be clarified. Favourable responses to cyclo-
sporine A were cited in retrospective studies91–93, but
data are sparse. Cyclosporine A is exceptionally
expensive and causes a plethora of adverse effects45.
Currently, we see little role for cyclosporine A as
therapy for CFA. Other cytotoxic drugs such as
methotrexate or mycophenolate mofetil have not
been studied in CFA.

Agents with potential antifibrotic activity have
been tried as therapy for CFA, but are of unproven
value. -Penicillamine was tried, but data affirming
benefit are lacking2,94. Given its toxicities, we see no
role for this agent in IPF. Colchicine, which sup-
presses fibroblast growth factors in vitro and
inhibits collagen deposition in animal models, was
tried in retrospective32,95 and prospective trials73.
Colchicine is safer than prednisone, but its value
is unproven. In summary, the prognosis of CFA/UIP
is poor, with a low rate of response to existing
therapies.

Improved survival in CFA/UIP awaits the develop-
ment of novel therapies. Recently, investigators from
Austria cited beneficial responses with interferon
gamma-1b (-IFN-1b) plus low dose corticosteroids
in an open, randomized trial of 18 CFA patients
failing therapy with corticosteroids or immunosup-
pressive agents96. These data are intriguing, but
additional studies are required to determine the role
of -IFN to treat CFA. A multicentre randomized
study in the United States evaluating -IFN is
planned. Recently, a multicentre, placebo-
controlled trial assessing �-interferon (Avonex)
(Biogen, Cambridge, MA) for CFA patients failing
conventional therapy, i.e. corticosteroids or immu-
nosuppressive therapy, was completed in the United
States; results are not yet published. Possible future
therapies include: perfenidone7, lovastatin97,
proline inhibitors98, antioxidants99, inhibitors of leu-
kocyte integrins, cytokines and proteases100.

Single lung transplantation is the preferred option
for patients with severe CFA failing medical
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therapy46–48. Patients with severe functional impair-
ment (FVC	60% predicted or DLCO	40% pre-
dicted), oxygen dependency, and deteriorating
status should be listed promptly since waiting time
for transplantation may exceed 2 or even 3 years48.
Two- and 5-year survival rates following single lung
transplantation approximate 70% and 50%, respec-
tively46,47.

Desquamative interstitial pneumonia (DIP) and
respiratory bronchiolitis interstitial lung disease
(RBILD)

Desquamative interstitial pneumonia (DIP) lacks
the heterogeneity of UIP noted on surgical lung
biopsies; the alveolar architecture is preserved and

fibrosis is mild or absent25,27,56. Fibroblastic foci, a
cardinal feature of UIP, are not found in DIP25. The
most striking feature of DIP is filling of alveolar
spaces with macrophages containing finely granu-
lar, yellow–brown pigment derived from complex
phagolysosomes25,27,56 (Fig. 12.5). Bronchiolar
inflammation and lymphoid aggregates may be
present29 but interstitial inflammation or honey-
comb cysts are absent or minimal25.

DIP is much less common than UIP25,29,56. In
retrospective reviews of surgical lung biopsies per-
formed for diffuse lung disease, DIP was found in 8
to 18% of biopsies; UIP was found in 27 to 62%29,56,74.
UIP and DIP differ strikingly in HRCT features, ther-
apeutic responsiveness, and prognosis31,64,65,69.
Compared to UIP, patients with DIP are
younger27,29,56, exhibit dense ground-glass opacities
with minimal or no honeycombing on HRCT scans
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Fig. 12.5 Desquamative interstitial pneumonia (DIP). Photomicrograph: dense aggregates of alveolar macrophages are filling the

airspaces. The process is extensive and diffuse. The alveolar architecture is preserved. Fibrosis or honeycomb cysts are absent.

(Hematoxylin–eosin). (Reproduced with permission.)68



(Fig. 12.6), and usually respond to corticoster-
oids27,54,65,66,69,70,74. Long-term prognosis of DIP is
excellent. Improvement can occur spontaneously27,
following cessation of cigarette smoking54, or with
corticosteroid therapy27,29,66. Corticosteroids are
warranted for patients with symptoms or progres-
sive disease following cessation of smoking27,29,56.
Five-year survival exceeds 90%27,29,56. Progression to
severe honeycombing is rare66.

Another histological variant, termed respiratory
bronchiolitis interstitial lung disease (RBILD), is
characterized by dense collections of pigmented
alveolar macrophages within respiratory bronchi-
oles; the distal lung parenchyma is spared25,53,54,101.
Honeycombing is minimal or absent25,53,54. Micro-
scopic centrilobular emphysema is common102. The

pathological lesion respiratory bronchiolitis (RB)
was originally described in 1974 in an autopsy series
of young cigarette smokers who died of non-
pulmonary causes103. The lesions were subsequently
termed ‘small airways disease’104 or ‘smoker’s bron-
chiolitis’101 or ‘respiratory bronchiolitis-associated
interstitial lung disease’ (RBILD)25,54. Histological
features overlap with DIP, but DIP is more uniform
and extensive than RBILD and exhibits a striking
intra-alveolar component25,54.

More than 90% of cases of RBILD occur in
smokers53,54,102, but some cases are ascribed to
noxious or occupational exposures102. Most experts
believe that RBILD and DIP share a common patho-
genesis and are responses to constituents in cigarette
smoke or inhaled noxious agents25. Patients are
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Fig. 12.6 Desquamative interstitial pneumonia (DIP). HRCT scan reveals dense ground glass opacities with minimal areas of

normal lung parenchyma. Honeycomb cysts are not seen. (Hematoxylin–eosin). (Reproduced with permission.) (68)



relatively young (mean age 36 years)53,54 with mild
symptoms of cough, dyspnea, or sputum produc-
tion53,54,102. Chest radiographs show small irregular
opacities (‘dirty lungs’)101 or reticular or reticulonodu-
lar infiltrates54 but are normal in up to 28% of patients
with RBILD 54. HRCT scans reveal numerous, 2 to 3
mm irregular peribronchiolar nodules; ground glass
opacities or emphysema may also be present102,105.

The prognosis of RB or RBILD is excellent25,53,54

but data are limited. Smoking cessation is the main-
stay of therapy. Following cessation of smoking,
symptoms improve or resolve in �90% of
patients53,54. Corticosteroids were used in a minority
of patients53,54. Severe pulmonary fibrosis is rare101,
but patients may deteriorate102. British investigators
identified 10 patients of RBILD from 1980 to 1998; 6
had previously been classified as ‘cryptogenic fibros-
ing alveolitis102. Seven were treated with predniso-

lone (combined with AZA or CP in 6)102. Three dete-
riorated despite treatment and cessation of
smoking. The spectrum of RBILD is broader than in
the original descriptions53,54; additional studies are
required to elucidate the long-term prognosis.

Acute interstitial pneumonia (Hamman–Rich
syndrome)

Acute interstitial pneumonia (formerly Hamman–
Rich syndrome) is the most fulminant of the idio-
pathic interstitial pneumonias, progressing to fatal
respiratory failure within 1 to 6 months (often within
a few days)25,51,56,106–109. Histologically, AIP is charac-
terized by acute and organizing diffuse alveolar
damage (DAD) with hyaline membranes, fibrinous
exudates, and epithelial cell necrosis51 (Fig. 12.7).
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Fig. 12.7 Acute interstitial pneumonia (AIP). Photomicrograph: Open lung biopsies demonstrate diffuse alveolar damage,

organizing phase. The process is extensive and diffuse. Honeycomb cysts are absent. (Hematoxylin-eosin). (Reproduced with

permission.)68



Additional features include: intra-alveolar hemor-
rhage; interstitial and intra-alveolar edema; prolife-
rating type II alveolar cells; interstitial mononuclear
cell infiltrates; fibroblasts and myofibroblasts25,29,51.
The changes are temporally uniform and relatively
acute25. Proliferating fibroblasts are numerous but
collagen deposition (a marker of old fibrosis) is
minimal25,106. As the process heals, hyaline mem-
branes are resorbed and connective tissue prolife-
rates within the interstitium and airspaces51,106. The
histological features of AIP are non-specific, and are
found with myriad disorders including acute respir-
atory distress syndrome (ARDS), inhalation or drug-
induced injury25,106, collagen vascular diseases110–112,
vasculitis113,114, or infections25,106. In addition, a
subset of patients with CFA develop an accelerated
course, often as a terminal event, with features of
DAD on lung biopsy or necropsy107,109,115 (Fig. 12.8).

The factors responsible for this accelerated phase of
CFA are unknown, but viral infections, high concen-
trations of oxygen, or drug reactions are plausible
etiological factors109.

The clinical presentation and course of AIP is
similar to ARDS107,109,116. The onset is acute (1–2
weeks), with cough, dyspnea, bilateral alveolar infil-
trates, hypoxemia, and progressive respiratory
failure requiring mechanical ventilation107,109,116.
Fever and an antecedant viral illness are present in
50% of patients25,106,109,116. Mean age at onset is
49 years (range 7 to 83 years); there is no gender
predominance109. HRCT scans reveal extensive,
homogeneous ground glass opacities with consoli-
dation; in the acute phases, honeycombing is
absent107,109,116–118 (Fig. 12.9). In later phases (�7
days after the onset), foci of honeycombing, trac-
tion bronchiectasis, and distortion may be
observed109,116–118. Data are limited, but BAL neutro-
philia has been noted109,115.

Initial treatment is supportive, with supplemental
oxygen and mechanical ventilation (often with
positive end-expiratory pressure)106,109,116. Most
patients die within 1 month; �70% die within 6
months51,106,109,116,118. Although data regarding
therapy are sparse, some patients respond dramati-
cally to high dose corticosteroids51,106–108. We advo-
cate high dose intravenous methylprednisolone
(250 to 1000 mg/day, for 3–4 days), with subsequent
taper. The roles of cytotoxic agents, surfactant, anti-
cytokine antibodies, or inhaled nitric oxide are not
known109. Patients surviving the initial episode of
AIP may heal with no sequelae or with variable
degrees of fibrosis51,106,109. Survivors do not develop
progressive disease and do not evolve to CFA106,109.

Non-specific interstitial pneumonitis/fibrosis
(NSIP)

The term non-specific interstitial pneumonitis/
fibrosis (NSIP) was proposed in 1994 for cases of
idiopathic interstitial pneumonias that do not fit
histopathological criteria for the other categories
(i.e. UIP, DIP/RBILD, AID)25,52. Since clinical, physio-
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Fig. 12.8 Acute interstitial pneumonia. PA chest radiograph in

a 71-year-old male with known UIP (for �2 years) who

presented with acute decompensation, severe hypoxemia

requiring mechanical ventilatory support. Note confluent

alveolar opacification in the right upper lobe. Bibasilar

infiltrates are also present. The left hemidiaphragm is elevated

consistent with prior phrenic nerve injury. Open lung biopsy

demonstrated AIP with diffuse alveolar damage (DAD). No

infectious cause was identified. Following high dose i.v.

methylprednisolone, he improved dramatically and the right

upper lobe infiltrate resolved completely.



logical, and radiographic features of NSIP overlap
with UIP and DIP, examples of NSIP prior to 1994
were included in series of CFA or IPF. Several recent
studies29,31,33,56,119, after re-reviewing open lung
biopsies previously labelled as CFA or IPF, identified
a significant proportion (10 to 15%) of patients with
histological features consistent with NSIP. Other
terms previously used to refer to NSIP include
‘unclassified pneumonia’120 or ‘cellular interstitial
pneumonia’25,110. NSIP may complicate collagen
vascular disease (CVD)110,119 and is a stereotypic
response to diverse lung injuries or toxins25,121. The
term NSIP is confusing, since this previously
referred to a non-specific histological lesion in
immunocompromised hosts (HIV-infected patients
or bone marrow transplant recipients)122–124.
Currently, the term idiopathic NSIP is reserved for a
specific histological lesion in immunocompetent

hosts with clinical and radiographic features mim-
icking CFA/UIP52.

Although NSIP resembles UIP and DIP clinically,
these entities are distinguished by histopathological
criteria. The cardinal feature differentiating NSIP
from UIP is the temporal homogeneity seen in
NSIP25,52 (Fig. 12.10). In NSIP, the lesions are of
similar age; in UIP both recent and old lesions are
present concomitantly8,25,31,52,56. Inflammation and
fibrosis are observed in both NSIP and UIP, but hon-
eycombing is rarely severe in NSIP25,29,31,33,56.
Compared to UIP, NSIP is associated with less fibro-
sis and less destruction of the alveolar architec-
ture25,27. Foci of BOOP, bronchiolocentricity,
germinal centres, and granulomas are often noted in
NSIP, but are not found in UIP29,31,33,52,119 (Fig. 12.11).
Compared to UIP, patients with NSIP are
younger29,33,56 and there is a slight female predomi-
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Fig. 12.9 Acute interstitial pneumonia (AIP). HRCT scan from the same patient demonstrates dense alveolar opacification of the

right upper lobe. Honeycombing is absent. The left lung demonstrates a few thick septal lines but is relatively unaffected.



nance25,31,125. The clinical course is subacute in NSIP
(1 to 4 months), but insidious in UIP (�1–2 years)31.
Fever, noted in one third of patients with NSIP, is
never seen in UIP31. Chest radiographic and HRCT
features differ between NSIP and UIP. Bilateral
patchy alveolar or ground glass opacities are a prom-
inent feature of NSIP but are rare in UIP31,33,125,126

(Fig. 12.12). Honeycombing, a cardinal feature of
UIP, is rare in NSIP31,33,125. BAL lymphocytosis is
common in NSIP, but rare in UIP31,119.

Most importantly, the prognosis of NSIP is better
than UIP. More than two thirds of patients with NSIP
improve (with or without therapy)31,52.Three year sur-
vival exceeds 80%29,31,33,56. Prognosis is influenced by
the degree of fibrosis or cellularity on surgical lung
biopsies29,31,52,119. Patients with ‘cellular’ NSIP have a
better prognosis (fatalities, 	10%) compared to
‘fibrotic’ NSIP (fatalities, 13–65%)29,31,33. The designa-

tion NSIP is excessively broad, and should be
replaced by categories of‘cellular’ or‘fibrotic’ forms29.
All of these studies were retrospective, so conclusions
are limited. Prospective studies are required to eluci-
date the long-term prognosis of NSIP.

Collagen vascular diseases

Pulmonary complications of collagen vascular dis-
orders (CVDs) are protean, and are important causes
of morbidity and mortality127. Fibrosing alveolitis
(FA) complicates diverse CVDs, and can be the pre-
senting feature26. The spectrum of histopathological
changes of CVD-FA includes: UIP; NSIP; cellular or
follicular bronchiolitis; bronchiolitis obliterans
(with or without organizing pneumonia)25,26,110,128.
Progressive pulmonary fibrosis, indistinguishable
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Fig. 12.10 Non-specific interstitial pneumonia (NSIP). Photomicrograph demonstrates patchy interstitial fibrosis that lacks the

subpleural distribution and temporal heterogeneity of UIP. (Reproduced with permission.)68



clinically, physiologically, and radiographically from
CFA, can occur26,129. However, the course of CVD-FA
is more indolent than CFA26,129. Symptoms of non-
productive cough or dyspnea progress slowly over
years26. End-inspiratory (velcro) bibasilar rales are
typical26. Bibasilar reticular infiltrates, shrinking
lung volumes, and honeycombing on chest radio-
graphs evolve over months or years26,129. PFTs dem-
onstrate reduced lung volumes and/or DLCO26,129.
Chest radiographs or PFTs cannot assess the extent
of alveolitis or fibrosis, but serial studies are invalu-
able to follow the course of the disease. Historically,
the approach to CVD-FA was nihilistic, owing to the
chronicity of the process, low rate of response to
therapy, and need for long-term (potentially toxic)
therapy. Optimal therapy of CVD-FA is controversial,
but corticosteroids and immunosuppressive or
cytotoxic agents may ablate any inflammatory com-
ponent. Therapy should be stratified according to
acuity and severity of disease, to identify patients at
greatest risk for disease progression who may
benefit from therapy.

Progressive systemic sclerosis (PSSc)

Pulmonary complications of PSSc include: fibrosing
alveolitis, pulmonary hypertension, recurrent aspi-
ration pneumonia (among patients with severe
esophageal dysfunction), and rarely, bronchiolitis
obliterans, pulmonary hemorrhage, or bronchio-
loalveolar cell carcinoma26. In this chapter, we
discuss only FA, which affects most patients with
PSSc at some point during the course of the disease.
Chronic FA is the most common cause of death from
PSSc18,129,130. More than 80% of patients with PSS
exhibit FA at necropsy26. Chest radiographs demon-
strate reticular or reticulonodular infiltrates consis-
tent with FA in 20 to 45% of patients with PSSc26.
Dilatation of the esophagus (reflecting aperistalsis)
or pulmonary hypertension are sometimes
present26. Pulmonary function tests are similar to
CFA, except 15 to 30% of PSSc-FA patients exhibit an
obstructive component (likely reflecting peribron-
chiolar fibrosis)26. The course of PSSc-FA is hetero-
genous26 but most patients deteriorate gradually
over many years18,127,129. The course is less severe
than IPF, even when HRCT scans and PFTs are com-
parable at presentation18,129. In a recent study, 5-year
survival from the onset of dyspnea was 86% in
patients with PSSc-FA compared to only 50% with
CFA129. Neither the duration of PSSc nor the extent of
extrapulmonary involvement correlate with the
extent of FA131. Histological features of PSSc-FA are
similar to IPF/CFA26. Additional features include fol-
licular bronchiolitis and small airway disease18.
Increases in inflammatory cells (e.g., neutrophils,
eosinophils, or lymphocytes) were found in most
patients with PSSc, even when PFTs and HRCT were
normal18,131,132. Factors associated with a deteriorat-
ing course and likelihood of developing pulmonary
hypertension include: peripheral vascular involve-
ment, digital pitting or ulcerations, severe Raynaud’s
phenomenon, and a history of smoking26,133.
Pulmonary hypertension or DLCO less than 40%
predict an increased mortality 26,133.

Because of the indolent course of PSSc-FA, and
potential adverse effects with therapy, the historical
approach has been nihilistic. However, a subset of
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Fig. 12.11 Non-specific interstitial pneumonia (NSIP). PA

chest radiograph demonstrates diffuse interstitial infiltrates.

Note the peripheral predominance. VATS lung biopsy

demonstrated NSIP.



patients with PSSc manifest active alveo-
litis127,131,132,134 and may benefit from treatment.
Although controlled, randomized therapeutic trials
are lacking, anecdotal responses were achieved
with corticosteroids or immunosuppressive
agents127,134–136. Several studies cited favourable
responses with CP (oral or i.v. pulse) for PSSc, even
in patients failing corticosteroids134–136. In one
retrospective study, improvement in VC was greatest
among PSSc-FA patients treated with CP compared
to -penicillamine, corticosteroids, other immuno-
suppressive agents, or no therapy136. A prospective,
non-randomized trial cited improvement in PFTs in
14 of 18 patients treated with oral CP (2–2.5
mg/kg/day) plus prednisone135. In a recent study,
monthly i.v. pulse CP (750 mg/m2) for 12 months was
as effective as daily oral CP (2–2.5 mg/kg) for the
same period137. All patients received concurrent cor-

ticosteroids (10 mg/day)137. Neither regimen was
effective when a reticular appearance predominated
on HRCT137. Rates of response are likely highest if
active alveolitis is present135,136. Although CP is the
best studied agent for PSSc-FA, potential long term
sequelae (including neoplasia) make CP less attrac-
tive for long-term use45. Data evaluating other
agents are limited. In two uncontrolled studies, -
penicillamine was of equivocal benefit compared to
corticosteroids138 or no treatment139. In a non-
randomized trial, cyclosporin did not affect pulmo-
nary or cardiac involvement in 10 patients with
PSSc140. Chlorambucil was ineffective in one three-
year randomized, prospective study141. Published
data employing azathioprine (AZA) for PSSc-FA are
lacking. A recent international consensus panel2

suggested using CP plus low dose prednisolone for
patients with PSSc-FA requiring therapy. We do not

Treatment of parenchymal lung diseases 263

Fig. 12.12 Non-specific interstitial pneumonia (NSIP). HRCT scan reveals areas of ground glass opacities and small honeycomb

cysts. Note the focal, peripheral (subpleural) predominance. VATS lung biopsy demonstrated NSIP.



believe treatment is indicated for most patients with
PSSc-FA, but an empirical trial of therapy is reason-
able in patients with an acute or subacute course,
particularly if ancillary evidence for alveolitis, e.g.
ground glass opacities on HRCT; lymphocytosis on
BAL, are present. In this context, CP, AZA, or corti-
costeroids (alone or in combination) can be consid-
ered.

Rheumatoid arthritis (RA)

Pleuropulmonary manifestations of rheumatoid
arthritis (RA) are protean and include: pleural effu-
sions; fibrosing alveolitis; obliterative bronchiolitis
(with or without organizing pneumonia); lympho-
cytic infiltration of the walls of small airways; rheu-
matoid pulmonary nodules; Caplan’s syndrome;
pulmonary vasculitis; bronchiectasis; pulmonary
hypertension26. Complications related to phar-
macological therapy of RA include opportunistic
infections142 or toxic or hypersensitivity pneumon-
ias26,45,143,144. In this chapter, we limit our discussion
to FA complicating RA (also termed ‘rheumatoid
lung’).

The prevalence of FA in RA varies widely (3 to 41%)
among published studies, which reflects heteroge-
neous patient populations and different methods to
detect disease26. The presence of FA does not corre-
late with extent, duration, or activity of the articular
or systemic components26. Risk factors for RA-FA
include: male gender; age �60 years; history of
smoking; high titres of circulating rheumatoid
factor; variant �-1-antitrypsin phenotypes, and
HLA-B4026. Aberrations in chest radiographs or PFTs
are common, even in asymptomatic patients.
Aberrations in HRCT scan were noted in 29 to 52% of
patients with RA, even in the absence of pulmonary
symptoms16,145–147. Pulmonary function tests reveal
restrictive defects or reduced DLCO in 10 to 40% of
patients with RA, even without pulmonary symp-
toms. Histological features of ‘rheumatoid lung’ are
similar to CFA, but additional features may be
observed, e.g. lymphoid hyperplasia, LIP; follicular
bronchiolitis; rheumatoid nodules26.

The course of FA complicating RA is usually indo-
lent, but 1 to 4% of patients with RA develop severe,
disabling FA26. The natural history of asymptomatic
rheumatoid lung disease is not known. However,
among symptomatic patients with RA-FA, 5-year
mortality exceeds 30%26,148. In an autopsy series of 81
patients with RA, pulmonary fibrosis was present in
35%; 8 patients died of respiratory failure149. Optimal
therapy is not clear, as controlled therapeutic trials
have not been done. Treatment of rheumatoid lung
disease is similar to FA complicating other CVDs.
Corticosteroids are most often used as initial
therapy26. Immunosuppressive or cytotoxic agents
are reserved for patients failing or intolerant of cor-
ticosteroids26,148,150,151.

Polymyositis and dermatomyositis

Pulmonary complications of polymyositis (PM) or
dermatomyositis (DM) include: respiratory failure
due to severe neuromuscular weakness; aspiration
pneumonia due to weakness of the pharyngeal mus-
culature; diaphragmatic paresis or dysfunction;
fibrosing alveolitis; bronchiolitis obliterans (with or
without organizing pneumonia); opportunistic
infections26,110,128. We limit our discussion to FA
which complicates PM/DM in 3 to 10% of patients26.
Clinical, radiographic, physiological, and histopath-
ological features are similar to FA complicating other
CVDs16,26. The course is usually gradual and insidi-
ous, but acute, fatal respiratory insufficiency can
occur26. Fibrosing alveolitis occurs at any point in
the course of PM or DM, and may be the presenting
feature110. The severity of FA does not correlate with
the course of the muscle disease, muscle enzymes,
or systemic features26,110. Serological markers iden-
tify patients at greatest risk for FA. Circulating auto-
antibodies to the enzyme histidyl-tRNA-synthetase
(anti-Jo1, anti-PL7, and anti-PL-12) or KJ are present
in a majority of patients with PM or DM with FA but
in 	20% of patients with PM or DM without FA26,152.
These autoantibodies are rarely present in other
CVDs26,152,153. Long-term prognosis of FA is poor,
with 3 year fatality rates exceeding 30% in some
studies26,110.
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Corticosteroids are the cornerstone of therapy for
myopathic and systemic manifestations of PM or
DM, but data evaluating FA are sparse153.
Corticosteroids are most likely to be efficacious in
patients with active alveolitis and before irreversible
damage has been incurred26,110. Immunosuppressive
or cytotoxic agents are reserved for patients failing
or intolerant of corticosteroids. Anecdotal successes
have been cited with methotrexate, azathioprine,
cyclophosphamide, or cyclosporine A153. In a recent
study, six patients with rapidly progressive FA com-
plicating diverse CVDs were treated with monthly
i.v. pulse CP plus prednisone for 6 to 9 months154. All
6 improved (based on PFTs, exercise capacity, HRCT,
and BAL cell counts)154. Remissions were then main-
tained with hydroxychloroquine, azathioprine or
cyclosporine A154. Others cited response to i.v. pulse
CP, followed by oral azathioprine, in a patient with
corticosteroid-recalcitrant FA155. In a separate study,
cyclosporine A was effective in all 5 patients with FA
complicating PM or DM who had failed corticoster-
oids156. Patients without elevated creatine phos-
phokinase (CPK) levels were more likely to be
resistant to corticosteroids156. These reports are
encouraging, but data are sparse and the optimal
agent for FA complicating PM or DM has not been
elucidated.

Systemic lupus erythematosus

Pleuropulmonary complications of systemic lupus
erythematosus (SLE) are protean157–159. Pleuritis is
the most common thoracic manifestation, affecting
45 to 60% of patients during the course of the
disease157,158. Pulmonary complications of SLE
included acute lupus pneumonitis, fibrosing alveo-
litis, alveolar hemorrhage (capillaritis); pulmonary
embolism (often due to circulating anticardiolipid
antibodies); bronchiolitis obliterans (with or
without organizing pneumonia)128,160; cavitating
pulmonary nodules; pulmonary vasculitis;
diaphragmatic dysfunction; opportunistic infec-
tions or drug toxicity from immunosuppressive
therapy45,142.

Pulmonary hemorrhage is a rare and potentially

fatal complication of SLE161. Diffuse alveolar hemor-
rhage (DAH) presents with bilateral alveolar infil-
trates, hypoxemia, dyspnea, and anemia158,161 (Fig.
12.13). DAH usually occurs in patients with a known
history of SLE, high titres of circulating anti-DNA
antibody, and active extrapulmonary disease158,161.
Glomerulonephritis is often present158,159,161. The
diagnosis can be assumed in the appropriate clinical
context by bronchoscopy with BAL157. The presence
of gross blood in the airways, serosanguinous BAL
fluid, hemosiderin-laden macrophages, absence of
purulent sputum, and lack of infectious organisms
by appropriate stains strongly support the diagnosis
of DAH. Open lung biopsy has potential morbidity in
patients with life-threatening DAH and is rarely war-
ranted. Although randomized trials are lacking, high
dose intravenous pulse methylprednisolone is rec-
ommended157. Cyclophosphamide is reserved for
corticosteroid failures. Plasmapheresis has been
used, with anecdotal successes, but is reserved for
severe DAH refractory to corticosteroids and cyto-
toxic agents162,163.

Acute lupus pneumonitis, presenting as cough,
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Fig. 12.13 Diffuse alveolar hemorrhage complicating systemic

lupus erythematosus (SLE). PA chest radiograph

demonstrating bilateral alveolar infiltrates in a 22-year-old

female with SLE, hemoptysis, anemia, and acute renal failure.

Bronchoscopy demonstrated fresh blood, serosanguinous BAL

fluid, and hemosiderin-laden macrophages.



dyspnea, hypoxemia, and fever, occurs in 1–4% of
patients with SLE157,158,164. This entity as controver-
sial, as features overlap with DAH and myriad other
causes (including infection). Lung biopsies are
obtained infrequently. Histological features overlap
with acute DAH; inflammatory cellular infiltrates,
edema, hemorrhage, hyaline membranes, and capil-
laritis may be present157. Data evaluating therapy are
spare. Corticosteroids are recommended for
patients with a fulminant course, provided infec-
tious etiologies are excluded. Immunosuppressive
or cytotoxic agents are reserved for corticosteroid-
recalcitrant patients.

Clinically significant FA complicates SLE in 3 to
13% of patients, but is rarely severe127,157,158.
Asymptomatic FA is common. Chest radiographic
abnormalities consistent with FA are present in 6 to
24% of patients in unselected patients with SLE157,165;
abnormalities in PFTs are noted in up to two-thirds of
patients158,165. In a recent prospective study of 34
patients with SLE who had HRCT scans, features con-
sistent with FA were present in 11 patients (9 had pul-
monary symptoms)165. PFTs were abnormal in 7 of
these 11 patients. Mild or asymptomatic FA is
common, but severe pulmonary fibrosis is
rare127,157,158. A review of 120 necropsies in SLE
patients detected moderate or severe pulmonary
fibrosis in only 4 patients166. Histological features of
FA complicating SLE are non-specific and include:
varying degrees of chronic inflammatory cell infil-
trates; peribronchial lymphoid hyperplasia; intersti-
tial fibrosis; hyperplasia of type II pneumocytes157,158.
The presence of scleroderma-like traits (e.g.
Raynaud’s phenomenon, swollen fingers, sclerodac-
tyly, telangiectasia, dyspnea, nailfold capillary
abnormalities) among patients with SLE was asso-
ciated with a higher prevalence of restrictive defects
or reduced DLCO167. Progressive, severe FA rarely
complicates SLE, but may be seen in a subset of
patients with SLE in the context of overlap syn-
drome157 (Fig. 12.14). Data evaluating therapy are
sparse. Corticosteroids, immunosuppressive or
cytotoxic agents may be efficacious, but therapeutic
trials are lacking157,158.

Overlap syndrome and mixed connective tissue
disease (MCTD)

Overlap syndrome is characterized by clinical man-
ifestations overlapping with two or more of the five
major CVDs (e.g., PSSc, RA, PM, DM, or SLE)26.
Features of two or more CVDs may occur concur-
rently, or the disease may evolve from one CVD to
another. Early manifestations include arthralgias,
Raynaud’s phenomenon, myalgias, esophageal dys-
function, and circulating antinuclear antibodies26.
Mixed Connective Tissue Disease (MCTD) displays
overlapping features of SLE, PSSc, or PM; high titre
circulating antibodies (anti-RNP) to a ribonuclease-
sensitive extractable nuclear antigen (ENA) and a
speckled antinuclear antibody (ANA) are present;
antibodies to Sm are absent168. The designation of
MCTD as a distinct clinical syndrome is controver-
sial. Pulmonary manifestations occur in up to 85% of
patients with MCTD. Of these, fibrosing alveolitis168

and pulmonary hypertension169 are the most
common and important. Rare pulmonary complica-
tions include: recurrent aspiration pneumonias (in
patients with esophageal dysmotility); BOOP; pul-
monary hemorrhage)26. Fibrosing alveolitis devel-
ops in 25 to 85% of patients with MCTD during the
course of the disease26,168,170. The clinical expression
of FA complicating MCTD is variable. Treatment is
similar to FA complicating other CVDs.

Sjogren’s syndrome (SS)

Sjogren’s syndrome (SS) is characterized by lympho-
cytic infiltration and destruction of exocrine glands
and symptoms of xerostomia and/or xerophthalmia
(sicca syndrome)26. Sjogren’s syndrome may occur
as a primary syndrome (pSS) or as a secondary syn-
drome (sSS) in the context of a specific autoimmune
disorder, e.g. RA, SLE, PM/DM, PSSc26. The inci-
dence of pSS is 1 in 2500; sSS is more common (up to
0.5% of the population) 26,171. Pulmonary manifesta-
tions of primary or secondary SS are protean and
include: FA; LIP; lymphoproliferative disorders
(pseudolymphoma and lymphoma), xerotrachea;
BOOP; pleural effusions or fibrosis26. Fibrosing
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alveolitis complicating SS is indistinguishable from
FA complicating other CVDs26. The reported inci-
dence of FA in SS ranges from 9 to 55%26,172–175,
reflecting variations in diagnostic testing and popu-
lations studied. Chest radiographs are abnormal in
25 to 62% of patients with SS; PFTs are abnormal in
25 to 44%172–175. Several studies detected alveolitis
(as assessed by BAL, gallium-67 scans, or HRCT) in
approximately 50% of patients with SS, even in
asymptomatic patients26,171,174. Overall, pulmonary
complications are more common in sSS, but FA is
more common in pSS26,171. Clinical or serological
features fail to identify patients with SS most likely
to develop pulmonary disease171,173,174. Histo-
pathological features are similar to FA complicating
other CVDs26,171,176.

The course of FA complicating SS is variable, and

treatment is not well defined. Favourable responses
were cited with corticosteroids, AZA or CP171,177, but
controlled treatment trials have not been done. In
one study, 11 patients with SS-FA were treated with
AZA (6 received corticosteroids concomitantly)171.
Vital capacity improved by at least 10% in 7 patients
(66%). None of 5 untreated patients improved.
Others cited favourable responses to low dose cyclo-
sporine A (1mg/kg), even in corticosteroid-
refractory FA complicating SS178–180.

Occupational lung disease

Materials inhaled at the workplace can induce upper
or lower airway injury181–183. The spectrum of
illness is broad, and ranges from rhinitis, laryngitis,
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Fig. 12.14 Usual interstitial pneumonia (UIP) complicating overlap syndrome. HRCT scan demonstrates extensive honeycomb

cysts which a predilection for the peripheral (subpleural) regions in a patient with overlapping features of PSSc and SLE.



tracheitis, bronchitis, bronchiolitis, asthma, pneu-
monitis, or even life-threatening respiratory
failure181–184. Isocyanates, widely used in polyure-
thane foams and paints, cause occupational
asthma181 but �250 substances evoke similar
responses181,183,185. Diverse occupational substances
produce industrial bronchitis, e.g. welding, noxious
chemicals, mining, storage and processing of grains
and feeds, cotton textile milling, etc.181,184,186,187.
Severe bronchiolitis obliterans or constrictive bron-
chiolitis may follow exposure to nitrogen dioxide
(silo filler’s disease), chlorine, or noxious chemi-
cals181,188. Several occupational dusts cause or con-
tribute to chronic obstructive lung disease or
emphysema181,187,189,190. Beryllium dust, silica, and
hard metals, e.g. cadmium, cobalt, manganese, alu-
minium, cause severe, progressive pneumoconio-
sis181,191–195. The link between exposure to an
offending noxious agent, irritant, or allergen may
not be obvious, since only a small proportion of
exposed individuals develop clinical symptoms.
Differences in host and genetic susceptibility are
marked181,196. Several substances in the workplace
can cause lung cancer in humans, e.g. asbestos,
radon, silica, chromium, cadmium, nickel, arsenic,
and beryllium181. Discussion of these myriad occu-
pational respiratory illnesses is beyond the scope of
this chapter and is reviewed elsewhere181–183.

Interstitial lung disease caused by workplace
exposures may be due to direct injury, allergic
responses, e.g. hypersensitivity pneumonia, or
diverse unknown mechanisms181–183. Most cases of
severe fibrotic lung disease due to occupational
exposures are attributed to coal worker’s pneumo-
coniosis, silicosis, and asbestosis, but cobalt, talc,
and kaolin are important181,197. It is highly likely that
many cases of ‘idiopathic’ pulmonary fibrosis are
non-specific reactions to diverse occupational or
environmental exposures which are not recognized
by the treating physicians60,198. The link between
occupational exposure and lung injury may not be
obvious, particularly when a long latent period exists
between exposure and development of symptoms.
Workplace environments with high levels of irri-
tants, dust, smoke, or chemicals are often suspected,

but even low-grade exposures to solvents, paints,
oils, or chemicals can elicit immune or injurious
responses. Treatment for occupational lung disease
primarily involves removing patients from the
offending environment. Corticosteroids are used for
patients with fulminant or severe injury, but data
supporting their efficacy are lacking.

Recent reports of previously unrecognized
occupational lung diseases, e.g. chronic non-
granulomatous interstitial lung disease among
workers in the nylon flocking industry199–201 and
hypersensitivity pneumonia among workers in a
peat moss packaging plant202 underscore the fact
that myriad other toxins/allergens in the environ-
ment are likely (albeit unrecognized) causes of idio-
pathic interstitial pneumonias.

Drug-induced interstitial lung disease

A variety of drugs and exogenous agents elicit lung
injury or fibrosis, resulting in acute or chronic pneu-
monitis, acute alveolar hemorrhage, or non-cardiac
pulmonary edema203–206. The clinical course of drug-
induced pneumonitis/fibrosis is variable, ranging
from acute, fulminant respiratory failure to a
chronic, indolent course, with progressive dyspnea
over months or even years. Multiple mechanisms
and agents/drugs induce lung injury.

Cytotoxic drugs, e.g. cyclophosphamide, chloram-
bucil, busulfan, bleomycin, nitrosoureas, mitomy-
cin, cause direct lung injury via oxygen radicals, DNA
intercalation, or direct cytotoxicity45,203,206. The risk is
highest with carmustine (BCNU) (�30%)207,208,209;
intermediate with busulfan, bleomycin, and mitom-
ycin (2 to 10%)203,206; uncommon with cyclophospha-
mide (	1%)210. Prior chemotherapy or radiation
therapy amplifies the risk. For BCNU and bleomycin,
the risk of lung injury is dose dependent203,208.
Pulmonary toxicity develops in 50% of patients203

when the cumulative dose of BCNU exceeds 1500
mg/m2. Risk factors for bleomycin-induced lung
injury include: cumulative dose �450 units; age �70
years; use of supplemental oxygen203. Histo-
pathological features of cytotoxic drug-induced lung
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injury include: type II cell proliferation and cellular
atypia; inflammatory cell infiltrates in the alveolar
septae or spaces; varying degrees of fibrosis206,209.
Prognosis of alkylating agent-induced lung disease is
poor. Prompt cessation of therapy is mandatory, but
the disease may still progress; mortality exceeds 10%
in severe cases204,206,209. Corticosteroids are war-
ranted for severe or progressive cases, but are often
ineffectual. Responses may occur if treatment is ini-
tiated early208,209,211.

Aggressive multiagent chemotherapeutic regi-
mens with autologous bone marrow transplantation
(ABMT) and/or peripheral blood progenitor cell
support are increasingly used to treat high risk
primary breast cancer with extensive lymph node
involvement207–209,211. Delayed pulmonary toxicity
syndrome (DPTS), due to drug-induced interstitial
pneumonia, may occur following high dose chemo-
therapy or ABMT in this population207. Standard
dose induction chemotherapy adversely affects lung
function, and induces an inflammatory cellular
response (even in asymptomatic patients)211.
Subsequent high dose consolidation chemotherapy
or stem cell transplantation amplifies the injury211.
Delayed pulmonary toxicity syndrome developed in
72% of breast cancer patients who received both
initial and consolidation high dose chemotherapy
compared to only 4% among patients receiving stan-
dard dose chemotherapy211. The risk of DPTS did not
correlate with age, smoking history, or prior lung
disease211. Early treatment with prednisone sub-
stantially attenuates injury in symptomatic patients
with declining PFTs following chemotherapy211.

Methotrexate, sulfasalazine, and gold salts evoke a
T-suppressor cell (CD8�) predominant alveolitis
consistent with hypersensitivity pneumonia
(HP)203,212. The risk is highest with methotrexate (2 to
7%)45,212 and rare (	1%) with other agents203. Lung
biopsies reveal dense infiltrates with lymphocytes
and plasma cells, foamy macrophages, and scat-
tered non-necrotizing granulomata206,212. BAL
reveals CD8(�)-predominant lymphocytosis203.
Hypersensitivity pneumonia may complicate use of
hydroxy-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors213 or cabergoline, a dopaminer-

gic anti-Parkinson drug214. Other dopamine
agonists, e.g. ergotamine, mesulergine, lisuride,
bromocriptine, and methysergide, can cause pleu-
ropulmonary disease and mediastinal and retroper-
itoneal fibrosis215. Pharmacological agents or drugs
may elicit acute eosinophilic pneumonia, which
sometimes progresses to hypoxemic respiratory
failure216–220. The prognosis of drug-induced HP or
eosinophilic pneumonia is usually favourable fol-
lowing withdrawal of the offending agent203,214,216–220.
Corticosteroids hasten resolution and are recom-
mended for severe or progressive cases.

Amiodarone, an iodinated anti-arrhythmic agent,
causes pulmonary toxicity in 5 to 10% of
patients221,222. Pulmonary toxicity is rare with other
anti-arrhythmics. The incidence is highest with
tocainide (0.3%) and rare (	0.01%) with mexiletine
or flecainide203. Amiodarone can cause acute or
chronic pneumonitis. Acute amiodarone pneumo-
nitis presents with fever, mixed alveolar–interstitial
infiltrates on chest radiographs, and leukocytosis,
mimicking pneumonia221,222. Rarely, the course is
fulminant, progressing to ARDS222. Chronic pneu-
monitis presents with dry cough; progressive
dyspnea, interstitial infiltrates on chest radiographs;
and a restrictive defect on PFTs222. HRCT scans
reveal localized or diffuse areas of very high attenu-
ation, corresponding to accumulations of ‘foamy
macrophages’ containing iodine222. These features
may be observed even in asymptomatic patients
receiving amiodarone. Histopathological features of
amiodarone toxicity include: abundant, intra-
alveolar macrophages; chronic mononuclear infil-
trates; foci of fibrosis221,206. With fulminant forms,
diffuse alveolar damage (DAD), hyaline membranes,
and intra-alveolar hemorrhage may be seen206.
Foamy macrophages may be present in BAL fluid or
lung biopsy even in asymptomatic patients receiv-
ing amiodarone221. Risk factors for amiodarone tox-
icity are not well defined. Total cumulative dose,
serum levels, or prior pulmonary disease do not
predict toxicity222. Treatment involves discontinuing
amiodarone and switching to an alternative antiar-
rhythmic agent. Corticosteroids are warranted for
severe or progressive disease.
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Nitrofurantoin causes acute or chronic interstitial
pneumonitis in 	1% of treated patients203,206. Acute
pneumonitis may present within the first month of
therapy, with fever, dry cough, and dyspnea; myal-
gias, arthralgias, or skin rash are present in up to
30%203,205. Mild cases often resolve promptly with
discontinuation of nitrofurantoin. Severe cases
require treatment with corticosteroids. Chronic
interstitial pneumonia, indistinguishable from CFA,
may also occur203,205. Prognosis is less favourable, as
fibrosis may be significant by the time the relation-
ship between the drug and pulmonary disease is rec-
ognized.

Non-cardiac pulmonary edema (NPE) rarely com-
plicates the use of salicylates, thiazide diuretics, nar-
cotics, and cytarabine (a chemotherapeutic
agent)203,206. Mechanisms are varied. Some agents
cause damage to alveolar endothelium and epithe-
lium, resulting in capillary leak syndrome203,206.
Narcotics cause acute pulmonary hypertension.
Acute pulmonary hemorrhage is a rare complication
of trimellitic anhydrides, isocyanates, -penicil-
lamine, prophylthiouracil, and cocaine223.
Irrespective of implicated agent, NPE usually
resolves following withdrawal of the drug.

Acute or chronic eosinophilic pneumonias rarely
complicate the use of sulfonamides, �-lactam anti-
biotics, isoniazid, pyrimethamine-dapsone, and
other antimicrobials203,205,206. Hydralazine, procain-
amide, quinine, and isoniazid can cause a lupus-like
syndrome with pleural effusions, fever, arthritis,
pericarditis, and positive antinuclear antibodies, but
pulmonary parenchymal infiltrates are rarely
observed157.

Genetic disorders associated with pulmonary
fibrosis

Hermansky–Pudlak syndrome

Pulmonary fibrosis may complicate Hermansky–
Pudlak syndrome (HPS), a rare autosomal recessive
disorder characterized by lysosomal accumulation

of ceroid lipofuscin, a platelet storage pool defi-
ciency, and oculocutaneous albinism224. Clinical
manifestations include: bruising, prolonged bleed-
ing time, hypopigmentation of skin and hair, con-
genital nystagmus, iris transillumination, and, in
some patients, granulomatous colitis or pulmonary
fibrosis225. HPS occurs worldwide, but is most
common in Puerto Rico, where the incidence is
1:800225. Pulmonary fibrosis develops in the fourth
or fifth decade of life, but time of onset and clinical
severity is variable225–227. Cough and dyspnea
progress insidiously; PFTs reveal a restrictive defect
with low DLCO225,226. HRCT features resemble
CFA225,226 but upper lobe bullae and bronchiectasis
also occur228. Lung biopsies demonstrate fibrosis,
honeycomb cysts, and a chronic inflammatory infil-
trate with macrophages containing lipofuscin227.
These macrophages stain positively with periodic
acid-Schiff (PAS) and fluoresce intensely orange–red
under ultraviolent light due to the engulfed
ceroid228. Progressive, fatal respiratory insufficiency
can occur227, but the course is variable. No therapy is
of proven benefit228.

Neurofibromatosis

Pulmonary fibrosis occurs in 7 to 20% of patients
with neurofibromatosis (NF), an autosomal domi-
nant disease with primarily neurological and cuta-
neous manifestations228,229. The incidence is 1:3000
births; nearly half of cases arise by spontaneous
mutation228. Extrapulmonary features include:
multiple neurofibromas; café au lait spots; axillary
freckling; Lisch nodules (hamartomatous forma-
tions of the iris); meningiomas or gliomas228,229. The
incidence and onset of pulmonary disease are vari-
able. Pulmonary symptoms usually appear after age
35228. Radiographic features include diffuse intersti-
tial infiltrates or bullous disease; intercostal neuro-
mas; intrathoracic meningomyelocoeles; vertebral
defects; scoliosis228. Pulmonary function tests reveal
restrictive or obstructive defects228. The pathology of
pulmonary fibrosis complicating NF is similar to
CFA228. Data are limited; the natural history is not
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known. Some patients progress to pulmonary
hypertension, cor pulmonale, or fatal respiratory
failure230. No therapy is of proven benefit228.

Gaucher’s disease

Gaucher’s disease (GD), a lysosomal storage disease
resulting from deficiency of glucocerebrosidase, is
inherited as an autosomal recessive trait228. Clinical
manifestations are caused by accumulation of glu-
cocerebroside in cells of the reticuloendothelial
system228,231,232. Identification of Gaucher cells,
which autofluoresce and stain positively with PAS, is
diagnostic231. Pulmonary involvement, due to infil-
trating Gaucher cells in the alveolar interstitium,
spaces, or capillaries, is common in infantile GD, but
is rare in the adult form228,231,232. Infantile and adult
GD differ strikingly in clinical presentation and
prognosis. Infantile GD is usually fatal within the
first two years of life (due to progressive neurological
impairment)228. Primary manifestations of GD in
adults include hepatosplenomegaly, pancytopenia,
bone pain and fractures due to bone marrow
replacement with Gaucher cells228. Neurological
lesions are rare in adults228,231,232. Laboratory fea-
tures of GD include pancytopenia, elevated liver
enzymes, and increased acid phosphatase228.
Pulmonary manifestations include: reduced lung
volumes; low DLCO; diffuse interstitial or miliary
infiltrates on chest radiographs228,231,232. Gaucher
cells may be found in sputum or BAL228. Obliteration
of pulmonary capillaries may cause pulmonary
hypertension and cor pulmonale232. Pulmonary
fibrosis or alveolar inflammation are absent231,232.
Treatment options are limited and include enzyme
(glucocerebrosidase) replacement therapy233 or
bone marrow transplantation228.

Niemann–Pick disease

Niemann–Pick disease is a rare lipid storage disease
characterized by accumulation of sphingomyelin in
the CNS and reticuloendothelial system228.
Inheritance is autosomal recessive228. Infiltration of

alveolar spaces and interstitium with reticuloendo-
thelial cells filled with sphingomyelin cause reticu-
lonodular or miliary infiltrates; progression to
honeycombing and fibrosis may occur228. No treat-
ment is available.

Hypocalciuric hypercalcemia and interstitial lung
disease

Hypocalciuric hypercalcemia and interstitial lung
disease is a rare inherited disorder characterized by
hypocalciuric hypercalcemia, pulmonary fibrosis,
granulocyte dysfunction and recurrent respiratory
tract infections234. The disease presents after age 30,
with reticulonodular infiltrates, reduced DLCO, a
restrictive defect on PFTs, hypercalcemia and hypo-
calciuria234. Granulocytes are deficient in myelo-
peroxidase and exhibit impaired phagocytosis and
killing of Staphylococcus aureus234. Lung biopsies
demonstrate poorly defined granulomas, multi-
nucleated giant cells, varying degrees of fibrosis, and
alveolar macrophages containing dark cytoplasmic
inclusions of unknown nature234. Progressive pul-
monary fibrosis, with honeycombing, and decline in
lung function over several years is the rule234. Owing
to the rarity of this disorder, optimal treatment is not
known. Anecdotal responses to corticosteroids have
been cited234.

Pulmonary lymphoproliferative disorders

Lymphoid interstitial pneumonia (LIP), diffuse lym-
phoid hyperplasia, pseudolymphoma, and follicular
bronchitis/bronchiolitis (FB) are rare lymphoprolif-
erative disorders which share common clinical and
histological features55,235–239. These are polyclonal
‘reactive’ disorders primarily involving B lympho-
cytes, usually associated with autoimmune disor-
ders or immunodeficiency states55,235,237,239. Some
cases are linked to Epstein–Barr (EB) virus infec-
tion55,235,237,239. In some patients, LIP and FB coexist,
without predominance of either histological
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lesion235. In addition to these ‘reactive’ lymphopro-
liferative disorders, malignant neoplastic disorders
arising primarily in the lung have clinical and histo-
logical features which overlap with LIP or FB. These
include: primary pulmonary lymphomas originat-
ing from bronchus-associated lymphoid tissue
(BALT)55,235,237,240, and lymphomatoid granulomato-
sis241–244. Each of these ‘reactive’ or neoplastic lym-
phoid disorders will be discussed below.

Lymphoid interstitial pneumonia (LIP)

Lymphoid interstitial pneumonia (LIP) is a rare dis-
order primarily observed in patients with connec-
tive tissue disorders (particularly Sjogren’s
syndrome), chronic liver disease, EB virus infection,
myasthenia gravis, or diverse autoimmune disor-
ders or immunodeficiency states including acquired
immunodeficiency syndrome (AIDS) and common
variable immune deficiency (CVID)49,55,239,245–248. In
children, LIP is usually linked to AIDS122,246,247,249

whereas most cases in adults occur in non-HIV
infected patients239,244. Liebow initially described
LIP in 1966; and outlined the salient features in a
series of 18 cases gleaned from a large pulmonary
pathology consultation file49. Apart from sporadic
case reports, data over the next decade were limited
to two series from major referral centres237,245. In
1978, Strimlan reported 13 patients with LIP seen at
the Mayo Clinic from 1966 to 1976245. A review of
pathological files from the Armed Forces Institute of
Pathology identified 18 cases of LIP over 35 years
(from 1949 to 1983)237. By the mid-1980s, LIP in HIV-
infected children was recognized122,246,247,250. In HIV-
negative patients, LIP typically affects adults older
than 40 years of age; women are affected twice as
often as men49,55,251. Nine to 25% of adults with LIP
have Sjogren’s syndrome (SS); 1% of patients with SS
have LIP55.

Clinical presentation of LIP is indolent, with pro-
gressive cough, dyspnea, and pulmonary infil-
trates246,247,251–253. In non-HIV infected patients,
extrapulmonary symptoms are rare55,245,252. Fever,
constitutional symptoms, weight loss, lymphaden-
opathy, hepatosplenomegaly, and salivary gland

enlargement are common in HIV-infected children
with LIP122,247,250. Dysproteinemia is characteristic in
both HIV (�) and HIV (�) patients55,239,247,251,252.
Polyclonal hypergammaglobulinemia occurs in 70
to 80% of patients; hypogammaglobulinemia, in 10
to 20%55,251,252.

Chest radiographs demonstrate bilateral reticular
or reticulonodular infiltrates, dense alveolar infil-
trates, or focal nodules55,245–247,252,253. Pleural effu-
sions or mediastinal lymphadenopathy are usually
absent55,239,245,251. HRCT scans reveal 2 to 4 mm inter-
stitial or peribronchovascular nodules; thickened
bronchovascular bundles, interlobular septal thick-
ening, or diffuse ground glass opacities246,247,254.
Honeycomb cysts are uncommon254,255. Pulmonary
function tests demonstrate a restrictive pattern,
with reduced DLCO55,239,245.

In LIP, dense infiltrates of small lymphocytes and
plasma cells are found in the alveolar septae and
along lymphatics55,123,237,247,251–253. Germinal centres
are prominent; the terms ‘pulmonary lymphoid
hyperplasia’ or ‘diffuse hyperplasia of BALT’ are also
used55,235. Scattered multinucleated giant cells or
loose non-necrotizing granulomas are present in up
to 50 to 72% of cases of LIP55,235,237,252. Fibrosis and
honeycomb cysts are not prominent. Distinguishing
LIP from low-grade pulmonary lymphomas is diffi-
cult, as histological features overlap55,237,252.
Immunohistochemical stains and/or gene rear-
rangement studies discriminate lymphomas from
benign disorders. Lymphomas exhibit a monoclonal
population of plasma cells237,253; LIP is polyclo-
nal55,235. Rare cases of LIP evolve to malignant lym-
phoma55,245,251,252.

The pathogenesis of LIP is not clear, but may rep-
resent response to retroviruses123,239 or EB virus55. In
HIV-infected patients with LIP, HIV antigens are
present in BAL fluid and lung tissue macro-
phages55,123. EB viruses are activated by HIV and
produce polyclonal B cell hyperplasia55. In sheep,
LIP-like lesions, consisting of T cytotoxic/suppres-
sor cells, are induced by ovine lentivirus55.

The natural history of LIP ranges from spon-
taneous resolution to fatal respiratory
failure55,121,122,245,251,252. The course is indolent, with
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progressive cough, dyspnea, and deteriorating PFTs
over months or even years55,121,122,245,251,252. Among
HIV-infected patients, fatalities are due to opportu-
nistic infections or advanced HIV infection rather
than LIP122,247,249,250. Owing to the rarity of LIP,
optimal therapy is not known. Favourable responses
to corticosteroids were cited in both HIV-infected
and non-infected patients55,235,237,245,247. Immuno-
suppressive55,235,239 or cytotoxic agents245,252, and
antiviral agents, e.g. zidovudine247, have been tried;
their efficacy is unproven. A recent report cited
response to low dose cyclosporine and prednisone
in a woman with common variable immunodefi-
ciency (CVID) syndrome248.

Follicular bronchitis/bronchiolitis (FB)

Follicular bronchitis/bronchiolitis (also termed
hyperplasia of bronchus associated lymphoid tissue
(BALT)), is characterized by polyclonal lymphoid
follicles along bronchioles with a minor alveolar
interstitial inflammatory component54,55,235,256.
Reactive germinal centers are present along bron-
chioles, and to a lesser extent, bronchi54,55,235,256. FB
differs from LIP by its bronchiolocentricity and lack
of diffuse alveolar septal involvement54,55,257. Both
LIP and FB may be present in individual patients,
and pathogenetic mechanisms appear to be similar.
Primary and secondary forms of FB exist. Primary
FB is associated with collagen vascular diseases,
hypersensitivity reactions, or immunodeficiency
states (including AIDS)54,55,235,257. Secondary FB
occurs as a complication of cystic fibrosis, bron-
chiectasis, obstructive pneumonias, or chronic
inflammatory disorders of the airways257. Clinical
symptoms attributable to FB are mild, and include
cough and dyspnea. Chest radiographs demonstrate
reticular or reticulonodular infiltrates257. Cardinal
features of FB on HRCT scans include: bilateral cen-
trilobular and peribronchial nodules (	3 mm in
diameter) and focal ground glass opacities256. Data
regarding treatment are limited. Corticosteroids
have been used, with anecdotal successes, but are
reserved for patients with significant pulmonary
symptoms.

Pseudolymphoma (nodular lymphoid
hyperplasia)

Pseudolymphomas of the lung are reactive poly-
morphous lymphoid proliferations containing
numerous germinal centres; the term ‘nodular
lymphoid hyperplasia’ is synonymous55,236,257.
Immunohistochemical stains demonstrate a mixed
population of CD4 and CD8 lymphocytes55. The lit-
erature is confusing, as some published examples of
pseudolymphomas (prior to availability of immuno-
histochemical stains) undoubtedly were low-grade
lymphomas55,236,257. Pseudolymphomas are excep-
tionally rare, and the diagnosis can be accepted only
after immunohistochemical studies exclude low-
grade BALT lymphomas257. Pseudolymphomas typi-
cally present as asymptomatic, solitary nodular
lesions on chest radiographs (2 to 5 cm in diame-
ter)55,236,257. Intrathoracic lymph node enlargement
does not occur55,236,257. Surgical resection is usually
curative, but the disease recurs in 10 to 15% of
patients55,236. Fatalities are rare.

Primary pulmonary lymphoma

Primary pulmonary lymphomas are low grade BALT
lymphomas but histological features overlap with
LIP257. Germinal centres are present in 20 to 69% of
BALT lymphomas55. Multinucleated giant cells or
granulomas are found in up to 50% of patients55. In
contrast to LIP, BALT lymphomas obliterate the lung
architecture and invade pleura and bronchial cartil-
age55,236. Confluent lymphoid cells stain for B-cell
markers and exhibit monoclonality (light chain
restriction), and clonal rearrangement of the joining
region of the Ig heavy chain gene55. BALT lympho-
mas usually present as mass lesions on chest radio-
graphs, with air-bronchograms257, but a nodular
interstitial pattern can occur55. Pleural effusions or
intrathoracic adenopathy are uncommon257. Cough,
dyspnea, or chest pain may be present, but up to
50% of patients are asymptomatic at the time of
diagnosis257. The prognosis is related to histological
stage. Seventy per cent of pulmonary BALT lympho-
mas are stage I at presentation258; hilar lymph node
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enlargement is present in 0 to 30%55,236. Surgical
resection is usually curative for localized lesions,
with 5-year survival rates exceeding 85%55,257,258.
Evolution to aggressive immunoblastic lymphoma
occurs in 5% of cases55,258. Prognosis is poor with
advanced stage (� stage 2) or when extrapulmonary
spread has occurred55,258.

Lymphomatoid granulomatosis

Lymphomatoid granulomatosis (LYG) is a rare lym-
phoproliferative disorder characterized by multiple
pulmonary nodules (with a vasculitic component),
and prominent extrapulmonary manifestations
involving the CNS (30%), skin (�40%), kidney (30%),
or other organs242,257,259,260. Although LYG was origi-
nally classified as a pulmonary vasculitis, LYG actu-
ally represents a spectrum of angiocentric
lymphomas, either of B-cell243,T-cell, or natural killer
(NK) cell origin241,242,251.The term‘angioimmunopro-
liferative lesion/angiocentric lymphoma’ (AIL) is
suggested in lieu of LYG55,260. Solitary involvement of
the CNS or other organs can be the presenting
feature; involvement of lymph nodes or bone marrow
is unusual261. LYG is more common in immunocom-
promised patients (including AIDS)244,251,260,261. Most
patients with pulmonary LYG have cough, chest pain,
or dyspnea261. Chest radiographs typically reveal
bilateral pulmonary nodules (25% cavitate) (Fig.
12.15); other features include focal mass lesions,
diffuse or localized reticulonodular or alveolar infil-
trates55,261. Hilar lymphadenopathy is absent.

Histological features of LYG include nodules with
angiocentric, polymorphous, and atypical lympho-
reticular infiltrates, and necrosis55,244,260. Epithelioid
granulomas or giant cells are uncommon; hence the
term ‘granulomatosis’ is misleading. A histological
grading system for AIL/LYG distinguishes lesions by
degree of cytological atypia, extent of necrosis, and
retention of a polymorphous cellular infiltrate262.
Grade 1 lesions are polymorphous, with little or no
atypia, and lack necrosis. Grade 2 lesions are poly-
morphous, have atypical cells, and foci of necrosis.
Grade 3 lesions exhibit monomorphism, severe cel-
lular atypia and necrosis and are considered malig-

nant ‘angiocentric’ lymphomas262. One third of
grade 1 lesions and two thirds of grade 2 lesions
progress to malignant lymphoma55. Early studies
suggested a T cell origin251, but recent studies
suggest that most cases of LYG are EB-virus asso-
ciated B-cell lymphoproliferative disorders241,243,244.
Most background lymphocytes are T cells, but the
cytologically atypical lymphoid cells stain positively
for B-cell markers (CD20 or L26), express EB virus
genome241–244,259,260, and proliferate at a rapid rate242.
LYG is more common in immunocompromised
patients241,244,259,260, suggesting that deficient regula-
tion of EB virus is critical to the pathogenesis.

The clinical course of LYG is variable. The disease
usually progresses relentlessly, eventuating in death;
however, spontaneous remissions can occur260,261.
Given the rarity of LYG, optimal therapy for LYG is
not clear. Initial studies employed corticosteroids
and cyclophosphamide, with anecdotal remissions,
but malignant lymphomas developed in most of the
surviving patients263. Current therapeutic regimens
include multiagent chemotherapy or radiation
therapy; results are variable55,260. Anecdotal suc-
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Fig. 12.15 Lymphomatoid granulomatosis (LYG). PA chest

radiograph reveals multiple bilateral pulmonary nodules.

Open lung biopsy revealed a polymorphic lymphohistiocytic

infiltrate and vasculitis, consistent with LYG.



cesses with interferon �-2b were cited in a few
cases259.

Post-transplant lymphoproliferative disorder

A spectrum of EB virus-associated lymphoprolifera-
tive lesions arise in allogeneic organ transplant
recipients receiving aggressive immunosuppres-
sion257,264. Post-transplant lymphoproliferative dis-
orders (PTLD) develop within weeks or months of
initiation of immunosuppressive therapy257,264. The
incidence of PTLD ranges from 0.6 to 4% in most
organ transplant recipients, but higher rates were
cited among heart transplant recipients264. Lung
involvement can occur in isolation or with multiple
extrapulmonary sites257,264. Pulmonary PTLD typi-
cally presents as multiple nodules; necrosis may be
prominent257,264. Histological features are variable
(ranging from non-specific reactive hyperplasia to
high-grade immunoblastic lymphoma)257,264. Dense
infiltrates of lymphocytes, plasma cells, and immu-
noblasts are present, often with angioinvasion or
angiodestruction257,264. EB virus can be identified by
in situ hybridization or polymerase chain reac-
tion257,264. Categorizing lesions based on the nature
of the lymphoid infiltrate as ‘polymorphous’
(heterogeneous) or ‘monomorphous’ (homogene-
ous) is helpful, but histology does not reliably
predict prognosis257,264. Polymorphous lesions are
usually polyclonal, and may regress after reducing
the level of immunosuppression257,264. In contrast,
monomorphic lesions resemble malignant immu-
noblastic lymphomas, are often monoclonal, and
respond poorly to therapy (even conventional
chemotherapy)257,264.

Sarcoidosis

Sarcoidosis, a multisystemic granulomatous disease
of uncertain etiology, involves the lung or intratho-
racic lymph nodes in more than 90% of
patients37,38,265,266. The clinical spectrum of sarcoido-
sis is protean, but pulmonary manifestations pre-
dominate37,38,265,267. Cough or dyspnea reflect
endobronchial or pulmonary involvement, but 30 to

60% of patients with pulmonary sarcoidosis are
asymptomatic, with incidental findings on chest
radiographs37,38,265,267. Physical examination of the
chest is often unimpressive, even when extensive
parenchymal infiltrates are present38. Crackles are
present in fewer than 20% of patients with sarcoido-
sis; clubbing is rare268. Extrapulmonary involvement
is common, and may be the presenting or dominant
feature265,267. Skin, eye, and peripheral lymph nodes
are each involved in 20 to 30% of patients37,265,267.
Clinically significant involvement of liver, spleen,
heart, central nervous system, bone, or kidney
occurs in 2 to 7% of patients37,265,267. Virtually any
organ can be affected37,38,265,267.

Sarcoidosis is worldwide in distribution, but the
prevalence varies among countries, geographic
locales, and ethnic groups37,269–272. Sarcoidosis is 4 to
8 times more common in blacks than whites37,269,270.
The incidence among Caucasians in North America
and Northern Europe is 6 to 20 cases per
10000037,269,270, but exceeds 60 per 100000 in certain
parts of the British Isles271,272. The incidence is much
lower (	2 per 100000) in southern Europe271,273,274.
Sarcoidosis is rarely diagnosed in Africa or South
America, but whether this represents under-recog-
nition or reduced prevalence of the disease is not
known. Sarcoidosis is slightly more common in
women (1.4/1.0 female to male ratio)269,270. More
than two-thirds of patients present between age 20
and 40 years37,270. Familial sarcoidosis (defined as
having a first- or second-degree relative with sar-
coidosis) occurs in 17% of African–American
patients with sarcoidosis compared to 6% among
Caucasian cases269. However, a specific genetic
defect has not been identified270.

The histological hallmark of sarcoidosis is non-
necrotizing (non-caseating) granulomata, charac-
terized by multinucleated giant cells, epithelioid
cells, and mononuclear phagocytes in the central
core, surrounded by a cuff of lymphocytes37 (Figs.
12.16 and 12.17). Varying degrees of fibrosis and
destruction or distortion of parenchyma may be
present. In the lung, granulomata are distributed
along bronchovascular bundles and lymphatics37.
Coalescent granulomata give rise to confluent mass
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lesions, nodules or consolidation of lung paren-
chyma. Bronchiectasis, bronchioloectasis, alveolar
septal fibrosis, and honeycomb cysts reflect end-
stage disease37,38. Fibreoptic bronchoscopy with
TBBs is the preferred technique to substantiate the
diagnosis of sarcoidosis in patients with bilateral
hilar lymphadenopathy (BHL) and/or parenchymal
infiltrates. The yield of TBBs ranges from 60 to 97%38.
Mediastinoscopic lymph node biopsies or surgical
(open or VATS) lung biopsies have higher yields, but
are expensive and have increased morbidity275.
Biopsy of extrapulmonary sites is appropriate when
specific lesions or abnormalities are identified, e.g.
peripheral lymphadenopathy, skin lesions, abnor-
mal liver enzymes, etc267.

Interactions between activated mononuclear pha-
gocytes and helper/inducer (CD4�) lymphocytes are

instrumental in driving the granulomatous response
in sarcoidosis276. At sites of disease activity, increases
in activated CD4� cells, increased CD4/CD8 ratio,
and diverse cytokines are observed276–278. The signals
responsible for inciting or driving the sarcoid granu-
lomatous response are not known. Exposure to
beryllium, hard metals, or infectious agents elicit
granulomatous responses, suggesting that infections
and/or environmental agents may be involved195.
Genetic factors are likely instrumental in determin-
ing the clinical expression of the disease.

Laboratory features are non-specific. Elevations
in serum calcium occur in 1 to 4% of patients; hyper-
calciuria, in 15 to 40%37,267,279. These derangements
in calcium metabolism reflect enhanced production
of 1,2-dihydroxycalciferol by mononuclear phago-
cytes from sarcoid granulomas279. Polyclonal hyper-
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Fig. 12.16 Sarcoidosis. Photomicrograph: transbronchial biopsy demonstrates a non-necrotizing sarcoid granuloma. A prominent

multinucleated giant cell is present with scattered epithelioid cells and lymphocytes (hematoxylin–eosin). (Reproduced with

permission.)551



gammaglobulinemia occurs in 30 to 80% of patients
with chronic sarcoidosis267,280. Serum angiotensin
converting enzyme (ACE) levels are increased in 30
to 80% of patients with sarcoidosis281. Changes in
serum ACE often parallel disease activity, but do not
predict response to therapy281.

Chest radiographs are abnormal in more than 90%
of patients with sarcoidosis37,38. The most character-
istic finding is BHL, with or without concomitant
right paratracheal node enlargement38,282 (Fig.
12.18). Parenchymal infiltrates are present in 25 to
55% of patients37,38. Reticulonodular, interstitial
shadows or conglomerate alveolar infiltrates may be
observed; these infiltrates have a predilection for
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Fig. 12.17 Sarcoidosis. Photomicrograph: Transbronchial lung

biopsy demonstrating granulomatous inflammation with a

prominent multinucleated giant cell and scattered

lymphocytes, fibroblasts, and epithelioid cells in a patient with

pulmonary sarcoidosis (hematoxylin-eosin). (Reproduced

with permission.)551

Fig. 12.18 Stage I sarcoidosis. Chest radiograph from a 35-

year-old male demonstrating bilateral hilar lymphadenopathy.

Lymph nodes in the left para-aortic region and

aortopulmonary window are also enlarged.



upper and mid lung zones37,38 (Fig. 12.19). Multiple,
well-circumscribed pulmonary nodules �1 cm in
size, known as nodular or nummular sarcoid, occurs
in 2 to 4% of patients38,283. Pleural effusions are rare
(	2%)38. Destruction of lung parenchyma may
cause bullae, distortion, honeycomb cysts, broad
septal bands, volume loss, or upward retraction of
the hilae38 (Fig. 12.20). Late features include: mycet-
omas (fungus balls), pleural thickening, calcified
hilar or mediastinal lymph nodes, and secondary
pulmonary hypertensive changes38.

Characteristic features on HRCT scans include:
parenchymal opacities or nodules in the mid or
upper lung zones; patchy involvement; distribution
along central bronchovascular bundles; focal or
confluent alveolar opacities with consolidation;
ground glass opacities; thickened intra- and inter-
lobular septae; fibrosis, distortion, cysts22 (Fig.
12.21(a) (b)). Nodules, ground glass opacities or
alveolar opacities represent conglomerate granulo-
mas22 (Fig. 12.22). Distortion, cysts, bullae, or trac-
tion bronchiectasis reflect end-stage disease22,38
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Fig. 12.19 Stage II sarcoidosis. PA chest radiograph demonstrates extensive bilateral pulmonary infiltrates predominantly involving

perihilar, mid and upper lung zones. Numerous small nodules are present throughout both lungs. Bilateral hilar lymphadenopathy

is present.



(Fig. 12.23). Routine HRCT is not necessary to stage
or follow the course of the disease, but may be prog-
nostically useful in selected patients with persistent
parenchymal infiltrates. Honeycombing, distortion,
bullae, or thick septal lines indicate fibrosis
and predict unresponsiveness to corticosteroid
therapy16,22,23. By contrast, focal alveolar opacities,
ground glass attenuation, or nodules are associated
with an inflammatory component and predict a
higher rate of response to therapy16,22,23.

Pulmonary function tests are abnormal in 40 to
70% of patients with parenchymal infiltrates
(radiographic stage II or III) and in 10 to 20% of
patients with stage I16,38,284. Reduced lung volumes
(e.g. VC or TLC) are characteristic38. The DLCO is
usually preserved, but is reduced with advanced

disease38. Up to one third of patients with pulmo-
nary sarcoidosis exhibit concomitant obstructive
defects38. Airflow obstruction may reflect submu-
cosal or endobronchial inflammation, parenchy-
mal distortion, bronchostenosis, or exaggerated
bronchial reactivity38. Cardiopulmonary exercise
tests (CPET) are abnormal in up to 50% of patients
with sarcoidosis, even when static PFTs are normal
284. However, CPET are logistically cumbersome,
and have limited practical value. Spirometry is the
most useful test to follow the course of the disease
(or assess response to therapy). More complex
studies (e.g. lung volumes, DLCO) are reserved for
selected patients.

Bronchoalveolar lavage in active pulmonary sar-
coidosis reveals increased numbers of lymphocytes,
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Fig. 12.20 Stage IV sarcoidosis. PA chest radiograph from a 57-year-old man demonstrates extensive pulmonary parenchymal

infiltrates involving the upper lobes, with volume loss and deviation of the trachea to the right. Extensive emphysematous changes

are noted in the lower lobes, particularly on the left. Thirty-two years earlier, he had bilateral hilar lymphadenopathy and erythema

nodosum consistent with stage I sarcoidosis. (Reproduced with permission.)38



T helper lymphocytes (CD4�), increased CD4/CD8
ratios, activated alveolar macrophages, diverse
lymphokines, monokines, and biochemical
markers276,278. BAL provides invaluable insights into
the pathogenesis of sarcoidosis, but has marginal
clinical or prognostic value38,285. Initial BAL
CD4/CD8 ratios do not predict outcome or respon-
siveness to corticosteroid therapy37,286,287. BAL is
expensive and invasive, and we see no role for BAL in
gauging the need for therapeutic intervention.
Radionuclide scans are of unproven value. Increased
uptake of gallium-67 citrate in lung, hilar and medi-
astinal lymph glands, salivary, lacrimal and parotid
glands is characteristic of sarcoidosis but does not
predict prognosis or responsiveness to therapy288,289.
Radionuclide scans are expensive, inconvenient
(scanning is performed 48 hours after injection of

the radioisotope), and have no role in the manage-
ment of sarcoidosis.

The clinical course of sarcoidosis is variable.
Spontaneous remissions occur in nearly two thirds
of patients but the course is chronic in 10 to
30%37,38,265,267,290. Chronic granulomatous inflamma-
tion may cause fibrosis and irreversible dysfunction
of affected organs37,38,265,267,290. Chronic sarcoidosis
involving lungs, heart, skin, bones, CNS, or other
organs may be debilitating37,38,267,280. Fatalities occur
in 1 to 4% of patients with sarcoidosis, typically due
to progressive respiratory insufficiency, CNS or
myocardial involvement37,38,265,267,291,292.

Certain clinical syndromes have prognostic value.
The constellation of fever, BHL, erythema nodosum,
and polyarthritis (Lofgren’s syndrome) portends an
excellent prognosis, with a high rate (80–95%) of
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Fig. 12.21(a) Stage II sarcoidosis. HRCT demonstrates bilateral hilar lymphadenopathy, perihilar infiltrates, with areas of coalescent

alveolar opacities. Multiple nodules, representing coalescent granulomas are present in both lungs.

(a)



spontaneous remissions; late sequelae are
rare38,280,293,294. By contrast, several clinical features
predict a chronic or relapsing course (e.g. chronic
uveitis, chronic hypercalcemia, nephrocalcinosis,
lupus pernio, involvement of nasal mucosa, central
nervous system, or bone)267,280. The clinical course
and prognosis of sarcoidosis are influenced by
genetic and ethnic factors. Black race is associated
with a higher rate of extrapulmonary involvement,
chronic progressive disease, worse long-term prog-
nosis, and higher rate of relapses265,280,290,295. The
influence of human leukocyte antigen (HLA)
markers and prognosis is controversial265,296. The
chest radiographic schema espoused more than 40

years ago is prognostically useful. In that schema,
stages are defined as follows: stage 0 (normal chest
radiograph); stage I (BHL without parenchymal infil-
trates); stage II (BHL plus parenchymal infiltrates);
stage III (parenchymal infiltrates without BHL);
stage IV (extensive fibrosis with architectural distor-
tion and/or bullae)38. Prognosis is best with stage I
and worst with stage III or IV disease. Spontaneous
remissions occur in 60 to 90% of patients with stage
I disease; in 40 to 70% with stage II; 10 to 20% with
stage III38,272,297. By definition, stage IV indicates irre-
versibility. Serious sequelae are rare with stage I sar-
coidosis, but may be appreciable in patients with
stage II, III, or IV. The course of sarcoidosis is usually
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Fig. 12.21(b) Stage II sarcoidosis. HRCT from the same patient demonstrates conglomerate masses arising from both hilae,

representing conglomerate granulomata. Air-bronchograms are visible in the right perihilar mass. Multiple nodules are scattered

throughout both lungs.

(b)



evident within the first 2 years after diagnosis.
Spontaneous remissions occur in up to 40% of
patients within the first 6 months298,299. More than
85% of remissions occur within the first 2 years300.
Failure to remit during that time frame predicts a low
rate of subsequent resolution. Late relapses or per-
manent sequelae are uncommon (	10%) in patients
who spontaneously remit295,298,299.

Treatment of sarcoidosis is controversial301.
Corticosteroids are recommended for patients with
persistent or progressive sarcoidosis (pulmonary or
extrapulmonary), but efficacy is controversial297,301.
Indications for treatment should be focused and
circumscribed. Toxicities of corticosteroids argue
against the routine use for patients with minimal
symptoms. Given the variable natural history, and

the potential for spontaneous remissions, the influ-
ence of therapeutic interventions is difficult to
ascertain. Several prospective randomized trials
failed to show benefit from early institution of corti-
costeroids302–306. However, patients with severe or
progressive disease were excluded from the ran-
domized trials, and were treated with corticoster-
oids. In most studies, patients were asymptomatic
and had normal or near normal PFTs; few patients
with radiographic stage III disease were included302.
Interpretation of efficacy of therapy is clouded by
heterogeneous patient populations, different doses
or duration of therapy, lack of objective markers of
disease activity, and inability to discriminate the
effects of corticosteroids from the natural history of
the disease. Failure to respond to corticosteroids
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Fig. 12.22 Sarcoidosis. HRCT image (1.5 mm collimation) of a 36-year-old man demonstrates bronchovascular thickening involving

the axial interstitium and multiple nodules in both lungs. Confluent disease is present in the central portion of the lung. Air-

bronchograms are also apparent within the consolidated mass lesions. (Reproduced with permission.)38



may reflect irreversible fibrosis, inadequate dose or
duration of therapy, noncompliance, or intrinsic
corticosteroid resistance. The paucity of placebo-
controlled therapeutic trials reflects the belief that
corticosteroids are warranted for patients with
severe, persistent, or progressive symptoms.

There is little doubt that corticosteroids are effica-
cious in some patients with sarcoidosis. Short-term
responses are often dramatic290,297,299,301. In uncon-
trolled studies, 50 to 90% respond favourably to cor-
ticosteroids290,297,299,301. A recent multicentre trial by
the British Thoracic Society298 supports the use of
corticosteroids for patients with chronic, persistent
radiographic infiltrates. In that study, 158 patients
with stage II or III sarcoidosis were observed for 6
months prior to randomization. By 6 months, spon-
taneous remission had occurred in 58 (39%) of
patients; 33 (22%) were treated with corticosteroids
for clinical indications and were never randomized.
The remaining 58 patients (39%) had persistent
radiographic infiltrates after 6 months and were ran-
domized to prednisolone (30 mg daily for 1 month,

tapered to 10 mg by 3 months) or placebo. However,
even in the placebo cohort, patients could receive
corticosteroids if deemed necessary by their attend-
ing physician. Both groups were followed for a mean
of 5 years. At long-term follow-up, chest radiographs
and pulmonary function tests were significantly
improved in the corticosteroid-treated cohort.
Long-term impact is less clear, as relapses occur in
one-third to one-half of patients after taper or dis-
continuation of corticosteroids290,295,297,301.

Corticosteroids have myriad adverse effects, and
their routine use in asymptomatic or minimally
symptomatic patients should be discouraged. A trial
of therapy should be offered to patients with severe,
progressive, or persistent symptoms or organ dys-
function (pulmonary or extrapulmonary). In
patients with mild impairment, the decision to treat
can be delayed for up to 12 months to determine if
spontaneous resolution ensues. Patients with
chronic symptoms lasting �1 year should be
treated, as spontaneous remissions are uncommon
in this context. Therapy is rarely efficacious in
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Fig. 12.23 Stage IV sarcoidosis. CT image (5-mm collimation) in a 55-year-old woman demonstrates extensive cystic destruction

and honeycomb formation that predominantly affected the posterior aspects of the upper lobes. (Reproduced with permission.)38



patients with far-advanced fibrosis, honeycombing,
or bullae (radiographic stage IV)38,301. In this context,
treatment is reserved for patients with a progressive
course or ancillary evidence for alveolitis. Optimal
dose or duration of corticosteroid therapy has not
been studied. Doses as high as 1 mg/kg/day predni-
sone have been used299, but lower doses (e.g., pred-
nisone 40 mg/day for 4 weeks, with a taper) are often
efficacious and are less toxic. We reserve higher
doses (1 mg/kg/day) for CNS or cardiac involve-
ment. Patients responding to therapy are main-
tained on a tapering dose for a total course of 12 to
18 months. The dose and rate of taper is guided by
the response and presence or absence of side effects.
Patients exhibiting a proclivity to relapse require
long term (sometimes indefinite) therapy with low
dose alternate day prednisone (e.g., 10 to 20 mg
every other day).

Inhaled corticosteroids suppress endobronchial
or alveolar inflammation, and have been used with
anecdotal successes in patients with sarcoido-
sis307,308. However, two recent randomized double-
blind trials failed to show benefit with inhaled
corticosteroids for pulmonary sarcoidosis309,310.
Inhaled corticosteroids have a limited role for treat-
ing endobronchial sarcoidosis, but are not adequate
for severe pulmonary parenchymal involvement.

Immunosuppressive or cytotoxic agents have
been used to treat sarcoidosis, with anecdotal suc-
cesses. Randomized trials comparing these agents
are lacking. Methotrexate (MTX), administered once
weekly orally or intramuscularly45 has been used to
treat sarcoidosis, with anecdotal successes311. In
three studies by investigators from the University of
Cincinnati comprising more than 230 patients,
favourable responses to MTX were cited in 52 to
66%311–213. Relapses were frequent upon discontinu-
ation of therapy, but responded to reintroduction of
MTX311. These studies were not blinded or con-
trolled. These investigators recently published a
double-blind, randomized study of 24 patients with
new onset, symptomatic sarcoidosis314. Following
initial treatment with prednisone for 4 weeks,
patients were randomized to MTX or placebo for 6

months. Prednisone was tapered according to a pre-
determined schedule. Only 15 of 24 patients
enrolled received at least 6 months of therapy.
Among patients receiving �6 months of MTX, a
steroid sparing-effect was suggested. However, MTX
was no better than placebo when all patients were
considered. While these various studies are not
definitive, oral MTX (10 to 20 mg once weekly) has a
role for patients failing or intolerant of corticoster-
oids. Because of potential hepatotoxicity with pro-
longed use45, we prefer azathioprine when more
than 2 years of therapy is contemplated.

Azathioprine (dose 2–3 mg/kg/day), has been
used in patients with sarcoidosis, with anecdotal
responses45,315–317. Data are limited to anecdotal
cases301,318 and a few small series315–317; randomized
trials have not been done. In two early studies, 10 of
20 patients failing corticosteroids responded to
AZA315,316. Another retrospective study cited
reponses in 8 of 14 patients treated with AZA for
neurosarcoidosis319. Diab et al. cited favorable
responses in all 7 patients treated with a combina-
tion of AZA and prednisone320. In contrast, AZA was
marginally effective in a retrospective study of 10
patients with chronic pulmonary sarcoidosis317. All
had only partial or no response to corticosteroids.
Sustained improvement in PFTs was achieved in
only two patients with AZA; 2 others transiently
improved. Although data are limited, we believe aza-
thioprine is useful as a steroid-sparing agent or in
selected patients with severe or progressive sarcoid-
osis refractory to corticosteroids.

Cytotoxic alkylating agents (e.g. cyclophospha-
mide and chlorambucil) have been used to treat cor-
ticosteroid-recalcitrant sarcoidosis, but data are
limited to anecdotal cases and a few small non-
randomized series301,313,321,322. Favourable responses
were cited in 20 of 31 patients (64%) treated with
chlorambucil322. Only 5 had failed corticosteroid
therapy; the remaining patients required unaccept-
ably high doses of corticosteroids. Because chloram-
bucil is oncogenic and has myriad toxicities45, we do
not recommend this agent for sarcoidosis. Data
regarding cyclophosphamide (CP) are limited to a
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few case reports and one small series313. Favourable
responses were achieved in 8 of 10 patients with
neurosarcoidosis treated with ‘pulse’ intravenous
CP313. All had failed corticosteroids; 8 had failed
methotrexate. Cyclophosphamide is oncogenic and
has numerous potential toxicities45. We reserve
pulse CP for patients with severe CNS sarcoidosis
refractory to corticosteroids and other immunosup-
pressive agents (e.g. azathioprine, methotrexate,
and/or hydroxychloroquine).

Antimalarial drugs (e.g. chloroquine, hydroxy-
chloroquine) inhibit several facets of immune
responses, including antigen presentation and cyto-
kine production301. Antimalarials concentrate in
cells of the reticuloendothelial system and melanin-
containing tissues (e.g. skin, spleen, leukocytes,
kidney) and are preferentially concentrated in
epithelioid, mononuclear, and giant cells compris-
ing sarcoid granulomata301. Anecdotal successes
were cited with antimalarials for treating sarcoid-
induced hypercalcemia279,323,324, cutaneous325–328,
central nervous system329 or osseous lesions330. In
one uncontrolled328 and two randomized trials331,332,
favourable responses were cited with chloroquine
(CQ) for pulmonary sarcoidosis. A recent random-
ized trial of 23 patients with symptomatic pulmo-
nary sarcoidosis (stage II or III) suggested benefit
with CQ332. Unfortunately, irreversible retinopathy
and blindness are potential, albeit rare, complica-
tions of prolonged CQ use. For this reason, CQ
has been used sparingly. Hydroxychloroquine
(hydroxyCQ) is much less toxic than CQ; retinal tox-
icity with this agent occurs in 	1% of patients, even
with prolonged use301. Although hydroxychloro-
quine is less potent than CQ, we use hydroxyCQ
(dose 200 mg once or twice daily) as a steroid-
sparing agent or as adjunctive therapy in patients
failing corticosteroids or immunosuppressive
agents. Combining hydroxyCQ with corticosteroids
or immunosuppressive agents may enhance immu-
nomodulatory effects333. The half-life of hydroxyCQ
is prolonged; responses may be delayed for 2 to 6
months. A six-month trial is recommended before
abandoning this agent. For chronic maintenance

therapy, a dose of 200 mg daily may be adequate. The
major toxicities of antimalarials include: gastroin-
testinal symptoms (nausea, diarrhea, bloating);
cutaneous effects (rash, urticaria, pruritus, discolor-
ation of skin); headache, nervousness, insomnia,
dizzyness; retinopathy; corneal deposits affecting
colour vision332. Ophthalmological examinations
should be performed every 6 months to monitor for
ocular toxicity. Retinal changes mandate discontin-
uation of therapy.

Cyclosporin A (CsA), which inhibits T lymphocyte
activation, proliferation, and lymphokine release45,
has been used to treat sarcoidosis, with anecdotal
successes317,319,334. However, overall clinical experi-
ence is disappointing334,335. In a recent randomized,
controlled trial, oral CsA plus prednisone was no
more effective than prednisone alone in patients
with progressive pulmonary sarcoidosis336. Given its
expense and potential for myriad adverse effects45,
CsA has at best a marginal role as salvage therapy for
patients with severe, progressive sarcoidosis refrac-
tory to other agents.

Anecdotal successes were cited with pentoxifyl-
line, an immunomodulatory agent337 which inhibits
the synthesis of tumour necrosis factor-� (TNF-�)
and -interferon in vitro338. In one study, 23 patients
with untreated sarcoidosis and progressive disease
were treated with oral pentoxifylline (25
mg/kg/day) for 6 months339. Among 18 evaluable
patients, 11 improved; 7 remained stable; none
deteriorated. Three additional patients with cortico-
steroid-refractory disease improved when pentoxi-
fylline was added to prednisone. Additional studies
are required to determine the role (if any) of pentox-
ifylline. Anecdotal responses were claimed with tha-
lidomide, an agent with antifibrotic and
immunomodulatory effects340,341 in a few patients
with cutaneous342 or pulmonary sarcoidosis343.
These data are sparse, and efficacy of thalidomide is
unproven. Principal side effects associated with
thalidomide include: teratogenicity, somnolence,
and neuropathy340.

Lung transplantation is an option for patients with
end-stage pulmonary sarcoidosis160,344,345. Overall
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survival is comparable to non-sarcoid transplant
recipients344. Recurrence of granulomata in the lung
allograft(s) is common, cited in 5 of 8 patients344.
Clinically significant granulomata, with pulmonary
dysfunction, is rare160,344.

Hypersensitivity pneumonia (extrinsic allergic
alveolitis)

Hypersensitivity pneumonia (HP) (also termed
extrinisic allergic alveolitis) is a cell-mediated
response to a variety of inhaled organic dusts or
inorganic chemicals346,347. Exposure in the work-
place environs (e.g. agricultural or textile occupa-
tions), hobbies (e.g. raising birds), or home (e.g.
humidifers) elicits the syndrome. More than 50
different occupational and environmental sources
of antigen associated with HP are known347. The
prototype of HP is ‘farmer’s lung’, caused by inhala-
tion of thermophilic actinomycetes spores from
moldy hay347,348. Exposure evokes the clinical syn-
drome in only 1 to 8% of347,348. Other syndromes elic-
ited by thermophilic actinomycetes in occupational
settings include air conditioner (humidifer) lung349,
mushroom worker’s lung350, and bagassosis (from
exposure to sugar cane). In Mexico, domestic expo-
sure to pigeon antigens (pigeon breeder’s lung) is the
most common cause of HP351. Six to 15% of
pigeon breeders develop HP347,351. In Japan,
summer-type HP results from contamination of
homes with Trichosporon cutaneum352 or
Cryptococcus albidus353. Several antigens are impli-
cated in humidifier lung including thermophilic
Actinomyces, Sphaeropsidales, Penicillium sp.,
protozoa, and Klebsiella oxytoca354. Other causes of
HP included contaminated heated swimming
pools355, composting waste at home356:
Pseudomonas fluorescens in machine operator’s
lung357; Mycobacterium avium (in hot tubs)354;
Klebsiella oxytoca (in hot tubs)358; Pezizia domicili-
ana (home contamination)359. A recent report cited
2 cases of HP in peat moss processing plant
workers202. High levels of molds (i.e., Monocillium
spp and Penicillium citreonigrum) were found in
peat moss in the packaging plant; serum antibodies

to these microorganisms were identified in both
patients with HP. A few specific syndromes due to HP
related to antigenic exposures are listed in Table
12.2.

Irrespective of etiological agents, the clinical pres-
entations of HP are similar. Acute HP presents with
fever, dyspnea, cough, peripheral leukocytosis, and
pulmonary infiltrates, 2 to 12 hours following expo-
sure to the offending antigen346,347,360. Basilar crack-
les, and occasionally cyanosis, may be present202,346.
Chest radiographs in acute HP usually reveal bilateral
alveolar or interstitial infiltrates, but may be
normal361–263. In subacute and chronic HP, fine linear
or nodular shadows and cystic radiolucencies pre-
dominate351,364. Hilar lymphadenopathy or pleural
effusions are not features of HP347,362,363. HRCT scans
in acute or subacute HP reveal micronodules, ground
glass opacities, a peribronchiolar distribution, a
predilection for mid or upper lung zones, and vari-
able areas of attenuation19,362–364 (Fig. 12.24). Patchy
areas of hyperlucency in a lobular distribution re-
flect bronchial obstruction19,362,363. With end-stage
disease, fibrosis or emphysema are observed348,364.
Pulmonary function tests demonstrate restrictive,
obstructive, or mixed defects347,348,361, with reduced
DLCO346.In severe cases, hypoxemia is prominent346.
Following removal of the offending antigen, symp-
toms abate or resolve within 12 to 48 hours346,347.
Repeated acute exposures to relevant antigen(s) lead
to recurrent episodes of acute HP346,365 or chronic
HP351,364.

Chronic, low dose exposure to sensitizing anti-
gens causes chronic HP, which evolves over months
or years. Cardinal features of chronic HP are pro-
gressive cough, dyspnea, crackles, a restrictive
defect on PFTs, hypoxemia, and basilar interstitial
infiltrates on chest radiographs351,364. These features
mimic CFA/UIP. Repetitive damage may cause
airways obstruction, emphysema348,366 and even
fatal respiratory insufficiency or cor pulmonale367.
Although CT features of chronic HP and CFA/UIP
overlap, HRCT is helpful to distinguish these enti-
ties364. Micronodules and extensive ground glass
opacities are present in 32 to 42% of patients with
chronic HP, but in only 6 to 12% of patients with
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IPF364. Honeycombing, lower lobe predominance,
and subpleural location are cardinal features of
CFA/UIP (noted in �80% of patients) but are evident
in a minority of patients with chronic HP364.

Surgical lung biopsies in acute HP demonstrate
intense lymphocytic infiltration, a bronchocentric
distribution, foam cells, scattered loosely formed
granulomata, and foci of bronchiolitis obliter-
ans346,361. These features may be lacking on TBBs,
due to the small sample size-361. Chronic HP causes
severe fibrosis and end-stage honeycomb lung
(indistinguishable from CFA)351,364. Surgical biopsy is
not always necessary, provided the clinical scenario
is classic. Bronchoalveolar lavage in HP reveals strik-
ing lymphocytosis (�40%) with CD8� predomi-
nance and high levels of immunoglobulins (IgG and
IgM); BAL neutrophilia may coexist202,347. These fea-
tures are non-specific, as BAL lymphocytosis occurs

in exposed individuals without symptoms or clinical
disease202,347,361. Rare patients manifest CD4 pre-
dominant forms of HP, which may progress to fibro-
sis368.

Serum precipitating antibodies to the offending
antigen(s) are present in more than 90% of patients
with HP, but are non-specific, as circulating anti-
bodies are present in up to 50% of exposed individ-
uals without clinical disease347,351,360. Many
hospitals or research laboratories screen for HP by
a panel of precipitating antibodies to the most
commonly implicated antigens (e.g. thermophilic
actinomycetes, aspergillus spp., Micropolyspora
faenii, avian antigens). These ‘hypersensitivity
pneumonia screens’ are highly sensitive (provided
the offending antigen is implicated), but miss less
common antigens202,346,359. A diagnosis of HP is
assumed in the appropriate clinical context if the
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Table 12.2. Selected causes of hypersensitivity pneumonitis (HP)a

Disease syndrome Source Offending antigen

Plant products

Farmer’s lung Mouldy hay or corn Thermophilic actinomycetes

Ventilator lung Air conditioner, humidifier Thermophilic actinomycetes

Bagassosis Mouldy sugar cane Thermophilic actinomycetes

Mushroom worker’s lung Mouldy compost Thermophilic actinomycetes

Hot tub lung Mould on ceiling Cladosporium sp.

Suberosis Mouldy cork Penicillium sp.

Maple bark stripper’s disease Contaminated maple Cryptostroma corticale

Malt worker’s lung Contaminated barley Aspergillus clavatus

Tobacco worker’s lung Mould on tobacco Aspergillus spp

Wine grower’s disease Mould on grapes Aspergillus spp

Wood pulp worker’s disease Wood pulp Alternaria spp

Japanese summer house HP House dust Trichosporon cutaneum

Animal products

Pigeon breeder’s disease Excreta or feathers Avian antigens

Laboratory worker’s lung Rat fur Rat urine protein

Pituitary snuff Pituitary powder Vasopressin

Miller’s lung Grain weevils in wheat flour Sitophilius granarius proteins

Reactive chemicals

TDI HP Toluene diisocyanate Altered proteins

TMA HP Trimellitic anhydride Altered proteins

a Reprinted with permission8.



following criteria are present; a sensitizing agent is
implicated by environmental or occupational
history; serum antibodies to the presumed sensitiz-
ing agent are demonstrable; BAL lymphocytosis
(particularly if CD8� is predominant) is present;
symptoms resolve following removal of the offend-
ing agent346,347,360.

Avoidance of the offending agent is the mainstay
of treatment for HP. In some cases, inspection of the
home for unrecognized causes detects the etiolog-
ical agent359. For example, an unusual fungus,
Pezizia domiciliana, was implicated as a cause of HP
on the basis of detection of fungal spores in the
home, high titre precipitating antibodies to P. domi-
ciliana in the serum, a compatible open lung biopsy,

resolution of HP following prednisone therapy, and
eradication of the fungus from the home359.
Prognosis of HP depends upon the chronicity, dura-
tion and extent of antigen exposure, and extent of
fibrosis, honeycombing, or emphysema. Prognosis
of Farmer’s Lung Disease (FLD) is excellent (	1%
fatalities), provided farmers are removed from expo-
sure before significant fibrosis develops367.
Emphysema is a late complication348,366. In early
studies (antedating HRCT scans), interstitial fibrosis
was believed to be the most common long-term
consequence of chronic FLD. More recent studies
using HRCT found that emphysema is a more
common sequelae (even in non-smokers) and corre-
lates with recurrent episodes of FLD348,366. Similarly,
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Fig. 12.24 Hypersensitivity pneumonia. HRCT scan from a 59-year-old woman with fever, cough, and dyspnea demonstrating

dense focal alveolar (ground glass) opacities in a peribronchiolar distribution. Transbronchial lung biopsies demonstrated

lymphocytic infiltrates, foamy macrophages, and non-caseating granulomas, consistent with HP. The disease cleared completely

following institution of corticosteroids and avoidance of further exposure to moulds.(Reproduced with permission.)9



among patients with chronic bird breeder’s lung,
emphysematous changes were demonstrated by
HRCT in 11 of 24 (44%) patients369. Pigeon breeder’s
disease in the United States and Europe is rarely dis-
abling or fatal. However, in Mexico, 5-year fatality
rate among 78 patients with chronic pigeon
breeder’s lung was 29%351. The role of corticosteroids
to treat HP is controversial, but short term responses
occur347,359,365. Corticosteroids are recommended for
severe or progressive cases347,365,370. Corticosteroids
accelerate improvement in acute farmer’s lung
disease, but long term impact is less clear365. In one
study, corticosteroids were ineffective for chronic
pigeon breeder’s lung351. Data on immunosuppres-
sive or cytotoxic agents are limited to anecdotal
cases; efficacy is unproven.

Chronic eosinophilic pneumonia

Chronic eosinophilic pneumonia (CEP) is character-
ized by cough, dyspnea, wheezing, migratory alveolar
infiltrates, constitutional symptoms, blood eosino-
philia, and dense pulmonary infiltration with eosino-
phils39–41,371. Extrapulmonary involvement is lacking.
Symptoms develop over several weeks or months39,371;
rarely, the course is more fulminant41,372,373. Atopy or
clinical asthma often precede CEP, and parallel the
course of the radiographic infiltrates39,40. Blood eosin-
ophil counts and ESR are increased in �80% of
patients with CEP, and correlate with disease activ-
ity39,40,371. PFTs demonstrate obstructive or restrictive
patterns, reduced DLCO, or hypoxemia39,40. Chest
radiographs reveal patchy, subpleural alveolar infil-
trates, with a predilection for the upper lobes39,40 (Fig.
12.25). The peripheral distribution of alveolar infil-
trates, with central sparing, is termed ‘the photo-
graphic negative of pulmonary edema’39,40. Less
common patterns include focal lobar consolidation
or patchy or diffuse reticulonodular infiltrates39,40,371.
HRCT scans depict the alveolar nature and peripheral
distribution of CEP, but are non-specific, expensive,
and of doubtful clinical value40.

Histopathological features include: dense aggre-
gates of eosinophils, histiocytes and multinucleated
giant cells within alveolar spaces, septae, and bron-

chioles; eosinophilic abscesses; degenerating,
necrotic eosinophils; Charcot-Leyden crystals;
alveolar macrophages containing eosinophilic frag-
ments; foci of bronchiolitis obliterans; scattered
lymphocytes and plasma cells39,40 (Fig. 12.26).
Extensive fibrosis or parenchymal necrosis are rare.
Surgical lung biopsy is usually not necessary, as the
diagnosis of CEP can be affirmed by bronchoscopic
techniques (TBBs or BAL eosinophilia) (provided
the clinical context is appropriate)39,40,371.

Corticosteroid therapy is highly efficacious39,40,371.
An initial dose of prednisone 40 to 60 mg per day is
usually adequate; higher doses are reserved for more
severe cases40. Responses to corticosteroids are
often dramatic. Fever, blood eosinophilia, and
symptoms abate within 24 to 48 hours39,40. Chest
radiographs normalize within 2 to 3 weeks39,40,371

Treatment of parenchymal lung diseases 289

Fig. 12.25 Chronic eosinophilic pneumonia (CEP). PA chest

radiograph from a 35-year-old woman with fever, cough, and

wheezing demonstrates multiple, focal dense alveolar

infiltrates in the upper lobes and axillary regions. BAL

demonstrated marked eosinophilia. Transbronchial lung

biopsies demonstrated eosinophilic abscesses consistent with

CEP. The infiltrates resolved following institution of

corticosteroid therapy.



(Fig. 12.27(a) (b)). This rapidity of response is dis-
tinctive and affirms the diagnosis even when histo-
logical confirmation is lacking39,40,371. The dose of
corticosteroid and rate of taper is guided by clinical,
radiographic, and laboratory parameters (e.g. blood
eosinophil counts or erythrocytic sedimentation
rate (ESR). Relapses occur in 80% of patients upon
discontinuation of corticosteroids39,40,371. Cortico-
steroids should be continued for a minimum of 12
months. Indefinite therapy with low dose predni-
sone (e.g. 10 to 20 mg every other day) is warranted
in some patients with repetitive relapses.

Acute eosinophilic pneumonia

Idiopathic ‘acute eosinophilic pneumonia’ is an
acute febrile illness (1 to 21 days’ duration), with

cough, chest pain, dyspnea, diffuse infiltrates on
chest radiographs, severe hypoxemic respiratory
failure, striking BAL eosinophilia (�25% eosino-
phils), and histological features consistent with
CEP40,41,372–375. Diffuse alveolar damage (DAD) with
hyaline membranes may be prominent on open
lung biopsy373. The course is abrupt, often progress-
ing to severe hypoxemic respiratory failure.
Peripheral blood eosinophilia is sometimes
present41,372–374. A careful history of drug ingestion is
mandatory, as several medications or drugs cause
eosinophilic pneumonia216–220. Acute eosinophilic
pneumonia is potentially life-threatening, but
responds dramatically to corticosteroids40,41,372–375.
Because infections can evoke similar responses376,
appropriate special stains and cultures of BAL fluid
or lung tissue should be done prior to initiating cor-
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Fig. 12.26 Chronic eosinophilic pneumonia (CEP). Photomicrograph from open lung biopsy from a patient with CEP

demonstrating numerous Touton-type multinucleated giant cells within alveolar spaces. Eosinophils are also interspersed within

the pulmonary interstitium and alveolar spaces. (Reproduced with permission.)552



ticosteroid therapy. For fulminant cases, high dose
intravenous corticosteroids should be given empiri-
cally, while awaiting microbiological results. Among
responding patients, oral prednisone (1 mg/kg/day,
with a gradual taper), is substituted. Symptoms
improve within hours to days; chest radiographs
normalize within 1 to 2 weeks41,372–374. A brief (2 to 3
month) course of therapy may be adequate, as late
relapses are uncommon41,372–374.

Cryptogenic organizing pneumonia (COP)

Cryptogenic organizing pneumonia (COP), also
termed bronchiolitis obliterans organizing pneu-
monia (BOOP), is a rare disease of unknown cause
characterized by a subacute course, cough, dyspnea,
crackles, and focal infiltrates on chest radio-
graphs50,377–379. Secondary causes include: connec-
tive tissue diseases128; inflammatory bowel
disease380; Wegener’s granulomatosis381; autoim-

mune disorders378; drugs378; radiation therapy382,383;
chemotherapy384; infections378; bone marrow380,385

or lung transplant386 recipients. Extrapulmonary
involvement does not occur. However, a viral syn-
drome within the previous 1–2 months is noted in
more than one third of patients50,377,378. Fever and
constitutional symptoms may be prominent, either
at presentation or during relapses378,387. Most cases
of COP are in adults between 50 and 60; there is no
gender predominance378.

Rapidly progressive COP, with severe hypoxemia
and ARDS, has been described, but is rare388,389. Lung
biopsies demonstrated features consistent with
COP, but diffuse alveolar damage, severe fibrosis,
and honeycombing were also present388. Despite
aggressive therapy with corticosteroids (often com-
bined with immunosuppressive agents), most
patients died. Such cases may represent an unusual
subset of COP, but are more likely to be either acute
interstitial pneumonia (AIP) or organizing ARDS378.

Chest radiographs in COP reveal focal, alveolar
opacities (mimicking pneumonia) in 67 to 85% of
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Fig. 12.27(a) Chronic eosinophilic pneumonia. PA chest

radiograph demonstrating widespread but focal alveolar

opacities with a ground glass appearance in a 28-year-old

woman with fever, wheezing, and dyspnea. Transbronchial

lung biopsies were compatible with CEP. (Reproduced with

permission.)40

Fig. 12.27(b) Follow-up chest radiograph 5 days after

institution of prednisone therapy demonstrating marked,

albeit partial, resolution of infiltrates. (Reproduced with

permission.)40

(a) (b)



patients; a reticulonodular pattern is found in 15 to
30%50,378,387 (Fig. 12.28). HRCT scans show focal
peripheral alveolar opacities with striking air-
bronchograms378,383 (Fig. 12.29(a) (b)). Less com-
monly, diffuse interstitial or small nodular opacities
are present377,378. Pulmonary function tests demon-
strate a restrictive defect with reduced DLCO; mild
hypoxemia is common50,377,378,383. Airflow obstruc-
tion is noted only in smokers50,378. Laboratory fea-
tures are non-specific. Increases in ESR and
C-reactive protein (CRP) are common378,383,387.

Lung biopsies reveal plugs of granulation tissue
plugging terminal bronchioles and extending into
alveolar ducts and spaces (the organizing pneumo-
nia component)50,378 (Fig. 12.30). The alveolar walls
are infiltrated by mononuclear cells; foam cells may
be observed50,378. The alveolar architecture is pre-
served; necrosis or fibrosis are absent. Open lung
biopsy was the diagnostic method of choice in initial

studies50. However, TBBs may substantiate the diag-
nosis, provided clinical and radiographic features
are consistent and infectious etiologies are
excluded238,378,379,383,387,390,391. Bronchoalveolar lavage
often shows increases in neutrophils, lympho-
cytes, and/or eosinophils; CD4/CD8 ratio is
decreased378,383.

The pathogenesis of COP is not known, but COP
likely represents a stereotypic host response to
diverse injurious or inflammatory stimuli378. The fre-
quent association of antecedent viral or respiratory
tract infections in COP suggests that inhaled anti-
gens induce bronchiolar or alveolar injury. Immune
complex deposition and recruitment of inflamma-
tory cells may elicit the pathological response.

Corticosteroids are the cornerstone of therapy for
COP (either idiopathic or associated with an under-
lying disease)50,377,378,383. Responses to corticosteroid
therapy are usually excellent and often dra-
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Fig. 12.28 Cryptogenic organizing pneumonia. PA chest radiograph demonstrates dense alveolar infiltrate in the right lower lobe.

Three months earlier, a dense alveolar infiltrate in the right upper lobe was noted. Transbronchial lung biopsies confirmed the

diagnosis of COP. Prednisone (40 mg every other day) was instituted, with rapid and prompt clearing.



matic377,378,383 (Fig. 12.31(a)–(c)). The optimal dose
and duration of therapy has not been studied. Some
investigators initiate treatment with prednisone (1
mg/kg/day, followed by a gradual taper)50 but lower
doses (0.75 mg/kg/day) are usually efficacious378.
Relapses may occur as the corticosteroid is tapered
or discontinued377,378,387,392. Rates of clinical failures
or relapses are higher in secondary forms compared
to idiopathic COP379,387. Other factors associated
with a worse prognosis include: predominantly
interstitial pattern on chest radiographs or HRCT378;
lack of lymphocytosis on BAL393. Data on immuno-
suppressive or cytotoxic drugs are limited to anec-
dotal cases378,394. We reserve these agents for patients
with severe or progressive disease refractory to cor-
ticosteroids.

Obliterative bronchiolitis (OB)

Obliterative bronchiolitis (also termed constrictive
bronchiolitis) is a stereotypic response to diverse
insults affecting terminal bronchioles which results
in severe and progressive air flow obstruction238,395.
Most cases occur in the context of a specific disease
or risk factor. Obliterative bronchiolitis complicates
heart–lung or lung transplantation in 30 to 50% of
patients, and represents chronic allograft rejec-
tion396–399. Obliterative bronchiolitis may complicate
bone marrow transplantation (BMT), principally in
allogeneic recipients manifesting chronic graft-vs.-
host disease (GVHD) in skin, mucous membranes,
liver, or extrapulmonary sites398. The prevalence of
OB is 10 to 12% among long-term survivors with
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Fig. 12.29(a) Cryptogenic organizing pneumonia. PA chest radiograph from a 67-year-old woman demonstrates patchy bilateral

infiltrates. She had been given three courses of antibiotics by her personal physician during the preceding 7 weeks because of

persistant cough, fever, and dyspnea, with no improvement. Changes revealed by transbronchial lung biopsy were consistent with

COP, and corticosteroids (1 mg of prednisone per kilogram of body weight per day) were initiated. (Reproduced with permission.)4

(a)



GVHD but is rare (	1%) in allogeneic BMT recip-
ients without GVHD or autologous recipients238,398.
Other rare conditions associated with OB include:
collagen vascular diseases (particularly rheumatoid
arthritis)128, exposure to or inhalation of toxic fumes,
metals, dusts, or drugs; respiratory tract infec-
tions238. When no cause is identified, the term idio-
pathic OB is used. Idiopathic OB is distinctly rare. In
one series, Turton and colleagues detected 10
patients with OB among 2094 cases of airflow
obstruction400.

Clinically, OB differs markedly from COP in clini-
cal features, prognosis, and responsiveness to
therapy. Patients with OB present with cough,

dyspnea, and severe airflow obstruction, which pro-
gresses relentlessly over weeks to months238,395.
In late phases, recurrent infections due to
Pseudomonas aeruginosa or Staphylococcus aureus
are common, and accelerate the process238,395.
Severe reductions in FEV1 and FEV1/FVC ratio are
characteristic401. Air-trapping (increased residual
volume) or hyperinflation (increased TLC) are
common400. Reduction in DLCO is seen with severe
impairment (FEV1	1.0 l)401. Physical examination
reveals diminished breath sounds, rhonchi, or mid-
inspiratory squeaks; rales are present in fewer than
20%238,395,400. Chest radiographs are usually normal
or demonstrate hyperflation401,402. Diffuse reticular
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Fig. 12.29(b) CT from the same patient demonstrates dense alveolar infiltrates with striking air bronchograms in the periphery of

the right lung. (Reproduced with permission.)4

(b)



or micronodular shadows are present in a minority
of patients401,402. With advanced disease, ring
shadows and bronchiectasis develop. The cardinal
HRCT feature in OB is patchy lobular or segmental
regions of decreased lung attenuation, accentuated
by expiration (a mosaic pattern)401 (Fig. 12.32).
These low attenuation lesions are due to air-trap-
ping distal to obstructed bronchioles and are inter-
spersed with areas of normal or increased
attenuation401. Dynamic expiratory CT scans are
superior to inspiratory scans in detecting air trap-
ping401,403. Additional CT features (noted in more
than two thirds of patients) include: peribronchiolar
nodules; dilated bronchioles and bronchi; bron-
chiectasis or bronchioloectasis401,402.

Obliterative (constrictive) bronchiolitis is centred
on terminal and respiratory bronchioles238,395,404.

Bronchioles are concentrically narrowed by this
fibrotic/inflammatory process; lumens are effaced
or obliterated238,395,404. The lesions are patchy and
may be missed, even on open lung biopsy, unless
serial sections and trichrome stains are scrutinized.
Remnants of destroyed bronchioles are surrounded
by normal lung parenchyma. In contrast to COP,
alveolar ducts and lung parenchyma are
spared238,395,404. In late phases, distortion of bronchi-
olar lumens, bronchiolar dilatation, mucostasis, and
bronchiectasis are present404.

Irrespective of etiology, prognosis of OB is poor.
Progressive airflow obstruction, resulting in fatal
respiratory failure, is characteristic128,238,395,404.
Spontaneous remissions do not occur. Cortico-
steroids, immunosuppressive or cytotoxic agents
are often tried, but are usually ineffectual238,395–398.
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Fig. 12.30 Cryptogenic organizing pneumonia. Photomicrograph of open lung biopsy specimen demonstrating a plug of

granulation tissue within a respiratory bronchiole. A peribronchiolar mononuclear inflammatory cell infiltrate is also evident

(hematoxylin-eosin stain). (Reproduced with permission.)553
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Fig. 12.32(a) Obliterative (constrictive) bronchiolitis (OB). Inspiratory CT scan in a 43-year-old female with systemic lupus

erythematosus and OB (confirmed by thoracoscopic lung biopsy). Faint areas of ground glass opacity are present. (Reproduced

with permission.)128

(b) Obliterative (constrictive) bronchiolitis (OB). Expiratory CT scan in the same individual with an accentuation of a mosaic

pattern of ground-glass opacity. (Reproduced with permission.)128

(a)

(b)



Secondary bacterial or viral infections accelerate the
course. Antibiotic therapy for secondary suppura-
tive infections is critical. Lung transplantation is a
viable option for patients with severe OB refractory
to medical therapy.

Diffuse panbronchiolitis

Diffuse panbronchiolitis (DPB) is a chronic bronchi-
olar inflammatory process primarily seen in Japan
and Korea which resembles cystic fibrosis405,406.
Cardinal features of DPB include: chronic sinusitis,
cough, sputum production, bronchiectasis, repeti-
tive suppurative infections of the upper and lower
respiratory tract, and progressive respiratory insuffi-
ciency405. The disease begins with sinusitis in the
second or third decade of life followed by chronic
cough, sputum production, and bronchiectasis 10 or
more years later405,407. The cause is not known, but a
strong genetic predisposition exists406,408. DPB is
more common in men407 and primarily occurs in
Japanese and Koreans405,406,408,409. More than 60% of
Japanese patients with DPB express HLA B-54, an
antigen restricted to Asians405,406,408,409. In Koreans, a
strong association between HLA-A11 and DPB was
noted406. Only a few patients with DPB have been
recognized in the United States or Europe410. It is
likely that the candidate gene involved in DPB is
located within the HLA region, between HLA-A and
HLA-B loci406.

Chest radiographs reveal hyperinflation and
diffuse micronodules (1 to 4 mm in diameter), with
a predilection for the lung bases; tram lines, ring-
shadows, and dilated bronchioles reflect cystic
bronchiectasis405,407. HRCT scans demonstrate
diffuse micronodules, with a centrilobular distribu-
tion, thickened bronchial walls, bronchioloectasis,
mosaic perfusion, air-trapping, and bronchial dila-
tation405,407,411. Obstructive defects, hypoxemia, and
air-trapping are present on PFTs405,407. Laboratory
tests reveal elevations in the ESR, C-reactive protein,
and serum immunoglobulins407. The most distinc-
tive feature is elevated cold agglutinins407. Serum
antibodies against Mycoplasma pneumoniae are not
found405,407.

The cardinal histological feature of DPB is small
nodules centred on respiratory bronchioles (bron-
chiolocentric), extending into peribronchiolar
tissue407. These nodules correspond to dense peri-
bronchiolar and intraluminal infiltrates of acute and
chronic inflammatory cells412. Additional features
include: aggregates of lipid-laden macrophages in
the walls of respiratory bronchioles and alveolar
ducts; intrabronchial mucus; narrowing or oblitera-
tion of respiratory bronchioles; bronchioloectasis
and bronchiectasis; an alveolar component is
lacking or minimal405,412. BAL shows intense neutro-
philia (�50% of cells)405,407.

Repetitive lower respiratory tract infections over
many years lead to progressive respiratory failure
and cor pulmonale405,407. Colonization of the lower
respiratory tract with Pseudomonas aeruginosa
(often mucoid strains), is associated with an acceler-
ated course. Low dose erythromycin (600 mg/day) is
the treatment of choice. Following the introduction
of erythromycin as therapy for DPB in Japan, 5-year
survival from the onset of respiratory symptoms
improved from 63% to 91%405,407. Other macrolide
antibodies (e.g. clarithromycin, roxithromycin, and
azithromycin) also appear to be effective407. The
mechanism of action of macrolides may reflect anti-
inflammatory or immunomodulatory effects rather
than direct antimicrobial effects407,414. Optimal
duration of therapy is not known; a minimum of 6 to
12 months is advised414. Corticosteroids or immuno-
suppressive agents are of no value and may exacer-
bate infections. Interestingly, DPB recurred in the
lung allograft in an African–American patient within
10 weeks of bilateral lung transplantation415.

ANCA-associated vasculitides

Systemic necrotizing vasculitis may involve the lung,
either as focal or cavitary infiltrative lesions, diffuse
capillaritis (manifest as alveolar hemorrhage), or
pulmonary aneurysms. Diffuse alveolar hemor-
rhage (due to capillaritis) may occur in the context of
a pulmonary–renal syndrome (e.g. microscopic
polyangiitis (MPA) or pauci-immune glomerulo-
nephritis)416,417, systemic necrotizing vasculitis (par-
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ticularly Wegener’s granulomatosis (WG))223,418,
Behçet’s syndrome419–421, Takayasu’s disease419,
Henoch-Schonlein purpura419, or connective tissue
disease161,422,423. Classical polyarteritis nodosa (PAN)
rarely involves the lung424. Pulmonary arterial aneu-
rysms may complicate Takayasu’s disease or
Behçet’s syndrome425, and cause severe, even fatal,
hemorrhage. In this chapter, we limit our discussion
to pulmonary vasculitides associated with circulat-
ing autoantibodies directed against cytoplasmic
components of neutrophils (ANCA)426,427. ANCAs are
frequently present in necrotizing vasculitic syn-
dromes affecting the lung426–428. ANCAs with differ-
ent antigenic specificities have differing clinical and
prognostic significance. Antibodies with a cytoplas-
mic pattern on immunofluorescence (c-ANCA) and
antigenic specificity for proteinase-3 (PR-3-ANCA)
are �70% sensitive and �90% specific for Wegener’s
granulomatosis but are found in a minority of
patients with MPA or Churg–Strauss syndrome
(CSS)426–431. In contrast, autoantibodies with a peri-
nuclear pattern (p-ANCA) and antigenic specificity
for myeloperoxidase (MPO) are uncommon in WG
but are found in myriad disorders including MPA,
CSS, pauci-immune glomerulonephritis, and
diverse non-vasculitic inflammatory disorders (e.g.
collagen vascular disease; inflammatory bowel
disease)426–431.

Wegener’s granulomatosis (WG)

Wegener’s granulomatosis (WG), the most common
of the pulmonary granulomatous vasculitides, typi-
cally involves the upper respiratory tract (e.g.
sinuses, ears, nasopharynx, oropharynx, trachea);
lower respiratory tract (e.g. bronchi and lungs), and
kidneys, with varying degrees of disseminated vas-
culitis432–436. The cardinal histopathological features
of WG are: necrotizing vasculitis involving capillar-
ies, venules, and arterioles; granulomatous inflam-
mation; geographic necrosis; mixed inflammatory
infiltrate; varying degrees of fibrosis432,433,435. These
features may be lacking when small or non-repre-
sentative biopsy specimens are obtained435,437,438.
Estimated prevalence ranges from 1.3 to 3 cases per

100000 persons per 5-year period439. The peak inci-
dence is in the fourth through sixth decades of life;
the disease is rare in children432–435.

Clinical manifestations are protean; virtually any
organ can be involved. Generalized WG may involve
multiple organs, but limited variants (involving only
1 or 2 organs) exist435. The upper respiratory tract is
involved in �85% of patients; chronic sinusitis, epis-
taxis, or otitis media are often the presenting symp-
toms432–434. Nasal manifestations occur in 60 to 80%
of patients, and include epistaxis, rhinorrhea, nasal
crusting, mucosal ulcers, or septal perforation432–434.
Saddle nose deformity, resulting from destroyed
nasal cartilage, occurs in 10 to 25% of patients432–435.
Otological involvement occurs in 30 to 50%; symp-
toms include otalgia, chronic otitis media, chronic
mastoiditis, tinnitus, and deafness432–435. Ocular
involvement occurs in 20 to 50% of patients with
WG432–435. Manifestations are diverse and include
uveitis, conjunctivitis, episcleritis, proptosis, and
blindness432–435.

Granulomatous inflammation causes stenosis of
the trachea or major bronchi in 10 to 30% of patients
with WG433,440–442. Stenosis of the large airways may
develop years after the initial diagnosis of WG440,441.
Concomitant involvement of the nose or paranasal
sinuses is nearly invariably present433,441. Subglottic
stenosis can cause life-threatening upper airway
obstruction (UAO), and can develop while the
disease is quiescent at other sites440,441. Mucosal
biopsies of trachea or bronchi are usually non-
diagnostic, even with clinically significant involve-
ment440,441. Truncation of the inspiratory limb of the
flow-volume is a clue to UAO441. Fibreoptic bron-
choscopy confirms the extent and site of stenosis.
Subglottic stenosis may require dilatation, intra-
lesional depo-corticosteroid injections, tracheos-
tomy, or reconstructive surgery435,441. Spiral CT scans
are useful to follow the course of the disease and
response to therapy443.

Lung involvement occurs in more than two-thirds
of patients with WG433–435,442. Chest radiographs typ-
ically demonstrate multiple nodular infiltrates, with
or without cavitation433–435,442 (Fig. 12.33). Other fea-
tures include focal pneumonic infiltrates; mass
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lesions (Fig. 12.34); diffuse reticulonodular infil-
trates433–435,442. CT scans are more sensitive than
chest radiographs in depicting parenchymal
lesions442,444 (Fig. 12.35). Surgical (open or VATS)
lung biopsy is usually required to substantiate the
diagnosis of pulmonary WG438,445. Among patients
with pulmonary involvement, the triad of necrosis,
vasculitis, and granulomatous inflammation is
found in 90% of surgical lung biopsies, but in only 3
to 18% of endobronchial or transbronchial lung
biopsies438,442,445. Massive diffuse alveolar hemor-
rhage (DAH), reflecting capillaritis, is a rare but life-
threatening complication of WG223,433–435,442,446 (Fig.
12.36). Rapidly progressive glomerulonephritis
(RPGN), an uncommon early finding in WG, is
present in �90% of patients with DAH223,435,446. In
contrast, upper airway symptoms are present in a
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Fig. 12.33 Wegener’s granulomatosis (WG). PA chest

radiograph from a 40-year-old male demonstrates thin-walled

cavitary pulmonary nodules. Open lung biopsy demonstrated

a necrotizing granulomatous vasculitis, consistent with WG.

(Reproduced with permission.)435

Fig. 12.34 Wegener’s granulomatosis. PA chest radiograph

demonstrates right upper lobe mass in a 36-year-old woman

with leukocytoclastic vasculitis, fever, sinusitis, and cough.

Transbronchial lung biopsies demonstrated granulomatous

vasculitis with extensive necrosis and a polymorphous

inflammatory cell infiltrate consistent with WG. (Reproduced

with permission.)435



minority of patients with DAH435. Chest radiographs
in DAH demonstrate bilateral alveolar infiltrates; the
classic nodular or cavitary lesions of WG are
lacking435. In contrast to patients with localized
nodules or infiltrates, we do not advise surgical lung
biopsy for patients with massive DAH. The diagnosis
of DAH can be assumed by high titre circulating c-
ANCA, compatible clinical and radiographic fea-
tures, and bronchoscopy showing serosanguinous
BAL fluid and large numbers of hemosiderin-laden
macrophages223,418. Surgical lung biopsy is hazard-
ous in the setting of massive DAH, and reveals non-
specific findings of hemorrhage and capillaritis446.
Granulomatous vasculitis or extensive parenchymal
necrosis are lacking435,446. Massive DAH is a medical
emergency. Immediate treatment with pulse intra-
venous methylprednisolone (1 g daily for 3 days) is
recommended223. This is followed by conventional

therapy with prednisone and cyclophospha-
mide432,433 (discussed in greater detail below).

Glomerulonephritis (pauci-immune) occurs in 70
to 85% of patients with WG during the course of the
disease432–435. The cardinal histological lesion on
renal biopsy is focal, segmental, glomerulonephritis
(GN)432–435,442. With more fulminant forms, a necro-
tizing, crescentic GN is observed433,435. Granu-
lomatous vasculitis is present in fewer than 10% of
patients undergoing renal biopsy433–435,442.
Microscopic hematuria or proteinuria precede
abnormalities in renal function433,435. Renal insuffi-
ciency is evident at the time of presentation in fewer
than 20% of patients with WG432–435. Once renal
failure is present, rapid progression ensues within
days to weeks. Aggressive and prompt therapy with
cyclophosphamide and corticosteroids432,433 (dis-
cussed below) is essential to avoid irreversible renal
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Fig. 12.35 Wegener’s granulomatosis. CT scan from a patient with Wegener’s granulomatosis demonstrates thick-walled cavitary

nodules. Thoracoscopic lung biopsy demonstrated WG.



damage. Chronic renal failure requiring dialysis
occurs in 10 to 30% of patients with WG433,435.

Central or peripheral nervous system involvement
occurs in	4% of patients at presentation, but devel-
ops in 10 to 34% during the course of the
disease433,435,447. Mononeuritis multiplex is most
common, but cerebral infarction or mass lesions
may be catastrophic433,435,447. Other features of WG
include: constitutional symptoms (30 to 60%); cuta-
neous lesions (40–50%); cardiac involvement (5 to
15%); GI tract involvement (	10%)432–435.

Striking elevations in ESR (often �100 mm/h) or
C-reactive protein are characteristic of active, gener-
alized WG432–435. Circulating c-ANCA (PR-3) are
present in 60 to 97% of patients with WG, and are
highly specific (�90%) for WG428,435,448. Changes in c-
ANCA titres often correlate with disease activity, but
c-ANCA persists in one third or more of patients
even after complete clinical remissions are
achieved426,428,430,449. Treatment decisions should not
rest on c-ANCA titres alone430,431,449. However,
sequential ANCA assays have an adjunctive role

(along with clinical criteria) to assess activity of the
disease426,428,430,449.

Prior to the availability of therapy, �80% of
patients with WG died within 3 years of onset of
symptoms, usually due to progressive renal
failure435. Corticosteroids improved survival mod-
estly. In the early 1970s, Fauci and colleagues com-
bined oral cyclophosphamide (CP) (1–2 mg/kg/day)
with prednisone (1 mg/kg/day, with gradual taper)
as therapy for WG432,433,435. With this regimen, survi-
val improved dramatically. Remissions are achieved
in 80 to 93% of patients; early mortality rates are
	15%432–435. Late mortality rates are higher, due to
sequelae of vasculitis or complications of immuno-
suppressive or cytotoxic therapy45,432,433,435,450.
Relapses occur in 50 to 75% of patients upon cessa-
tion or tapering of therapy432,433,435. A minimum of 12
to 18 months of therapy is advised.

Complications associated with chronic cortico-
steroid or CP use are appreciable435,451. Toxicities of
CP include: bone marrow suppression; opportunis-
tic infections; pulmonary toxicity; infertility; stoma-
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Fig. 12.36 Alveolar hemorrhage complicating Wegener’s granulomatosis. PA chest radiograph demonstrated bilateral alveolar

infiltrates in a 54-year-old male with hemoptysis, rapidly progressive renal failure, and high titre circulating c-ANCA.



titis; GI toxicities; hemorrhagic cystitis; bladder
cancer; hematological malignancies45,433,450. Hemor-
rhagic cystic occurs in 5 to 50% of patients receiving
chronic oral CP therapy45,433 and is a precursor to
bladder cancer450. Intravenous (i.v.) pulse CP is com-
parable to oral CP in inducing remissions in patients
with WG, but remissions are not as durable451–455.
Sustained remissions were achieved with i.v. pulse
CP in only 21 to 48% of patients in five studies451–455.
Daily oral CP/prednisone remains the gold standard
for WG. Anecdotal successes were cited with chlor-
ambucil, another alkylating agent, as therapy for
WG435,456. Chlorambucil is oncogenic, and we prefer
methotrexate or azathioprine for patients experi-
encing adverse effects from CP.

Oral methotrexate plus prednisone is an option
for limited or non-fulminant WG435,457. In a non-ran-
domized trial from the N.I.H., 42 patients with WG
were treated with oral MTX plus prednisone457.
Remissions were achieved in 71%; survival was 92%.
Relapses occurred in 11 of 30 patients (36%), but
reintroduction of MTX/prednisone led to remis-
sions in 6 of 8. Data regarding MTX/prednisone for
severe, generalized WG are lacking. Azathioprine
was used in early studies of WG, but is less effective
than CP and should not be used as initial
therapy432,435. Azathioprine has a role to maintain
remissions in patients responding to but experienc-
ing adverse effects from CP435.

Trimethoprim/sulfamethoxazole (T/S) reduces
relapse rates in patients with WG458 and has a role in
limited, initial phase WG459–461. However, T/S is of
doubtful value for severe or fulminant WG435 and
should not supplant conventional therapy with CP
and corticosteroids. Anecdotal responses were cited
in patients with systemic vasculitis (including WG)
with high dose intravenous immunoglobulin G462 or
monoclonal antibodies targeted against T-cells463.
Interpretation of efficacy is clouded by the concom-
itant use of CP or corticosteroids in many patients.

Microscopic polyangiitis (MPA)

Microscopic polyangiitis (previously termed overlap
polyangiitis syndrome) exhibits clinical and serolog-

ical features which overlap with WG and
CSS424,448,464–467. Renal involvement is an invariable
feature424,448,464,468. Renal biopsies reveal necrotizing
crescentic glomerulonephritis with few or no
immune complexes (pauci-immune)424,448,464,468.
Other prominent features include: circulating ANCA
(40 to 80%) and pulmonary capillaritis (20 to
40%)424,448,464,468. Diffuse alveolar hemorrhage may
be life-threatening424,464,466,468. Other sites of involve-
ment include: skin (leukocytoclastic vasculitis)
(40–60%); GI tract (20–50%); peripheral neuropathy,
(10–20%); oropharynx or nasopharynx (5 to 15%);
heart (3–15%)448,464,466,468. A prodromal respiratory
illness precedes the onset of vasculitis in one third of
patients448,464,466,468. Arthralgias and myalgias may be
prominent468. Renal infarcts or visceral aneurysms,
cardinal features of PAN, are rarely found in
MPA424,468.

Microscopic polyangiitis is rare, with an estimated
prevalence of 2.4 cases per million439. As the name
implies, small vessels (e.g. capillaries, venules, arter-
ioles) are invariably involved in MPA; these are
spared in classical PAN424. Circulating ANCA are
present in 40 to 80% of patients with MPA (usually p-
ANCA-MPO but occasionally anti-PR3)424,468. In
classic PAN, ANCA are uncommon (	20%)424,468.
Further, glomerulonephritis or DAH are rarely
observed in PAN424,448,464. Clinical and serological
features of MPA overlap with WG and CSS. However,
a granulomatous component (common to both WG
and CSS), is lacking in MPA424. Asthma or eosino-
philia, cardinal features of CSS, are not found in
MPA424.

Because of the rarity of MPA, optimal therapy is
not known. Diverse treatment regimens employing
prednisone, azathioprine, cyclophosphamide, and
plasmapheresis, alone or in combination, are
used448,464,466,468,469. Most investigators employ oral
CP and corticosteroids, similar to the regimen advo-
cated for WG433,451,466,468. Favourable responses are
cited in �80%; ten year survival exceeds
70%448,464,466,468. Intravenous immunoglobulins
(IVIg) were tried in a few patients with cortico-
steroid-recalcitrant MPA; 40% responded468.
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Churg–Strauss syndrome

Churg–Strauss syndrome (CSS), also termed allergic
angiitis and granulomatosis, is a rare syndrome
characterized by necrotizing vasculitis, asthma,
hypereosinophilia, and extravascular eosinophilic
granulomas467,468,470. CSS is rare, with an estimated
incidence of 2.4 to 3.3 cases/million/year439,471. The
incidence is higher in asthmatics (up to 64
cases/million/year)472. Asthma precedes the diagno-
sis of CSS in �90% of patients, and is usually the pre-
senting feature467,470. A second phase of peripheral
blood and tissue eosinophilia ensues467,468,470. The
third phase, vasculitis, develops years after these
earlier phases467,468,470. Manifestations of vasculitis
are protean. Mononeuritis multiplex or CNS
involvement occurs in 60 to 75% of patients with
CSS467,468,470,473. Weight loss, fever, and constitutional
features are usually present; 50% experience myal-
gias or polyarthralgias467,470. Cutaneous lesions
occur in 50–60% (e.g. palpable purpura; skin
nodules; urticaria; livedo; papules)467,468,470.
Abdominal involvement occurs in 30 to 62%;
abdominal pain may reflect perforation, ischemia,
or vasculitis of mesenteric arteries467,468,470.
Pulmonary infiltrates are present in 30 to 70 % of
patients; alveolar hemorrhage is rare (	5%)467,468,470.
Frequencies of other organ involvement are: renal
(16–49%); cardiac (15–59%); ocular
(	5%)448,467,468,473. In contrast to WG or MPA, severe
glomerulonephritis rarely complicates CSS448,467,473.

The ESR, CRP, and blood eosinophil counts are
elevated in 80 to 91% of patients during the acute
vasculitic phase or exacerbations448,467,468,470. Serum
IgE is increased in three quarters of patients467,468.
Circulating ANCAs (typically pANCA MPO) are
present in two thirds of patients with CSS424,448,467,468.

Cardinal histopathological features of CSS
include: small vessel vasculitis (involving arterioles,
venules, and capillaries); necrosis; eosinophilic infil-
trates; a granulomatous component424,467. The pro-
nounced eosinophilic and granulomatous
components distinguish CSS from other vasculi-
tides424. Major diagnostic criteria for CSS include:
asthma; eosinophilia �10%; pulmonary infiltrate;

paranasal sinusitis, histological proof of vasculitis;
mononeuritis multiplex474.

Although data on therapy are limited, corticoster-
oids (with or without cytotoxic or immunosuppres-
sive agents) are the mainstay of therapy467,468,470.
Choice of therapy depends upon the extent and
severity of the disease. Renal insufficiency, severe GI
tract involvement or involvement of the heart or
CNS are associated with a worse prognosis467. For
mild to moderate CSS, corticosteroids alone may be
adequate (�80% of patients improve)467,470. For
severe or multisystemic disease, corticosteroids are
combined with CP (oral or pulse)448,466–468.
Plasmapheresis is reserved for fulminant disease
refractory to corticosteroids and CP468. With these
diverse regimens, survival rates were comparable (3
year survival, 80–90%; 10-year survival,
72–78%466–468. Relapses occur in 20–30% of patients,
often as the dose of corticosteroid or cytotoxic drug
is reduced467,468. Fatalities reflect refractory vasculitis
or complications of therapy467,468. Despite control of
the vasculitis with therapy, asthma persists467,468.
Anecdotal responses were cited with �-interferon
(IFN �) in a few patients failing corticosteroid or
cytotoxic therapy448,475, but data are sparse.

Recently, cases of CSS have been noted in patients
receiving cysteinyl leukotriene type 1 receptor
antagonists (LTRAs) (e.g. zafirlukast, montelukast,
pranlucast)472,476–479. A causal relationship between
the use of LTRAs and CSS is unlikely. The occurrence
of CSS likely reflects unmasking of the underlying
vasculitic syndrome in patients with severe asthma
and atopy rather than a direct effect of the drug472,477.

Pulmonary eosinophilic granuloma (EG)

Langerhans’ cell histiocytosis (LCH), also termed
Langerhans’ cell granulomatosis, pulmonary histio-
cytosis X, or pulmonary eosinophilic granuloma, is a
rare disease of unknown etiology occurring almost
exclusively in cigarette smokers480–484. Predominant
symptoms include cough, dyspnea, or pneumotho-
rax481,484,485. Symptoms develop insidiously, over
weeks or months, but the onset is abrupt when
pneumothorax is the presenting feature. Con-
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stitutional symptoms (e.g. low-grade fever, malaise,
weight loss, or anorexia) are present in 15 to 30% of
patients with pulmonary EG; extrapulmonary
involvement (e.g. osteolytic bone lesions or diabetes
insipidus) occurs in 15 to 20%481,483–485. Ten to 25% of
patients with pulmonary EG are asymptomatic, with
incidental findings on chest radiographs484,485.
Physical examination is usually unremarkable, but
rales, rhonchi, or wheezes may be present. There are
no distinctive blood or serological aberrations.
Peripheral blood eosinophilia is not a feature481,484.
Some studies cited a high incidence of bronchogenic
cancer (2 to 6%) in patients with pulmonary EG486–488

but none of 48 patients in a series from the National
Institutes of Health had lung cancer484.

Chest radiographs reveal diffuse reticular, reticu-
lonodular, or cystic lesions (primarily affecting the
upper lobes); the costophrenic angles are
spared480,481,484,485. Pleural effusions or intrathoracic
lymphadenopathy are not found. Pneumothorax
occurs in 6 to 20% of patients483–485 (Fig. 12.37).

HRCT features in pulmonary EG are distinctive489.
HRCT reveals numerous thin-walled cysts, preferen-
tially involving the upper and mid lung zones489 (Fig.
12.38). Peribronchiolar nodules (2 to 5 mm in size),
reflecting cellular granulomatous lesions, are
present in 60 to 80% of patients (Fig. 12.38(b) (c)). As
the disease progresses, nodules are replaced by
cysts, which coalesce, reaching sizes exceeding 2 to
3 cm in diameter. Cystic radiolucences are observed
in other lung diseases (e.g. lymphangioleiomyomat-
osis, UIP, emphysema, etc.)6,17, but the proclivity for
upper and mid lung zones and nodular component
distinguishes EG from these entities.

Pulmonary function tests typically reveal reduced
DLCO and lung volumes (VC or TLC); normal
or increased FEV1/FVC; impaired gas ex-
change480,481,484,490. Pure restrictive or mixed obstruc-
tive-restrictive patterns may be observed;
hyperinflation (TLC�110% predicted) is rare490.
PFTs are normal in 15 to 20% of patients484

Pulmonary EG is almost exclusively seen in
Caucasians, suggesting a genetic predisposition483.
There is a slight male predominance491 but some
studies cite a female predominance483,484.
Pulmonary EG typically affects adults between ages
20 and 50 and is rare in children484,491.

Histologically, pulmonary EG is characterized by
inflammatory, cystic, nodular, and fibrotic lesions
distributed in a bronchocentric fashion484 (Fig.
12.39). Langerhans cells (also termed histiocytosis X
cells) are the cornerstone of the diagnosis.
Langerhans cells (LC cells) are large ovoid histio-
cytes with pale eosinophilic cytoplasm, indented
(grooved or ‘coffee-bean’) nuclei, and inconspicu-
ous nucleoli484,492 (Fig. 12.40). In equivocal cases,
immunohistochemical stains [e.g., S100 protein or
common thymocyte antigen (OKT6)] are used to
substantiate the identity of LC cells484,492. LC cells
may be found in small numbers in normal lung, but
rarely constitute �3% of cells. Large aggregates of LC
cells within stellate nodules or granulomatous
lesions484 or �3% of OKT6 or S100 (�) cells on BAL42

are virtually pathognomonic of pulmonary EG.
Recently, positive immunohistochemical staining to
a mouse monoclonal CD1a antibody (Mab O10) was
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Fig. 12.37 Eosinophilic granulomatosis. PA chest radiograph

demonstrates far-advanced cystic changes throughout lung

parenchyma and bilateral pneumothoraces in a patient with

pulmonary EG. (Reproduced with permission.)4
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demonstrated in 33 of 34 paraffin-embedded LCH
samples492.

The diagnosis of pulmonary EG can be inferred on
open lung biopsy by the pattern and distribution of
lesions on low-power light microscopy. Charac-
teristic features include: a stellate pattern of fibrosis
(noted in �80% of patients); peribronchiolar
nodules; areas of intervening normal lung483,484.
Under high power light microscopy, the peribron-
chiolar nodules are comprised of cellular, granulom-
atous lesions, with LC cells and a polymorphous
inflammatory cellular infiltrate484. In late phases, the
inflammatory component is sparse or absent. These
cases resemble end-stage honeycomb lung484.
Retention of a stellate pattern of fibrosis is a clue to
the diagnosis484. Surgical (open or thoracoscopic)
lung biopsies are often required to substantiate the
diagnosis. In some patients, TBBs are definitive484.

When basing the diagnosis on TBBs, ancillary tech-
niques such as immunohistochemical stains (OKT6
or S100 protein) and HRCT should be supportive.

Although the pathogenesis of pulmonary EG is
unknown, an uncontrolled immune response initi-
ated or regulated by Langerhans cells appears to be
critical. Since the vast majority (�90%) of cases are
in smokers480–484,491, components of cigarette smoke
initiate a dysregulated or exuberant immune
response18,493,494,495.

The prognosis and natural history of pulmonary EG
is variable. Spontaneous resolution may occur.
Stabilization or improvement occurs in more than
two-thirds of patients, within 6 to 24 months of onset
of symptoms484,485. In 15 to 31% of patients, the disease
progresses, destroying lung parenchyma and causing
irrevocable loss of pulmonary function481,483–485.
Fatalities rates range from 6 to 27%481,483–485,491. Factors
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Fig. 12.39 Eosinophilic granuloma. Low-power photomicrograph of open lung biopsy specimen demonstrates stellate pattern of

fibrosis. H&E stain. (Reproduced with permission.)34



associated with an adverse prognosis include:
advanced age at diagnosis; numerous cysts on HRCT;
multisystem generalized disease; severe impairment
in DLCO orVC; continuation of tobacco use480,481,483,491.

Due to its rarity and variable natural history,
therapy for pulmonary EG is controversial.
Cessation of cigarette smoking is mandatory. In
three small series, radiographic resolution occurred
in 6 of 6 patients following smoking cessation496–498.
The disease also spontaneously regressed in two
patients who continued to smoke498. Anecdotal
responses have been claimed with corticosteroids,
vinca alkaloids (vinblastine or vincristine), -
penicillamine, and immunosuppressive and cyto-
toxic drugs480,481,484,485,491,499, but data affirming
efficacy are lacking. Given the paucity of data, we
reserve corticosteroids for patients with severe or
progressive disease, particularly when HRCT or

biopsy features suggest an active granulomatous
phase. Unless the acuity of illness is severe, we
observe for several weeks to see if spontaneous
remission occurs following smoking cessation.
Immunosuppressive or cytotoxic agents are of
unproven benefit but may be tried for severe corti-
costeroid-refractory disease. Lung transplantation is
an option for patients with end-stage pulmonary
EG500. Disease may recur in the transplanted lung
allograft upon resumption of smoking500.

Lymphangioleiomyomatosis (LAM)

Lymphangioleiomyomatosis (LAM) is a rare disease
of unknown etiology affecting only women (primar-
ily premenopausal)501–505. Predominant symptoms
include: dyspnea (�80%); pneumothorax (50 to
80%); hemoptysis (28 to 40%); chylothorax or
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Fig. 12.40 Eosinophilic granulomatosis. Photomicrograph of open lung biopsy specimen demonstrates an intense cellular infiltrate

with multiple Langerhans’ cells exhibiting the characteristically clefted nuclei. H&E, high power. (Reproduced with permisson.)4



chylous ascites (7 to 39%)501,504,506. Mean age at the
onset of symptoms is 30 to 36 years old501,504,506.

Chest radiographs in LAM demonstrate cystic or
reticular shadows, pneumothoraces, and hyperin-
flation in 60 to 80%; chylous pleural effusions, in 11
to 29%504,506. HRCT scans are far superior to chest
radiographs, and are virtually pathognomonic30.
HRCT scans reveal numerous thin-walled cysts
involving all lung fields, without predilection for any
particular lobe501,505. The cysts range in size from a
few millimetres to �6 cm; the intervening lung
parenchyma is normal30,501,507 (Figs. 12.41 and 12.42).
Nodules are not found30,507. The severity of quantita-
tive HRCT scores correlates inversely with DLCO and
FEV1/FVC502. Other CT abnormalities found in a
minority of patients include: retrocrural adeno-
pathy; pleural or pericardial effusions; dilated tho-
racic duct; pneumothorax501. Ventilation lung scans
demonstrate a ‘speckled’ pattern in 97% of patients
with LAM501; these findings are non-specific. PFTs

demonstrate: reduced DLCO in 83 to 100%
of patients; airflow limitation, in 51 to
67%490,501,502,504,506. Lung volumes are normal or
increased490,501,502,504,506. Worsening airflow obstruc-
tion progresses inexorably over years504,506.

Extrapulmonary involvement is common.
Abdominal CT scans reveal cysts or angiomyolipo-
mas in kidney, spleen, abdominal or retroperitoneal
lymph nodes, uterus, and ovaries in up to 60% of
patients with LAM501,508–510. Angiomyolipomas
exhibit fat attenuation on CT and hyperechogenicity
on ultrasonography501. The major complication of
angiomyolipomas is massive bleeding501. Smooth
muscle cells in angiomyolipomas and LAM lesions
are immunoreactive with melanoma-related marker
(HMB45) antibody501. Pulmonary LAM complicates
tuberous sclerosis complex (TSC), an autosomal
dominant disorder associated with mental retarda-
tion and cutaneous manifestations, in 1% of
patients508. Renal angiomyolipomas are observed in
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Fig. 12.41 Lymphangioleiomyomatosis. HRCT scan from a 28-year-old female with a history of recurring pneumothoraces.

Multiple, well circumscribed cysts are present bilaterally, with large areas of intervening lung parenchyma.



up to 80% of patients with TSC; renal cysts, in 20%501.
Tuberous sclerosis differs from LAM, as neurological
or cutaneous manifestations are not observed in
LAM508.

Histopathological features of pulmonary LAM
include: innumerable small cysts (ranging from 2
to�30 mm); proliferations of atypical/immature
smooth muscle cells (LAM cells; dilated pulmonary
lymphatics)502,506. Predominantly cystic lesions on
open lung biopsy suggest a worse survival; the extent
of smooth muscle proliferation or hemosiderosis do
not correlate with survival506. The atypical smooth
muscle cells in LAM stain positively for muscle-
specific actin, desmin, and HMB-45 anti-
body501,505,506. Historically, open lung biopsy was
used to substantiate the diagnosis of pulmonary
LAM502. In some patients, TBBs with immuno-
histochemical stains (HMB45) may confirm the
diagnosis, provided clinical features are compat-
ible501,502,505. More importantly, the diagnosis of LAM
can be assumed without histological confirmation,

provided HRCT features are classical and clinical
features are compatible501,502,505.

The course of LAM (with or without therapy) is
poor, with inexorable progression over 5 to 15
years504–506,511. Ten-year survival ranges from 23% to
78%; most deaths are due to progressive respiratory
failure504–506,511. Controlled therapeutic trials have
not been done, and optimal therapy is controversial.
LAM is exacerbated by estrogens; exogenous estro-
gens and pregnancy are contraindicated505.
Treatment strategies are designed to ablate the
effects of estrogen and include: surgical oophorec-
tomy and/or anti-estrogen regimens (e.g. pro-
gesterone, tamoxifen, androgens, luteinizing
hormone-releasing agonists)501,502,504–506. Tamoxifen
has partial estrogen-agonist activity, and should not
be used. Improvement is rare with oophorectomy or
medical therapy alone502,504–506. In one review, only 2
of 40 LAM patients treated with diverse therapies
improved; 9 stabilized; 29 deteriorated506. A
retrospective survey of 50 patients with LAM cited
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Fig. 12.42 Lymphangioleiomyomatosis. CT in a 44-year-old woman with LAM demonstrates multiple, thin-walled cystic

radiolucencies bilaterally. Note the two large lesions, representing confluent cysts. (Reproduced with permission.)4



lower rates of decline in FEV1 and DLCO among
patients treated with progesterone505. Among pre-
menopausal patients, mean declines in FEV1 were
47 ml/h and 170 ml/y among treated and untreated
patients, respectively505. Similar trends were found
among postmenopausal women (mean rates of
decline of 18 ml/y and 86 ml/y, respectively). These
trends did not achieve statistical significance, but
suggest that progesterone slows the course of the
disease. Optimal dose and route of administration of
progesterone varies. Most investigators use a mean
dose of �10 mg progesterone daily505,506,512. Given
the poor prognosis of untreated LAM, we believe a
trial of intramuscular medroxyprogesterone acetate
(400 to 800 mg i.m. monthly), oophorectomy, or
both, is reasonable. Patients should be strongly
counselled to avoid pregnancy or exogenous estro-
gens. Bronchodilators improved symptoms in one
study501. Single or bilateral lung transplantation is
reserved for patients with incapacitating disease
and severe airflow obstruction (e.g. FEV1	30% pre-
dicted) or other complications (e.g. refractory, recur-
rent pneumothoraces)509. Pneumothorax in the
native lung may occur after lung transplantation509.
A retrospective analysis of 34 patients with LAM
cited one- and two-year survival rates following lung
transplantation of 69% and 58%, respectively509.
Recurrent LAM in the lung allograft occurs in fewer
than 	5% of patients509,513.

Pulmonary alveolar proteinosis

Pulmonary alveolar proteinosis (PAP), also termed
alveolar phospholipidosis, is a rare disease of
unknown etiology in which alveolar spaces are filled
with granular, eosinophilic material composed of
surfactant apoproteins43,44. The disease is usually
idiopathic, but secondary forms complicate oppor-
tunistic infections, acquired immunodeficiency
syndrome, and hematological malignancies43,44,514.
Secondary PAP is usually mild, and regresses with
successful treatment of the underlying disease43. A
genetic basis for primary PAP has not been found,
but rare cases of familial PAP occur in infants and
children43,515. The estimated incidence of primary

PAP is one in two million people43. PAP is 2.5 times
more common in men; over 80% of cases occur in
the third or fourth decade of life43,516.

Dyspnea is the most common presenting
symptom43,44. Cough, hypoxemia, and worsening
dyspnea evolve over weeks to months43,44,516. Extra-
pulmonary involvement does not occur. In early
reports, opportunistic infections due to Nocardia
spp., Staphylococcus aureus, Mycobacteria, and fungi
were cited in up to 20% of patients with PAP44. In
recent series, infections are absent or rare44,516,517.
Chest auscultation may be normal or reveal inspira-
tory crackles; clubbing is noted in one third of
cases43. Serum lactate dehydrogenase (LDH) is ele-
vated in 80% of patients43,44,516. Hypoxemia, due to
intrapulmonary shunting, is the cardinal physiolog-
ical aberration43,44. PFTs demonstrate reductions in
DLCO and lung volumes; expiratory flow rates are
normal 43,44.

Chest radiographs reveal symmetrical, fluffy, peri-
hilar alveolar infiltrates (a batwing appearance)43,44

(Fig. 12.43). Asymmetrical or unilateral involvement
occurs in 20%43,44. HRCT scans more clearly depict
the alveolar pattern, with air bronchograms43,516

(Fig. 12.44). Thickened interlobular septae, clearly
visible within the affected lung, produce what is
termed ‘crazy paving’ pattern43 (Fig. 12.45). These CT
features may also be seen in bronchioloalveolar cell
carcinoma or lipoid pneumonia43.

Historically, the diagnosis of PAP required open
lung biopsy44. The alveolar spaces and respiratory
bronchioles are filled with granular acidophilic
material on hematoxylin/eosin stains, which stains
bright pink with PAS and negative with alcian
blue43,44 (Fig. 12.46). Interstitial inflammation or
fibrosis does not occur. The major constituent of
intraalveolar material is lecithin, the main compo-
nent of surfactant43. Electron microscopy (per-
formed for research purposes) reveals lamellar
bodies within the alveolar lumen, identical to phos-
pholipid inclusions found in normal type II pneu-
mocytes43. Alveolar macrophages contain complex
phospholipoprotein inclusions43. Fibreoptic bron-
choscopy with BAL or TBBs is distinctive 43,44,516,518.
BAL fluid is opaque and milky, and sediments into
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multiple layers upon standing43,44. Microscopic fea-
tures reveal diffuse eosinophilic staining, large
eosinophilic bodies, and few alveolar macro-
phages43,44,516. Positive PAS and negative alcian blue
stains of the foamy BAL fluid confirm the diagno-
sis43. When bronchoscopy is non-diagnostic, surgi-
cal (VATS) lung biopsy should be performed.

Research investigations noted elevations in
tumour markers519, mucin-like glycoprotein (KL-
6)520, surfactant proteins A43,521 and D522 and mono-
cyte chemoattractant protein-1 (MCP-1)523 in serum
and BAL fluid in patients with PAP. The pathogenesis
of PAP is not known. Defects in clearance or exces-
sive production of surfactant by type II pneumocy-
tes is postulated. Alveolar macrophages in PAP
exhibit defects in chemotaxis, phagocytosis, and
phagolysosomal fusion43. Inciting stimuli for PAP are
not known, but exposures to hydrocarbons, chemi-
cals, fibreglass, aluminium, cadmium, metals, dusts,
or solvents can be elicited in 50% of cases43,44. In

animal models, inhalation of fine dust particles elicit
a PAP-like syndrome43,44.

The natural history of PAP is variable. Spon-
taneous resolution occurs in up to 40% of
patients516,524. Prior to the availability of therapy,
one-third of patients died of respiratory failure or
infectious complications. Whole lung lavage is the
treatment of choice, and is recommended for
patients with severe or progressive symptoms43,44.
Patients with mild symptoms may not require treat-
ment516. Whole lung lavage involves instilling large
volumes of sterile saline (20 to 50 litres) over a 3 to 5
hour period into each lung (usually at separate
times)43,44. Some centres perform bilateral sequen-
tial lung lavage in one treatment session43. This
process physically removes the copious, thick viscid
material, allowing the alveolar spaces to re-expand
and participate in gas exchange. Whole lung lavage
is usually efficacious, and fatalities are now rare
43,44,516. Relapses occur in 15 to 30% of treated
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Fig. 12.43 Pulmonary alveolar proteinosis (PAP). PA chest radiograph demonstrates bilateral extensive ground glass opacities in a

58-year-old male with hypoxemia and dyspnea. Bronchoscopy with BAL confirmed the diagnosis of PAP.



patients, and require retreatment43,44,516. When
occupational exposure to solvents, chemicals, or
dust is suspected as the etiology, withdrawal from
that occupation is advised.

Pharmacological alternatives to whole lung lavage
have been proposed, but data are sparse. In a murine
model, mice deficient in granulocyte monocyte
colony-stimulating factor (GM-CSF) or the CM-
CSF/interleukin-3/IL-5 receptor develop a pul-
monary lesion closely resembling PAP
histologically525–527. In humans, defects in the GM-
CSF receptor were detected in 4 out of 8 pediatric
patients with PAP528 but were not found in adults
with PAP527. Reconstituting the gene for GM-CSF to
the respiratory epithelia of CM-CSF deficient mice
corrected the PAP lesion529. Bone marrow transplan-
tation and hematopoietic reconstitution of GM-
CSF-deficient mice reverses this abnormality530 A
case report cited physiological improvement in a
patient with PAP following administration of GM-

CSF531. The authors hypothesized that GM-CSF acti-
vates alveolar macrophages and increases the rate of
surfactant clearance. Three other cases were treated
with GM-CSF; only one responded43.

Relapsing polychondritis

Relapsing polychondritis (RP), a rare disease of
unknown cause, is characterized by episodic inflam-
mation and destruction of cartilage of the ears, nose,
larynx, trachea, and peripheral joints532,533. Other
proteoglycan-rich structures (e.g. eye, heart, blood
vessels, inner ear) can be affected532. The course of
RP typically evolves over years532,533. Fever, sweats,
weight loss, and lethargy are common532,533.
Cardiovascular manifestations (e.g. aortitis, vascu-
litis, valvular insufficiency, aneurysms) occur in up
to 30% of patients532,533 and may be lethal. Renal
involvement was cited in 8% of patients532.
Otolaryngological manifestations predominate. The
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Fig. 12.44 Pulmonary alveolar proteinosis. CT scan demonstrates multiple foci of ground-glass opacification throughout

parenchyma. Open lung biopsy demonstrated classic features of PAP. (Reproduced with permission.)4



ears are involved in �80% of patients; chondritis
may cause deformities of the external ear533. Nasal
manifestations are present in two-thirds; saddle
nose deformity is common533. Laryngeal or tracheal
manifestations (e.g. hoarseness, laryngeal tender-
ness, aphonia, stridor) are evident in 14 to 38% of
patients at presentation, but develop in 56 to 68% of
patients during the course of the disease532–535.
Inflammation of bronchial or tracheal cartilage
causes dyspnea, stridor, or wheezing. Upper airway
obstruction (UAO) can result from subglottic edema,
cicatricial contraction of the tracheal lumen, or dis-
solution of the cartilaginous supporting sructure of
the trachea, causing dynamic collapse of the
airway533–535.

Chest CT scans demonstrate diffuse or focal tra-
cheal or bronchial stenosis, with thickening and
calcification of airway walls532,536. Peripheral
bronchi can be affected537. Computed tomography
(CT) with multiplanar reformations (MPRs) are
useful to measure the length of strictures and
detect dynamic inspiratory and expiratory col-
lapse443,537. A flow-volume loop is a sensitive
measure of dynamic airway collapse. Tracheal
stenosis causes truncation of inspiratory and expir-
atory limbs of the flow-volume loop532. Fibreoptic
bronchoscopy is warranted when UAO is sus-
pected. Bronchoscopy reveals inflammation in the
trachea, with or without stenosis532. Patients with
severe tracheal stenosis refractory to medical

314 J.P. Lynch III and M. Keane

Fig. 12.45 Pulmonary alveolar proteinosis. HRCT scan demonstrates widespread alveolar opacification with focal areas of relatively

uninvolved lung parenchyma. Thickened interlobular septae, clearly visible within the affected lung, produce what has been

termed a ‘crazy paving’ pattern.



therapy require tracheostomy534,535. Ten to 15% of
patients with RP die of respiratory failure (most
often due to tracheal stenosis or collapse)533,538.
Pulmonary infections result from impaired drain-
age, ineffective cough, and airway collapse and
contribute to mortality532.

No biopsy finding is specific for RP532. Histological
features include: perichondral inflammation; loss of
basophilic staining of cartilage; capillary endothelial
cell proliferation; perivascular inflammatory cell;
necrotic, vacuolated chondrocytes532. Biopsies are
often non-specific, and create additional cosmetic
deformity532. The diagnosis of RP is often made on
clinical grounds. Major defining criteria include:
bilateral auricular chondritis; non-erosive seronega-
tive inflammatory arthritis; nasal chondritis; ocular
inflammation; respiratory tract chondritis; audio-
vestibular damage533. The episodic nature of the

disease, indolent progression over months to years,
and response to corticosteroids or dapsone support
the diagnosis when histological criteria are
lacking532.

The cause of RP is unknown. Serum antibodies to
type II collagen and immune complexes are found
during acute attacks532. In 10 to 25% of patients, RP
is associated with connective tissue or autoimmune
disorders532. The efficacy of high dose corticoster-
oids supports an immune-mediated mechanism.

Treatment of RP involves agents which ablate the
inflammatory response (e.g. corticosteroids or
dapsone)532. Corticosteroids are the mainstay of
therapy. Because RP is episodic, corticosteroids are
often reserved for acute flares. For acute or severe
respiratory tract involvement, high dose corticoster-
oids are required. Non-steroidal anti-inflammatory
drugs (NSAIDs) have an adjunctive role. Dapsone,
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Fig. 12.46 Pulmonary alveolar proteinosis. Photomicrograph: open lung biopsy demonstrates filling of alveolar spaces with viscid,

lipoproteinaceous material.



an agent that inhibits lysosomal enzymes, is often
used, but data affirming benefit are lacking532.
Chronic use of dapsone may cause methemoglobi-
nemia and anemia532. Alternative cytotoxic or
immunosuppressive agents (e.g. cyclophospha-
mide, methotrexate, azathioprine) are reserved for
corticosteroid-recalcitrant cases532. Five-year survi-
val ranges from 70 to 94%532. Tracheostomy539 or tra-
cheal stents540 may be required for patients with
severe laryngeal or tracheal involvement failing
medical therapy. Tracheal reconstruction is consid-
ered as a last resort539. Patients with cardiac valvular
insufficiency require valve replacement

Amyloidosis

Amyloidosis is a group of diseases characterized by
deposition of insoluble �-pleated fibrillar protein in
the extracellular matrix of involved tissues541.
Primary amyloidosis, the most common variant, is
associated with deposition of the immunoglobulin
light chain fragment (amyloid AL), and can be idio-
pathic or associated with plasma cell dyscrasias (e.g.
multiple myeloma)541. Secondary amyloidosis
(amyloidAA)complicatesbronchiectasisanddiverse
chronic inflammatory disorders (e.g. tuberculosis,
chronic infections, collagen vascular or autoimmune
diseases, etc.)541. Familial transthyretin-associated
amyloidosis (ATTR) also exists541. Amyloidosis is
rare. Only 1275 to 3200 new cases of primary (AL)
amyloidosis are diagnosed annually in the United
States541; familial amyloidosis (ATTR) is 5 to 10 times
less common than AL541. With the marked reduction
in chronic infectious diseases such as tuberculosis,
osteomyelitis, and bronchiectasis in the Western
Hemisphere, secondary (AA) amyloidosis is rare, but
may complicate untreated familial Mediterranean
fever, inflammatory bowel disease, or rheumatoid
arthritis541.

Clinical manifestations of AL amyloidosis are
protean. Amyloidosis can involve any organ, but
predominant sites of amyloid deposition include the
tongue, heart, joints, kidney, gastrointestinal tract,
spleen, liver, skin, nervous system, and upper and
lower respiratory tracts541–544. Clinically significant

lung involvement occurs in 10 to 30% of patients
with primary (AL) amyloidosis, but is rare in secon-
dary forms541–545. Prognosis of AL amyloidosis is dic-
tated by cardiac or extrapulmonary organ
involvement. Mean survival is less than two
years542,544. Most deaths are due to cardiac, renal, or
non-pulmonary causes542,544.

Pulmonary manifestations of amyloidosis
include: focal mass lesions; diffuse reticulonodular
or micronodular amyloid lesions; hemorrhagic
pleural effusions; hemoptysis; mediastinal or
hilar lymphadenopathy; pulmonary hyperten-
sion542,543,545,546. Rare manifestations include: sleep
apnea (secondary to involvement of the tongue) and
respiratory muscle weakness (due to amyloid infil-
trating the diaphragm)541,542.

‘Primary’ pulmonary amyloidosis also
occurs543,545,547. In this entity, amyloid deposits are
present only in the lungs or associated structures
(i.e. tracheobronchial tree, pleura, and hilar or med-
iastinal lymph nodes)543,547. Multiple focal nodules
or plaques are characteristic543,547. Depending on the
site and extent of involvement, patients may be
asymptomatic or have cough, wheezing, dyspnea,
hemoptysis, atelectasis, or recurrent pneumonias543.
Fewer than 100 cases of tracheobronchial amyloido-
sis have been published547. Virtually all such cases
are localized amyloidosis. The largest series was 10
patients with tracheobronchial amyloidosis seen at
a single medical centre over a 15-year period547.
Tracheobronchial amyloidosis was never seen in 685
patients with AL amyloidosis seen during that time
frame.547. Tracheobronchial amyloidosis may cause
inflammation or stenosis of trachea, bronchi, or
larynx, causing stridor, dyspnea, wheezing, or
hoarseness543,547. Amyloidosis involving the trachea
may cause severe (even fatal) airflow obstruction547.
Calcification of amyloid deposits causes tracheo-
bronchopathia osteoplastica, characterized by cal-
cified or cartilagenous submucosal nodules within
the tracheobronchial tree547,548. Bronchoscopy (rigid
or fibreoptic) is most useful to establish the diagno-
sis of localized amyloidosis547. CT scans are used to
quantitatively assess the degree and sites of airway
narrowing, and follow the course of the disease547.
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The diagnosis of amyloidosis is confirmed by
demonstrating amyloid fibrils in involved tissue(s).
Amyloid protein stains pink with hematoxy-
lin–eosin, but Congo red dyes are more specific.
Amyloid takes up Congo red and exhibits apple
green birefringence under polarized micros-
copy541,542.

Optimal therapy for primary amyloidosis is not
clear. Colchicine has been used for both primary and
secondary amyloidosis; its value is doubtful544.
Alkylating agents are efficacious in amyloidosis due
to multiple myeloma, and improve survival mod-
estly in idiopathic AL amyloidosis544 549. In secondary
forms of amyloidosis, aggressive treatment of the
underlying disease delays or reverses deposition of
amyloid protein541. Interferon-� is ineffective550.
Optimal treatment of diffuse amyloid infiltrating
lung or tracheobronchial tree is not known. For
localized endobronchial disease, dilatation with
rigid bronchoscopy or laser resection may be
useful547. Resection of localized amyloid deposits
surgically or by laser is beneficial in some patients547.
In rare cases, laryngeal dilatation or tracheostomy
are required547.
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Introduction

In diffuse fibrotic lung disease, open and blinded
therapeutic trials have largely been confined to
patients with idiopathic pulmonary fibrosis (IPF,
synonymous with cryptogenic fibrosing alveolitis).
The results of these studies and the anecdotal expe-
rience of chest physicians throughout the world
have demonstrated that current treatments do not
prevent the progression of IPF in most cases.
However, in the last 5 years, there has been a major
change in the overall conceptual approach to
therapy. Previously, it had been argued in IPF (and
other diffuse fibrotic lung diseases) that inflamma-
tion precedes and leads to fibrosis). Thus, current
treatments, which are largely ineffective, are based
upon the suppression of inflammation (usually by
means of corticosteroid and immunosuppressive
therapy). The notion of a histopathological contin-
uum in IPF, in which inflammation and fibrosis are
seen as closely inter-related, was reinforced by the
use of the terms ‘desquamative interstitial pneumo-
nia’ (DIP) and ‘usual interstitial pneumonia’ (UIP)1,2.
This terminology, coined in the 1970s, was thought
by many to denote the early inflammatory phase of
disease and the later irreversible fibrotic form,
respectively3,4.

More recently, the view that inflammation infal-
libly leads to fibrosis has been challenged. As dis-
cussed later, it is now widely accepted that DIP and
UIP are separate disorders, and that there is no evi-
dence that DIP progresses to UIP. It is increasingly
proposed that the major histopathological process

leading to progression of pulmonary fibrosis is fibro-
blastic activity; although it is possible that chronic
inflammation plays an important modulatory role, it
is equally possible that inflammatory cell infiltration
is an epiphenomenon, which plays only a minor role
in fibrogenesis in UIP. This new view of the patho-
genesis of IPF is likely to explain the lack of effective-
ness of agents that suppress inflammation but have
little effect on other mechanisms. The result of this
radical conceptual change has been an increasing
interest in a number of interventions which might
have direct or indirect effects upon fibroblast activ-
ity (based upon in vitro work and animal studies).

In this chapter, the problems of evaluating new
pharmacological therapies are detailed. Potentially
important pathogenetic mechanisms are outlined.
Individual agents are then discussed.

The problem of demonstrating benefit in a rare
irreversible disease

Although not a rare disease, IPF is infrequently
encountered in routine secondary respiratory prac-
tice. A mortality rate in excess of 1400 patients per
year in the UK5 indicates that IPF has a significant
impact upon community and hospital resources.
However, it is difficult for any single medical practi-
tioner to accumulate worthwhile numbers of
patients for entry in a definitive controlled study:
until recently, no completed therapeutic trial has
contained more than 50 patients. The small number
of suitable patients, even when accumulated at ter-
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tiary units, requires a multicentre approach. Until
recently, this has been unattainable. Multicentre
studies usually require a very major input from
pharmaceutical companies, who may be reluctant
to invest the considerable required resources
without the reasonable likelihood of a worthwhile
outcome. The relative rarity of IPF, compared to
asthma or chronic obstructive pulmonary disease,
has been a powerful disincentive to pharmaceutical
investment.

Recently, pessimism about the lack of research
into new treatments of IPF has been alleviated by the
realization that antifibrotic treatments might be
applicable to a wide variety of pulmonary and non-
pulmonary disorders. A number of multicentre
studies are now under way, evaluating agents dis-
cussed later in this chapter. However, the small
number of patients suitable for clinical studies
remains a major constraint. The enrolment of the
pool of eligible patients into large multicentre
studies necessarily prevents therapeutic research
into other new agents at the centres taking part.
Thus, the decision whether a novel intervention is
sufficiently promising to justify a major investment
in time and resources is a considerable dilemma for
clinicians. In theory, this problem can be overcome
by the use of pilot studies in small groups of patients
at single centres. In this way, a number of new agents
can be evaluated at different centres, with the inten-
tion to proceed to a definitive multicentre study
when pilot results are encouraging. However, the
construction and interpretation of pilot studies
poses a number of major problems.

First, the irreversible nature of pulmonary fibrosis
is a major difficulty. Patients with evidence of signifi-
cant reversible inflammatory cell infiltration at
biopsy6,7 or on high resolution computed tomogra-
phy (CT)8,9 are likely to respond to current treat-
ments and are not usually deemed appropriate for
novel interventions. Thus, for most patients taking
part in clinical trials, a significant improvement is
not a realistic goal. In the context of relentlessly
advancing fibrosis, long-term stability can be
viewed as a radical improvement in the natural
course of disease; a significant slowing in the pro-

gression of disease amounts to success. In small
groups with progressive IPF, a period of pilot treat-
ment with a novel agent for 3 to 6 months is unlikely
to disclose a reduction in disease progression, unless
the therapeutic benefit is striking. This difficulty is
especially problematic in the patient populations
commonly chosen for pilot intervention.

The problem of selection bias

By definition, pilot studies are speculative. IPF has
had a 5-year survival of 50% or less from the onset of
dyspnea throughout the last three decades6,7,10, and
many patients present late in the course of disease,
long after dyspnea has developed. In smokers, dysp-
noea is often wrongly ascribed to chronic obstruc-
tive pulmonary disease, and in other patients a
confident diagnosis of IPF proves elusive. The
outlook is often poor if a final diagnosis is made only
when pulmonary fibrosis is advanced. Historically,
clinicians have found it necessary to initiate conven-
tional agents (corticosteroid and immunosuppres-
sive agents) as first-line therapy. Pilot studies of
other treatments have tended to be reserved for
patients with pre-terminal disease, who have been
clearly seen to progress despite standard treatment.
Thus, a major selection bias has resulted. The
extrapolation of those with very advanced disease to
a larger IPF population with less extensive disease is
highly questionable. In other chronic diseases, inter-
vention in the hope of changing natural history has
been more successful when instituted early in
disease. A good example is the use of angiotensin-
converting-enzyme inhibition immediately after
myocardial infarction in patients without evidence
of left ventricular impairment, resulting in a striking
reduction in the prevalence of heart failure a year
later11. Thus, the finding in a pilot study performed
in the 1980s that cyclosporin therapy did not have an
obvious benefit in IPF in a handful of severely com-
promised patients12 does not necessarily exclude a
major benefit in those with less advanced disease.

A second subgroup often considered suitable for
speculative treatments consists of patients in whom
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the course is unusually benign, who progress insidi-
ously despite traditional therapy, and are enrolled in
pilot interventions before disease is disabling. The
interpretation of outcomes in this context poses an
entirely different problem. Disease that is inherently
slowly progressive requires a lengthy period of treat-
ment before an apparent therapeutic benefit
becomes apparent. Moreover, a good outcome with
treatment may not be applicable to patients with
typical progressive IPF. A recurring difficulty with
pilot studies is the possibility that the treated popu-
lations may not be representative of typical IPF to
two standard deviations of disease behaviour. A
recently published study of gamma-interferon13,
discussed in detail later, excited a good deal of inter-
est because the outcome was substantially better in
treated patients than in control subjects. The results
were very much better than reported in any previous
therapeutic trial in IPF. However, strikingly, the mor-
tality was extremely low in all patients, including
those receiving placebo gamma-interferon; a sub-
group requiring supplemental oxygen therapy at
entry were all alive 12 months later, and serial lung
function indices in patients in the placebo arm
showed a surprising lack of deterioration. Thus, the
patients enrolled in this study did not have the entity
of relentlessly progressive IPF encountered in
routine practice. The findings caused some to ques-
tion whether the studied patients in that study all
had IPF, or whether the population was partially
composed of less aggressive diffuse lung diseases,
including the recently characterized entity of non-
specific interstitial pneumonia (NSIP).

The problem of diagnostic contamination

Diagnostic contamination is a major consideration
in diffuse lung disease, in pilot studies and definitive
clinical trials alike. The attainment of a secure diag-
nosis of IPF has been complicated by the recent defi-
nition of NSIP, which makes up a significant
subgroup of patients in recent histological
series14–17. The definition of NSIP resulted indirectly
from the recent realization that the histological

appearances of DIP and UIP are likely to represent
separate clinical entities. This, in turn, underlined
the importance of reclassifying histological sub-
groups and led to an international consensus on a
new histological and clinical classification for the
idiopathic interstitial pneumonias, of which UIP
(thought traditionally to correspond to the clinical
entity of IPF) and NSIP are the most prevalent vari-
ants. Early studies indicate that NSIP has a signifi-
cantly better prognosis than UIP, with a good
outcome in the majority of cases14–17. However,
many patients with the histological appearance of
NSIP do not have the clinical entity of IPF, but more
closely resemble relatively benign conditions such
as cryptogenic organizing pneumonia18,19 or sub-
acute extrinsic allergic alveolitis19, clinically and/or
radiologically. It should be stressed that, when
patients with a clinical and radiographical picture of
IPF are evaluated, a histological diagnosis of fibrotic
NSIP is more likely to be associated with progressive
pulmonary fibrosis than in other clinical contexts17.
However, even allowing for this caveat, the outcome
of NSIP is clearly better than the outcome of UIP, and
a significant proportion of patients with NSIP
survive for 10 years or longer after presentation.

Thus, in pilot studies performed on patients with
the clinical features of IPF and slowly progressive
disease, NSIP is likely to be over-represented. It is
not clear whether antifibrotic agents might be less
(or even more) effective in NSIP than in UIP and this
poses an important dilemma in the design of trials of
new agents. Ideally, a histological diagnosis of NSIP
or UIP should be secured before patients are entered
in a therapeutic study. The performance of a lung
biopsy gives the investigator greater confidence in
evaluating the efficacy of intervention; in a con-
trolled study, equal proportions of NSIP and UIP can
be assigned to all subgroups, or entry can be
restricted to UIP or NSIP alone. However, thoraco-
scopic biopsies are increasingly reserved for the
minority of patients with atypical clinical or CT fea-
tures, and it is seldom practicable or acceptable to
patients to perform biopsies solely for the purposes
of a clinical study. In routine clinical practice in the
UK, less than 10% of patients with IPF undergo open

338 A.U. Wells



or thoracoscopic biopsy20. Thus, series composed
entirely of biopsied patients are subject to a major
selection bias. Patients undergoing biopsy tend to be
younger and have less functional impairment.21 The
large subgroup of patients who are unfit for biopsy,
either because of loss of pulmonary reserve or due to
significant comorbidity, are excluded. Moreover, the
recruitment rate is necessarily low if a histological
diagnosis is required and the large numbers of
patients required in order to complete definitive
controlled studies are probably unattainable.

The problem of diagnostic contamination is less-
ened by the careful use of CT. There are now a large
number of diagnostic studies which have shown that
CT is acceptably accurate in predicting a histological
diagnosis in interstitial lung disease, especially if the
radiological diagnosis is confident22–26. Because
NSIP has been defined relatively recently, the CT
appearances of NSIP have yet to be definitively doc-
umented in patients with the clinical features of IPF.
However, it is increasingly accepted that a coarse
reticular pattern on CT, in association with a pre-
dominantly basal subpleural distribution, denotes a
high likelihood of a histological diagnosis of UIP,
especially if there is overt honeycombing19. Recent
experience indicates that many patients with NSIP
are characterized by prominent ground-glass atten-
uation on CT and finer fibrosis, without extensive
honeycombing27. In this context, a ground-glass
pattern on CT may be indicative of fine fibrosis,
rather than reversible inflammatory cell infiltration.
In IPF series published before the prognostic impor-
tance of NSIP had been established, prominent
ground-glass attenuation on CT was associated with
a good outcome, whereas the predominance of a
reticular pattern was a malignant prognostic deter-
minant8,9. These findings probably reflected the
NSIP/UIP dichotomy, at least in part. Thus, it can be
argued that in pilot studies, entry should be
restricted to the majority of IPF patients with frank
honeycombing on CT, to ensure that the studied
population is largely composed of UIP. In larger
definitive studies, there is a strong case for stratify-
ing entry, based upon the presence or absence of sig-
nificant ground-glass attenuation, and these CT

features need to be taken into account in analyses of
outcome.

The problem of selection of end-points

In pilot studies and in major multicentre studies
alike, the selection of end-points in fibrotic lung
disease remains problematic. In a disease which is
often fatal within 2 years of presentation (especially
if there are significant delays in making the diagno-
sis after the onset of dyspnea), the most robust
method is analysis of survival. In a definitive study,
the ideal design would be placebo controlled and
double blind; patients would remain on treatment
until death, without knowledge of whether the agent
was active. In trials of oncological drugs, this
problem can be overcome by comparing a new treat-
ment with the best current management. However,
this approach is weakened in IPF by the fact that the
efficacy of present treatments in preventing progres-
sion of fibrosis has never been quantified. A double-
blind placebo-controlled design, continued
indefinitely, places unacceptable demands upon
patients and clinicians. Patients are unlikely to
accept a blinded treatment which may be inactive,
once it becomes obvious that disease has pro-
gressed; for the same reasons, physicians may be
reluctant to refer patients to participate in such a
trial, and may insist upon open ‘rescue therapy’,
once deterioration has been demonstrated.

Moreover, death is not always directly due to pro-
gression of lung disease in IPF; in many series,
cardiac disease is a major source of mortality, and
lung cancer has a greatly increased incidence in
patients with established pulmonary fibrosis28.
Cardiac problems are often disclosed by progression
of IPF, and may not become apparent in patients
with stable disease; thus, a new agent which is able
to prevent or slow deterioration may delay death
from cardiac causes. However, this will not invari-
ably be the case; current or previous smokers in their
seventh decade (the typical patient with IPF), are
likely to be at greatly increased risk of myocardial
infarction, irrespective of pulmonary disease. Thus,
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analyses of survival will be partially confounded by
non-respiratory mortality; this, in turn, increases
the number of patients required to demonstrate a
change in survival with intervention.

These constraints are likely to account for the fact
that no definitive long-term placebo controlled
study has ever been performed in IPF. For the most
part, pilot assessment has consisted of a period of
observation, sometimes for a standardized period
such as 1 year. Change in disease severity has been
evaluated, often in isolation, although sometimes by
comparison with untreated patients. However, even
in this apparently simple framework, the selection of
end-points has not been straightforward. It is widely
accepted that lung function tests are a more reliable
reflection of the underlying disease severity than
symptoms or findings on chest radiography29.
Despite this consensus, there is no overall agree-
ment amongst clinicians as to which of a wide
variety of lung function tests should be the cardinal
measure of disease severity. In most serial analyses
of patients with IPF, the forced vital capacity (FVC)
and total gas transfer (Dlco) have been chosen as
primary indices. It is now known that Dlco levels
have a closer correlation with the extent of IPF on CT
than any other lung function measure30,31, and it can
be argued that change in Dlco might be the most
reliable indicator of change in underlying disease
severity. However, the prevailing difficulty with
interpreting lung function tests precisely is their
sensitivity to other disease processes, especially
smoking-related damage. Emphysema is evident on
CT in over 20% of patients with IPF; the combination
of emphysema and fibrosis results in a spurious
preservation of lung volumes and a devastating
reduction in measures of gas transfer31,32. Similarly,
functional decline in IPF may result from infection
or supervening cardiac failure, especially in individ-
uals with significant hypoxia. Thus, the interpreta-
tion of changes in lung function indices is often
difficult.

It is likely that serial CT examination will play an
increasing role in refining the evaluation of new
treatments. The major theoretical advantage of CT is
that changes in the extent of IPF can be quantified,

independent of the presence of emphysema or other
confounding disorders. The difficulty with this use of
CT is technical. Currently, CT sections are inter-
spaced; data are acquired at 10 mm or 20 mm inter-
vals, with sampling widths of 1–2 mm. Thus, at
follow-up, most CT sections are not anatomically
comparable: a difference of 2 or 3 mm between sec-
tions results in apparently significant changes in
disease extent which are spurious. This difficulty has
seriously limited the role of CT in evaluating the evo-
lution of pulmonary fibrosis. However, the problem
is likely to be solved within 2 to 3 years by the
increasing application of spiral CT, which captures
all the morphological data from the lung apices to
the bases. It will eventually be possible to ensure
strict anatomical comparability with the initial
examination at follow-up CT; thus it is highly likely
that serial CT will ultimately supersede other inves-
tigative modalities in the evaluation of new treat-
ments in diffuse lung disease.

For all the reasons listed above, the evaluation of
new treatments in IPF and other fibrotic lung dis-
eases will remain problematic in the foreseeable
future. Clinicians will need to overcome or interpret
bias due to the selection of patients with advanced
disease or intrinsically less progressive disease. The
methods used to diagnose IPF, and especially to
exclude NSIP, will remain a subject of scrutiny and
contention. The quantification of change in disease
severity with and without treatment will be a vexing
difficulty in the intermediate future. The design of
therapeutic trials in IPF and in other less common
diffuse lung diseases will require meticulous atten-
tion to detail if the results are to be robust.

Pathogenesis

Current models of the pathogenesis of IPF are largely
autoimmune. It has been widely surmised that fol-
lowing initial damage, an influx of acute and chronic
inflammatory cells resulted in continuing immuno-
logically mediated damage and was primarily
responsible for disease progression33–37. Cir-
cumstantial support for an immunopathogenetic
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mechanism include the presence of abundant acti-
vated antigen-primed memory T-cells in the lung
interstitium, in patients with pulmonary fibrosis
associated with scleroderma38, and the prominence
of lymphoid germinal centres in idiopathic pulmo-
nary fibrosis39. Macrophages have also been
believed to play an important role, by production of
tumour necrosis factor �, interleukin-1, interleukin-
6, chemokines enhancing inflammatory cell traffic
(interleukin-8, MCP-1, MCP-1�, MIP1�, MIP-2), and
fibrogenetic factors (TGF-�, IGF-1, PDGF)40. Tissue
damage has been ascribed to generation of oxygen
radicals and proteolytic enzymes by neutrophils41. It
has also been suggested that eosinophils and mast
cells might damage the lung by releasing eosino-
philic cationic products and vasoactive amines42,43.
Thus, using lung involvement in connective tissue
disease as a prototype, it has been argued that the
pathogenesis of fibrotic lung disease involves
amplification of lung injury and the immune
response by environmental trigger factors in geneti-
cally susceptible individuals44,45.

However, the validity of the traditional view, that
in fibrotic lung diseases, irrespective of cause,
inflammatory cell infiltration precedes and leads to
fibrosis, is now increasingly questioned. It had been
widely argued, during the last two decades, that des-
quamative interstitial pneumonia (DIP) was the
early form of usual interstitial pneumonia, based,
in part, on the presence of variably intense intra-
alveolar macrophage accumulation in the latter
disease46. However, many patients with UIP are
current or former smokers and it is now accepted
that DIP and the closely related airway-centred
macrophage accumulation disorder, respiratory
bronchiolitis with associated interstitial lung
disease, represent a response to cigarette smoke47.
Thus, the presence of intra-alveolar macrophage
accumulation in UIP is not necessarily a primary
pathogenetic feature.

Importantly, there is no good evidence in fibrotic
lung disease in general, and in UIP in particular, that
end-stage fibrosis is necessarily preceded by promi-
nent inflammation. In cases of early UIP, the inflam-
matory component is generally minor and occurs in

areas of collagen deposition, not involving other-
wise normal lung parenchyma48. Moreover, in both
sarcoidosis and hypersensitivity pneumonitis, many
patients exhibit marked interstitial inflammation
early in the course of disease, but in many cases
these disorders do not evolve to severe fibrosis. In
principle, if inflammation precedes and leads to
fibrosis in UIP, suppression of inflammation by anti-
inflammatory and immunosuppressive agents
should be associated with a good outcome.
However, it is now increasingly accepted that high
dose corticosteroid therapy is not effective in UIP49,
even in combination with immunosuppressive
treatment. Furthermore, clinical markers of inflam-
mation bear little relationship to outcome in UIP.
Lung gallium-67 uptake has a good correlation with
inflammatory cell content in lung tissue but high
gallium uptake does not equate with a good
response to treatment50. Similarly, increased bron-
choalveolar lavage cellularity is not a consistent
guide to outcome51. In support of these observa-
tions, serial CT evaluation in patients with UIP has
not demonstrated an evolution from areas of iso-
lated or predominant ground-glass attenuation,
denoting increased cellularity, to a fixed reticular
pattern, indicating established fibrosis52, although
ground-glass attenuation admixed with fibrotic
abnormalities, denoting fine fibrosis, may coarsen
to a fibrotic reticular pattern in time53,54. Moreover,
there is evidence in animal models that the inflam-
matory and fibrotic responses can be dissociated.
Transgenic animals have been shown to exhibit
inflammation without the development of pulmo-
nary fibrosis (e.g. mice deficient in the integrin avb6
exposed to bleomycin55, mice deficient in interleu-
kin-10 instilled with silica)56. Pulmonary fibrosis has
been demonstrated in a mouse model of 95% hyper-
oxia, despite the absence of blood components and
a paucity of macrophages in lung explant tissue57. In
this model, fibroblast growth was particularly prom-
inent in areas exhibiting severe epithelial damage,
indicating that inflammation is not an essential pre-
requisite for pulmonary fibrosis associated with epi-
thelial damage.

Thus, the concept of DIP and UIP as a histological
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continuum has probably seriously retarded the
understanding of pathogenetic mechanisms in UIP.
It remains unclear to what extent increased cellular-
ity promotes disease progression in established
fibrotic disease, given the ability of macrophages
and other inflammatory cells to stimulate fibro-
blasts, through a wide variety of growth factors.
Thus, it remains possible that proinflammatory
cytokines play a major ancillary role in recruiting
inflammatory cells and amplifying lung damage and
fibrosis. This consideration is important because of
the possibility that the new antifibrotic agents cur-
rently under evaluation may be more efficacious
when given in combination with anti-inflammatory
agents. However, there is no good evidence that
interstitial or intra-alveolar inflammation is asso-
ciated with the development of fibroblastic foci, the
cardinal histological feature of early UIP.

Fibroblastic foci are made up of an interstitial
aggregation of fibroblasts and myofibroblasts; on
immunohistologic and electron microscopy evalua-
tion, these appearances are compatible with micro-
scopic foci of acute lung injury, characterized also by
destruction of alveolar epithelial cells and disrup-
tion of the basement membrane. The characteristic
secondary fibroblast proliferation and subsequent
collagen deposition can be regarded as a failed
healing process; even at this stage, cellular infiltra-
tion is not prominent. Thus, it has been elegantly
argued by Selman and colleagues, in a seminal
review, that UIP represents a model of abnormal
wound healing, with epithelial injury as the early
lesion, and inadequate re-epithelialization, asso-
ciated with myofibroblast abnormalities58. There is
an increasing body of support for the central impor-
tance of fibroblast foci and associated abnormalities
in the pathogenesis of progressive fibrotic lung
disease48,59,60. Recently, Travis and colleagues
reported that on multivariate analysis, the profusion
of fibroblastic foci was the sole histopathological
feature linked to subsequent progression of disease
in UIP16 and this conclusion is strongly supported by
analyses of biopsies of UIP patients recently under-
taken by the author and colleagues. However, it is
not yet clear which of several associated abnormal-

ities – fibroblast and myofibroblast activity within
fibroblast foci, epithelial injury and disruption of the
basement membrane – is the most important
pathogenetic feature in progressive lung fibrosis.

One possible explanation for on-going epithelial
damage in UIP is fibroblast activity. Fibroblasts and
myofibroblasts from patients with UIP have been
shown to induce epithelial cell death in vitro61. More
compellingly, apoptotic alveolar epithelial cells,
identified by in situ end labelling and electron
microscopy, appear to be concentrated adjacent to
foci of myofibroblasts62. It is now known that angio-
tensinogen mediates myofibroblast apoptotic activ-
ity63, and it has also been suggested that tumour
suppressor protein up-regulation in alveolar epithe-
lial cells may play an important contributory role64.
Thus, fibroblastic foci may be primarily responsible
for progression of fibrotic lung disease, with alveolar
epithelial damage serving an ancillary role. It is
highly likely that myofibroblast proliferation within
fibroblastic foci results in architectural distortion59.
Moreover, fibroblasts from patients with UIP are
deficient in cyclooxygenase-2 expression and pros-
taglandin E2 synthesis (which has an antifibrogenic
effect)65.

However, it is equally plausible that the cardinal
pathogenetic event is alveolar epithelial damage,
resulting in the production of a number of profibro-
genic cytokines and growth factors. Failure to heal
epithelial injury appears to be a consistent feature of
UIP, judging from loss of type I cells, type II cell
hyperplasia and changes in the expression of adhe-
sion molecules66–68. Alveolar epithelial cells from
UIP patients, especially hyperplastic type 2 cells,
synthesize transforming growth factor-�169,70,
tumour necrosis factor70,71 and platelet-derived
growth factor72. In advanced fibrotic lung disease,
the main source of transforming growth factor-�1 is
alveolar epithelial cells, as opposed to macrophages
in earlier disease73, and it argued that epithelial
expression of transforming growth factor-�1 is a key
determinant of progressive fibrosis58. In addition,
alveolar epithelial cells may be responsible for the
local procoagulant and antifibrinolytic activity
observed in UIP, by virtue of expression of tissue
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factor and plasminogen activator inhibitor-1 and -
2.74–76 Failure to remove extravasated blood constit-
uents (an initial feature of tissue injury) may
seriously retard healing by limiting cell movement
through the extracellular matrix58.

Based upon current knowledge, it is unrealistic to
assign a primary pathogenetic role to either alveolar
epithelial damage or fibroblast activity in isolation.
It is likely that these and other features are synergis-
tic and virtually certain that they interact with each
other to promote progression of disease. The same
reservations apply to assigning pathogenetic signifi-
cance to basement membrane disruption, a promi-
nent feature of fibrotic lung disease. Fibroblasts and
myofibroblasts migrate into alveolar spaces through
damaged epithelial basement membranes60,77.
Furthermore, it is likely that basement membrane
damage contributes to disruption of repair of
damaged type I alveolar epithelial cells. However,
little is known about the dynamics of basement
membrane turnover. In UIP, myofibroblasts adja-
cent to denuded basement membrane have been
shown to secrete gelatineses A and B, which are
known to degrade type IV collagen within the base-
ment membrane78–81. Thus, it has been argued that
subepithelial myofibroblasts may be primarily
responsible for basement membrane damage,
enhancing their ability to migrate into epithelial
spaces58.

The end result of the pathogenetic mechanisms
discussed above is accumulation of connective
tissue matrix cells and proteins, including collagen,
fibronectin, elastic fibres and proteoglycans, result-
ing in extensive structural disruption. Fibroblasts
from patients with lung disease exhibit dysregulated
type 1 collagen biosynthesis and impaired mRNA
down-regulation; control mechanisms for collagen
deposition are poorly understood and may become
autonomous82. Connective tissue growth factor (up-
regulated by TGF-�) is a powerful stimulant of colla-
gen production40,83,84. However, failure of collagen
degradation may be equally important or more so,
and it appears likely that an imbalance between col-
lagenases and tissue inhibitors of matrix metallop-
roteinases (TIMPs) may be important.

Collagenase-1 and –3 levels appear to be deficient in
the lung interstitium in idiopathic pulmonary fibro-
sis, whereas TIMP expression may be increased85. In
addition to inhibiting metalloproteinases (which
participate in extracellular matrix remodelling),
TIMPs act to promote mesenchymal cell prolifera-
tion and survival86.

The difficulty in designing new treatments in IPF
is the large number of possible pathogenetic mech-
anisms. It is hoped that a few pathways might turn
out to be central in IPF, a necessary assumption if
monotherapy is eventually to be successful in most
patients. However, it is equally possible that the
common histological appearance of UIP results
from a diversity of mechanisms, or highly variable
contributions from several pathways in individual
patients. Thus, agents that act to inhibit a multiplic-
ity of pathways are intrinsically attractive.

New agents theoretically of benefit in fibrotic
lung disease

Pirfenidone

Pirfenidone has been shown to reduce the toxic pul-
monary fibrotic effects induced by bleomycin in
hamsters, preventing bleomycin-induced increases
in lung hydroxyproline levels, malondialdehyde
equivalent levels, prolyl hydroxylase activity and
myeloperoxidase activity, both when given with a
single dose of bleomycin87, and after the second of
three doses, administered at weekly intervals88.
Pirfenidone also has a direct anti-inflammatory
effect in the hamster model, suppressing the bleo-
mycin-induced increased pulmonary vascular
permeability and influx of inflammatory cells, as
judged by bronchoalveolar lavage cellularity and
protein levels89. These effects are mirrored by a pro-
tective effect by pirfenidone against bleomycin-
induced reductions in pulmonary function indices
in hamsters90. In a mouse model of cyclophospha-
mide-induced lung fibrosis, pirfenidone attenuated
increases in total lung hydroxyproline content and
reduced the incidence of lung fibrosis91. It has an in
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vitro inhibitory effect upon lung fibroblasts cultured
from patients with IPF, blocking the mitogenic effect
of profibrotic cytokines92. Pirfenidone also has an
inhibitory effect upon collagen synthesis in the
hamster model by several mechanisms. It down-
regulates the bleomycin-induced overexpression of
lung procollagen I and III genes93 and suppresses the
bleomycin-induced overexpression of the trans-
forming growth factor-beta (TGF-�) gene94. It
inhibits the bleomycin-induced synthesis of plate-
let-derived growth factor (PDGF) and reduces mito-
genic activity in bronchoalveolar fluid, following
bleomycin exposure, suggesting that the protective
effects of pirfenidone against lung fibrosis might be
partially mediated by a reduction in PDGF isoforms
produced by lung macrophages95.

Pirfenidone was first evaluated clinically in IPF by
Raghu and colleagues in a large non-blinded study
96. Mortality and changes in lung function indices
were evaluated in 54 patients who had deteriorated
despite standard anti-inflammatory treatment or
were unwilling to accept conventional therapy. No
control arm was included; the authors contrasted
the course of disease in treated patients with histor-
ical experience of IPF. The use of pirfenidone was
associated with a slower progression of disease than
is generally reported. One- and two-year survival
rates of 78% and 63%, respectively, were reported:
the authors commented that most patients were
considered to be terminally ill, based upon evidence
of progression before entry and an estimated life
expectancy of 18 months, judging from previous
therapeutic studies in IPF. Importantly, a significant
subgroup of patients exhibited stability or improve-
ment in lung function indices: after one year of
follow-up, improvement or stability was docu-
mented in the forced vital capacity in 22 patients
(41%), compared to 21 patients who had died or
exhibited decline in the forced vital capacity (39%).
Similar proportions were observed when changes in
the total gas transfer were evaluated, although a
further significant subgroup were unable to repeat
pulmonary function tests due to severe dyspnea.
Thus, approximately 40% could be classified as
having apparent stability of disease. Furthermore,

conventional treatment was withdrawn within 2
months of starting pirfenidone in most cases (all 32
patients using immunosuppressive agents, 38 of 46
patients receiving corticosteroid therapy). Improve-
ments in chest radiographic abnormalities were not
observed. Pirfenidone treatment was associated
with little toxicity.

Despite apparently encouraging results, this study
must be viewed as inconclusive. The problems in
interpreting the results are typical of those encoun-
tered in therapeutic trials in IPF, discussed earlier.
Selection bias was a particular difficulty. The lengthy
duration of symptoms at entry was striking. The
mean duration of symptoms was 4.6 years, with an
upper limit of 15 years, and thus the population con-
sisted of a disproportionate number of survivors,
compared to the entity of IPF encountered in
routine clinical practice. In one large recent study of
patients with a clinical presentation of IPF, drawn
from secondary centres, the average survival from
the onset of dyspnoea was less than two years97.
Thus, it must be concluded that the population
studied by Raghu had unusually slowly progressive
IPF; the absence of a control arm can be construed
as a serious flaw. The authors observed a high prev-
alence of stabilization of pulmonary function
indices following deterioration immediately before
entry. However, this observation is also difficult to
interpret; step-wise decline is often observed in IPF
and, thus, lung function decline is often followed by
temporary stability, irrespective of therapeutic inter-
vention. Diagnostic contamination is also an impor-
tant consideration. The great majority of patients (42
of 54) had undergone surgical lung biopsy; diagno-
sis in the remaining 12 patients was based upon
typical clinical and CT features of IPF, and the
absence of granulomatous disease on transbron-
chial biopsy. However, the proportion of patients
with fibrotic NSIP, rather than UIP, is uncertain: the
prognostic importance of a histological diagnosis of
NSIP has become increasingly evident since the
study was completed.

Despite these important caveats, the outcome of
the study was viewed as promising in the recent
report of an NHLBI workshop98, held to review
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opportunities to develop novel treatments for IPF.
The important conclusion was reached that the
results justified the investment of resources in a
larger prospective double-blind study. Thus, the pir-
fenidone study of Raghu can be viewed essentially as
a pilot study.

Interferon-beta

Interferon-beta has been used extensively for its
anti-inflammatory effects in a number of chronic
inflammatory disorders, including hepatitis C99 and
multiple sclerosis100. The only evidence of a pulmo-
nary effect was disclosed in an animal study; inter-
feron-beta protected against radiation-induced
pulmonary fibrosis in mice101. However, interferon-
beta has been shown to reduce the migration and
proliferation of human skin fibroblasts102, and to
reduce collagen synthesis by palatal granulation
fibroblasts, without affecting protein synthesis by
normal fibroblasts103). Because this agent is already
used clinically in non-pulmonary disorders and the
side-effect profile has been largely acceptable, it was
relatively straightforward to construct a large pros-
pective clinical study, in which 167 patients with IPF
were enrolled104. The results were presented orally at
the 2001 American Thoracic Society meeting (but
are not published at the date of writing); interferon-
beta was not efficacious compared to placebo.
However, this study is noteworthy because it estab-
lishes, for the first time, that large multicentre
placebo-controlled studies of new therapies are fea-
sible in IPF.

Interferon-gamma

In theory, interferon-gamma is a very attractive can-
didate as an antifibrotic agent because it has effects
upon a multiplicity of mechanisms relevant to the
pathogenesis of IPF. Interferon-gamma modulates
macrophage and fibroblast function105,106. It directly
suppresses the proliferation of fibroblasts in a dose-
dependent manner, reduces fibroblast protein syn-
thesis and has a number of potentially important
indirect effects on fibroblast function107,108. It inhib-

its a fibrogenic growth factor secreted by mast cells
(fibroblast growth factor-2)109 and reduces the
expression of a second fibrogenic growth factor pro-
duced by macrophages (insulin-like growth factor-
1)110. In a mouse model of bleomycin-induced
pulmonary fibrosis, exogenous interferon-gamma
was found to down-regulate gene transcription for
TGF-beta mRNA (known to cause pulmonary fibro-
sis in rats when administered by means of an adeno-
virus vector) and procollagen mRNA, leading to a
decreased collagen content111. There is in vitro and
in vivo evidence that in fibrosing lung disease,
including IPF, interferon-gamma production is
sometimes impaired112,113, reflecting a shift from
type 1 (Th1) to type 2 (Th2) immunological
responses. Opposing effects on lung fibroblasts by
interferon-gamma and interleukin-4 have been
demonstrated with a marked increase in total colla-
gen production and types I and III procollagen
mRNA on IL-4 stimulation, but a marked reduction
in collagen production on interferon-gamma stimu-
lation114. Thus, IL-4 and interferon-gamma can be
viewed as fibrogenic and antifibrogenic cytokines,
respectively. In patients with IPF, a type 2 (Th2)
pattern of cytokines predominates; although there is
evidence for a type 1 response, there is a paucity of
interferon-gamma115, compared to levels in biopsy
tissue in patients with fibrosing alveolitis associated
with systemic sclerosis, extrinsic allergic alveolitis
and sarcoidosis116,117. Interferon-gamma modulates
the expression of a number of neutrophil-derived
chemokines118. It has also been shown to upregulate
c-Met/hepatocyte growth factor receptor expression
in alveolar epithelial cells; hepatocyte growth factor
is a powerful mitogen for alveolar epithelial cells and
has shown antifibrotic activity119.

Interferon-gamma was administered to patients
with IPF by Ziesche and colleagues13. The results,
recently published in the New England Journal of
Medicine, have excited enormous interest and a
great deal of controversy. The findings suggest a
greater therapeutic benefit than ever previously
reported in IPF with any other agent. Following
encouraging preliminary findings in patients with
IPF, sarcoidosis and pulmonary fibrosis associated
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with scleroderma, the authors constructed an open
randomized trial containing 18 patients with IPF,
nine in each treatment arm. All were considered to
have histological findings and appearances on high
resolution computed tomography compatible with
IPF. The cardinal entry criterion was a deterioration
of 10% in lung function indices over the preceding
year, despite at least six months of continuous
corticosteroid and/or immunosuppressive treat-
ment. Severe pulmonary fibrosis was an exclusion
criterion (total lung capacity less than 45%). All
patients were treated initially with 50 mg of oral
prednisolone daily for four weeks, tapering to the
maintenance dose over the next fortnight. Nine
patients were treated for 12 months with interferon-
gamma (200 �g three times weekly subcutaneously),
in combination with prednisolone 7.5 mg daily; the
remaining nine patients received prednisolone 7.5
mg daily for 12 months. Lung function indices at
entry were virtually identical in the two groups, and
all 18 patients reported exertional dyspnoea.

Serial lung function trends over the year of treat-
ment differed strikingly between the two subgroups.
Patients receiving prednisolone alone exhibited a
decline in lung function indices, although the dete-
rioration was insidious and failed to reach statistical
significance. By contrast, interferon- was asso-
ciated with increased total lung capacity (an average
rise of 9% of predicted and 14% of baseline values)
and arterial oxygen pressure at rest in all cases, and
reduced oxygen desaturation on maximal exercise in
all but two instances. Exertional dyspnea resolved in
eight of nine patients receiving interferon- but
never regressed in the remaining subjects. Side
effects ascribable to interferon- (fevers, chills, bone
pain, muscle aches) resolved within 3 months in all
cases.

At evaluation of tissue taken at transbronchial
biopsy, performed after initial high dose steroid
therapy, gene transcription of transforming growth
factor-� and connective tissue growth factor were
strikingly increased, compared to normal subjects,
and were significantly suppressed after 6 months of
interferon- treatment, but not in patients receiving
prednisolone alone. Gene transcription for inter-
feron- was not detected in any instance.

On the face of it, these results must be viewed as
extremely encouraging. An improvement in lung
function indices with treatment in all cases is
unprecedented in IPF and the bronchoscopic find-
ings provide a logical explanation for the outcome,
which is wholly compatible with previous in vitro
and in vivo work. It has even been argued that this
study justifies the immediate use of interferon- in
clinical practice120. However, most clinicians have
significant and, in some cases, major reservations.
The number of patients treated is not, in itself, a
major statistical problem, with the application of
appropriate analyses. The greater difficulty, which
clearly applies in this instance, is that very small
groups are often unrepresentative of the larger unse-
lected population with the disease in question. The
population had unusually slowly progressive
disease. Patients were followed for at least 1 year
before entry (median follow-up not stated) and did
not have end-stage disease. The course of disease
was unusually benign in the control group; extraor-
dinarily, two oxygen-dependent patients who did
not receive interferon- were alive 2 years later, and
a striking deterioration was never observed. Thus,
the studied population, including the control sub-
jects, exhibited a treated course which was not at all
typical of IPF in general, even to within one standard
deviation of disease behaviour. It has been sug-
gested that fibrotic NSIP might have been greatly
over-represented, but this concern was allayed by a
recent review of the histological appearances; after
exclusion of several patients with NSIP, the results
remained statistically significant (personal commu-
nication, TE King Jr).

Thus, the possibility that any therapeutic benefit
with interferon-gamma applies solely to a small sub-
group of IPF patients with very slowly progressive
disease cannot be excluded. Equally, it may transpire
that patients with total non-expression of inter-
feron- are a special case and were grossly over-
represented in the therapeutic trial, by chance, or by
association with a relatively benign course. It is to be
hoped that these hypotheses will be explored further
in carefully selected subgroups if a major multicen-
tre study currently in progress turns out to be disap-
pointing. A rise in lung function indices in a group
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with reticular disease on CT (denoting morphologi-
cal abnormalities previously considered irrever-
sible) raises the intriguing possibility of partial
regression of pulmonary fibrosis, which, in itself, is
unprecedented in IPF. None the less, the interferon-
gamma trial should be viewed solely as pilot work,
which may or may not be ground-breaking, and jus-
tifies a definitive study. Routine interferon-gamma
therapy in IPF is not yet warranted but remains a
treatment of the future.

Eicosanoids

There is increasing evidence that the antifibrotic and
anti-inflammatory prostaglandin PGE2, which can
be administered orally as a PGE2 analogue, merits
therapeutic evaluation. In a mouse model of bleo-
mycin-induced lung fibrosis, lung fibroblastic pro-
duction of PGE2 was significantly reduced in
bleomycin-treated animals121. Compared to control
tissue, lung fibroblasts isolated from patients with
IPF exhibit a marked reduction in PGE2 synthesis,
ascribable to diminished basal and stimulated
cyclooxygenase-2 protein activity122. In GM-CSF
deficient mice, bleomycin treatment has resulted in
enhanced fibrogenesis in association with reduced
levels of PGE2, compared to findings in wild-type
mice123. Exogenous GM-CSF reversed the PGE2 syn-
thesis defect but administration of indomethacin (a
prostaglandin synthesis inhibitor) after bleomycin
worsened the severity of pulmonary fibrosis; thus, it
is likely that impaired production of PGE2 enhances
bleomycin-induced fibrosis123. Normal human lung
fibroblasts down-regulate the production of tumour
necrosis factor (TNF)-alpha. By contrast, fibroblasts
from fibrotic lung tissue exhibit reduced down-
regulation of TNF-alpha in association with reduced
PGE2 production; moreover, PGE2 induction by
TNF-alpha is reduced (with reduced expression of
cyclooxygenase-2)124. Thus, impaired production of
PGE2 by fibrotic cells may allow a markedly
increased release of TNF-alpha from activated
monocytes.

An alternative approach is inhibition of leuko-
triene production, which is immediately attractive
because of the current availability of leukotriene

blocking agents. Leukotrienes are, for the most part,
pro-inflammatory, but also have a wide variety of
other biological actions, including powerful stimu-
latory effects upon collagen synthesis and the facili-
tation of fibroblast chemotaxis and proliferation.
There is circumstantial evidence to indicate a poten-
tial pathogenic role in IPF. Human leukotriene B4
(LTB4), a very potent neutrophil chemotactic factor,
is consistently increased in bronchoalveolar lavage
fluid and homogenates of lung tissue in patients
with IPF125,126. LTB4 secretion by macrophages is
higher in patients with IPF than in control subjects,
and the frequency of a pattern of constitutive 5-
lipoxygenase activation is increased in IPF lung
tissue125. LTB4 may also play an important role in
eosinophil recruitment into the lungs in bleomycin-
induced pulmonary fibrosis; eosinophil chemotac-
tic activity of human fibroblasts cultured in the
presence of bleomycin was significantly reduced by
an LTB4 receptor antagonist127. Similarly, an LTB4

receptor antagonist inhibits both neutrophil and
monocyte chemotactic activity release (in response
to smoke extract) from human fetal lung fibro-
blasts128. Leukotriene C4 (LTC4) inhibition may also
be fruitful in IPF. LTC4 is increased in bronchoalveo-
lar lavage fluid of patients with IPF125; it has been
shown to enhance collagenase m-RNA expression in
normal and IPF-derived lung fibroblasts and may,
thus, play a role in extracellular matrix remodel-
ling129.

Relaxin

This protein was shown to have a dose-dependent
inhibitory effect on TGF-beta-mediated over-
expression of interstitial collagen types I and III by
human lung fibroblasts, but had no effect on basal
collagen production, in the absence of TGF-beta
stimulation130. Relaxin also reduced fibronectin pro-
duction by human lung fibroblasts (by inhibiting
TGF-beta), as well as increasing matrix metallopro-
teinase I (procollagenase) expression and suppress-
ing the production of a metalloproteinase tissue
inhibitor. In a bleomycin-induced murine model,
relaxin inhibited bleomycin-induced alveolar wall
thickening and prevented collagen accumulation130.
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Relaxin also has a powerful in vivo protective effect
in animal studies, reducing pulmonary fibrosis
induced by implanted polyvinyl sponges and by
bleomycin131.

Angiotensin-converting enzyme inhibitors and
angiotensin II receptor antagonists

There is good evidence in animal studies that angio-
tensin-converting enzyme (ACE) inhibitors exert
protective effects against radiation-induced pulmo-
nary fibrosis. In a rat model, the ACE inhibitor CL
242817 was observed to attenuate increases in lung
hydroxyproline content following irradiation 132; in a
subsequent study, this effect was reproducible and
captopril was found to be equally protective133. In
both studies, ACE inhibitors were also protective
against radiation-induced pulmonary endothelial
damage, as judged by lung ACE activity, plasmino-
gen activator activity, and prostacyclin and throm-
boxane production. Recently, these protective
effects were re-examined in rats using a single dose
of irradiation and, in a separate experiment, using a
model of irradiation for total bone marrow trans-
plant134. Captopril, enalapril, two other ACE inhibi-
tors (CL 24817, CGS 13945) and an angiotensin II
type I receptor blocker, L-158,809, were evaluated.
All agents were effective in preventing radiation-
induced pneumonitis and subsequent lung fibrosis
in both radiation models.

Captopril has been shown to produce a dose-
dependent reduction in human lung fibroblast pro-
liferation, both under basal conditions and, more
strikingly, with fibroblast growth factor stimula-
tion135. The cytostatic effect of captopril, a free-thiol
compound, was partially reproduced by penicilla-
mine, also a thiol compound, but not by lisinopril, a
non-thiol ACE inhibitor; thus, this effect of captopril
could be ascribed to a non-specific sulfhydryl effect,
rather than to ACE inhibition. Recently, attention
has focused upon inhibition of apoptosis as a pos-
sible mechanism of the anti-fibrotic effect of capto-
pril. Lung epithelial cell apoptosis is likely to be
involved in the pathogenesis of lung fibrosis.

Fibroblasts cultured from patients with IPF secrete
soluble inducers of alveolar epithelial cell apopto-
sis61, which have been identified (by Western blot-
ting and by abrogation of apoptosis by an
angiotensin II antagonist, saralasin, and by anti-
angiotensin II antibodies) as angiotensin pep-
tides136. Captopril has been shown to exert a
concentration-dependent inhibition of apoptosis of
human lung epithelial cells (induced by monoclonal
antibodies that activate the Fas receptor)137; angio-
tensin converting enzyme is directly involved in
apoptosis of alveolar epithelial cells138. In a rat
model of bleomycin-induced epithelial apoptosis
and lung fibrosis, rats receiving captopril or a
capsase inhibitor exhibited a marked reduction in
collagen accumulation and epithelial apoptosis
detected by in situ end labelling139. Thus, there is
ample preliminary evidence to justify therapeutic
studies of ACE inhibitors in fibrotic lung disease.
Because captopril and other related compounds are
widely used in clinical practice, these agents should
be relatively easy to evaluate in IPF; at the time of
writing, a multicentre study is in the process of for-
mulation.

Other fibroblast apoptotic agents

Lovastatin has been proposed as a potential therapy
for patients with fibroproliferative disorders140.
This agent is widely prescribed to lower serum
cholesterol levels, acting by depleting cells of the
cholesterol precursor, mevalonic acid (by inhibiting
3-hydroxy 3-methylglutaryl-coenzyme A reduc-
tase)141. Mevalonic acid is also a precursor for lipid
moieties that are attached to isoprenylated proteins
(which play an essential role in normal cell homeo-
stasis)142. Lovastatin inhibits a number of molecules
responsible for cellular viability and proliferation,
including Ras. The active form of Ras, Ras-GTP, stim-
ulates phosphoinositide-3 kinase, which is essential
for cell survival (preventing oncoprotein-induced
fibroblast apoptosis)143, and mitogen-activated
protein kinase, which is implicated in cell prolifera-
tion144. Lovastatin has induced apoptosis in malig-
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nant and transformed cell lines at clinically achiev-
able concentrations145,146. Tan and colleagues found
that lovastatin had a dose- and time-dependent
apoptotic effect on normal and fibrotic lung fibro-
blasts140. Fibroblast apoptosis was associated with
lower levels of mature Ras, and was blocked by exog-
enous mevalonic acid. In addition, in a guinea-pig
model, lovastatin reduced wound granulation tissue
formation, without inducing fibroblast apoptosis,
ascribed by the authors to disruption of multiple cel-
lular functions. Possible mechanisms, based upon
observations in earlier studies, include inhibition of
the growth factor signalling cascade147,148, interrup-
tion of cell cycle progression141,149, and inhibition of
cell migration and adhesion150,151. Thus, lovastatin
has the potential to inhibit multiple pathways in
fibroproliferative disorders, in addition to the induc-
tion of apoptosis, which adds to its attractiveness as
a potential antifibrotic agent.

Pulmonary surfactant protein A (SP-A) and surfac-
tant lipids are known to modulate lymphocyte pro-
liferation152, inflammatory cytokine production,
including tumour necrosis factor-alpha and inter-
leukins153, and the expression of cell surface markers
on macrophages154; in general, SP-A has a stimula-
tory effect, whereas surfactant lipids are inhibitory.
In addition, both synthetic and natural surfactant
downregulate DNA synthesis and inhibit the release
of IL-6 and prostaglandin E2 in normal human lung
fibroblasts155. The effects of SP-A and Survanta (an
exogenous surfactant replacement preparation) on
human lung fibroblasts, harvested from patients
undergoing resection of lung tumours, have recently
been evaluated156. Survanta was found to cause
fibroblast apoptosis, as well as inducing collage-
nase-1 expression and decreasing type I collagen
synthesis; the use of a combination of Survanta and
SP-A was associated with partial reversal of the
effects of Survanta. The authors suggest that surfac-
tant lipids may contribute to programmed fibroblast
death, now considered to be largely responsible for
the removal of intra-alveolar lung fibroblasts follow-
ing acute lung injury157. In IPF, marked reductions in
bronchoalveolar lavage phospholipid and phos-
phatidylglycerol have been observed, correlating

with the severity of lung fibrosis158 and probably
ascribable to the presence of fibrinogen in alveolar
fluid159. Thus, it can be argued that surfactant may
have an important antifibrotic effect in vivo, which is
attenuated in fibrotic lung disease, and that exoge-
nous surfactant adminstration merits evaluation in
patients with IPF156.

Suramin

This sulfonated naphthylurea has been used to treat
prostate cancer and onchocerciasis, as well as
having antiretroviral activity in vitro. The potential
of suramin as an antifibrotic agent was highlighted
at a NHLBI workshop devoted to past, present and
future pharmacological therapy for IPF98. Although
there are no in vivo data showing that suramin has a
modulatory effect in pulmonary fibrosis, there is one
important argument in its favour: it binds a very
wide variety of growth factors, to the extent that it
delays wound healing. It is probably over-simplistic
to imagine that any single growth factor consistently
predominates in mediating collagen deposition and
fibroblast proliferation; thus, it appears intuitively
unlikely that an inhibitory agent specific to one
growth factor will prove clinically beneficial.
Suramin antagonizes a wide variety of growth
factors in vitro, including TGF-�, insulin-like growth
factor-1, PDGF, epidermal-like growth factor and
fibroblast growth factor-2. However, it has recently
been observed that suramin has no protective effect
on bleomycin-induced lung injury in a mouse
model and does not inhibit the TGF-beta-mediated
increase of alpha-1 collagen mRNA in human lung
fibroblasts160.

Keratinocyte growth factor

Keratinocyte growth factor (KGF) has been
advanced as a potential agent in IPF because it is
potent in stimulating epithelial cells, inducing type
2 cell proliferation in vitro and in vivo, without
acting on mesenchymal cells or fibroblasts161,162; the
KGF receptor appears only on epithelial surfaces.
Additional effects that are beneficial in modulating
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lung injury include pleiotrophic cytoprotection in
pulmonary epithelial cells, increased sodium/
potassium ATPase, and heightened surfactant
protein gene expression163,164. In animals pretreated
with KGF, there is a striking and reproducible protec-
tive effect from lung injury and subsequent fibrosis,
induced by bleomycin, radiation, acid installation,
oxygen toxicity and �-naphthylthiourea165–172.

In all these scenarios, it is necessary to administer
KGF before the induction of lung injury. KGF admin-
istered after intrabronchial acid installation in rats
did not prevent lung damage; moreover, although
KGF administered 72 hours before acid installation
was protective, KGF administered 24 or 48 hours
beforehand was not167. KGF pre-treatment was
equally effective in preventing bleomycin-induced
lung injury in rats when given 48 or 72 hours before
bleomycin, but KGF given after bleomycin did not
ameliorate pulmonary fibrosis166. Strikingly, pre-
treatment with KGF remained effective in prevent-
ing lung damage in rats challenged with a lethal
combination of bleomycin and bilateral thoracic
irradiation170. It is entirely uncertain whether KGF
would be similarly effective in preventing further
progression of IPF, given the established and often
severe nature of lung damage in that disorder.
However, further exploration appears warranted.
Disruption of epithelial permeability (as indicated
by increased clearance of inhaled technetium-
labelled diethylene triamine pentacetate) appears to
be associated with more aggressive pulmonary
fibrosis173. It has been argued that type II cell hyper-
plasia helps to reduce fibroblast migration, prolife-
ration and matrix production98, and thus a beneficial
effect of KGF in IPF cannot be excluded. However,
the argument for KGF as a therapeutic agent is not
entirely straightforward. Type II epithelial cells may
produce fibrogenic cytokines and growth factors;
thus, it is theoretically possible that KGF might have
a deleterious fibro-proliferative effect, which might
outweigh its advantages98.

Antioxidants (N-acetylcysteine)

It has been argued that an imbalance between oxi-
dants and anti-oxidants is likely to play an important

role in the pathogenesis of IPF. Excessive oxidative
stress in the lower respiratory tract, a characteristic
feature of IPF, may contribute to lung injury, and
initial fibroblast activation. It has long been known
that macrophages spontaneously release exagger-
ated amounts of hydrogen peroxide in patients with
IPF, which acts with increased myeloperoxidase
levels to cause increased epithelial cell injury174.
Oxidant activity may also play an important role in
progression of established disease. Glutathione (the
major antioxidant in human lung tissue) is abun-
dantly present in alveolar epithelial lining fluid of
normal controls175 but is markedly diminished in
concentration in bronchoalveolar lavage fluid in
IPF, suggesting that there is an alveolar oxidant–
antioxidant imbalance176,177, which is also reflected
as systemic oxidative stress177. In part, this may
reflect increased oxidative activity by bronchoalveo-
lar lavage inflammatory cells in IPF, resulting in
decreases in extracellular glutathione and corre-
sponding increases in the metabolite, glutathione
disulphide178. It has also been suggested that IPF
patients have an impaired glutathione metabolism,
based upon increased amounts of oxidized glutathi-
one in the blood, indicating the possibility of impair-
ment of the glutathione redox cycle179. Thus, there is
compelling evidence of oxidative stress in IPF from
bronchoalveolar cell, extracellular fluid and plasma
data. In support of the pathogenetic significance of
these findings, there is an inverse correlation
between oxidative products and pulmonary func-
tion indices in IPF, as well as a positive correlation
between oxidative products and bronchoalveolar
lavage fluid cellularity180.

As well as damaging lung tissue by direct action,
intracellular oxidants may act indirectly to promote
fibrosis by upregulating cytokine production.
Depletion of glutathione within alveolar macro-
phages is associated with significantly increased
production of tumour necrosis factor-alpha and
interleukin-8; by contrast, glutathione reduces
levels of tumour necrosis factor-alpha, interleukin-6
and interleukin-8, independently of glutathione
metabolism181. The marked increase in fibroblast
proliferation induced in vitro by exposure to bron-
choalveolar lavage fluid from IPF patients is

350 A.U. Wells



directly suppressed by extracellular glutathione182.
N-acetylcysteine attenuates TGF-beta-1-induced
IL6-gene expression and protein synthesis in human
lung fibroblasts183.

Thus, there is circumstantial support for the
hypothesis that an increased oxidant load and/or
decreased antioxidant defences are likely to act syn-
ergistically with proteases to promote injury and
fibrogenesis. It appears logical to augment lung anti-
oxidant levels with glutathione or the oxidant scav-
engers, N-acetylcysteine and ambroxol184,185. The
administration of aerosolized glutathione to IPF
patients has been shown to increase epithelial lining
fluid glutathione concentrations, and to reduce
spontaneous superoxide anion release by alveolar
macrophages186. Attenuation of bleomycin lung by
inhaled N-acetylcysteine has been demonstrated in
a mouse model187. Meyer and coworkers demon-
strated that oral N-acetylcysteine, administered for
five days to 17 patients with IPF, increased glutathi-
one levels in bronchoalveolar lavage fluid188. The
same group found that intravenous N-acetylcysteine
had a similar effect in IPF patients (but not controls)
in increasing total glutathione concentrations in
bronchoalveolar lavage and epithelial lining fluid189.
Behr and colleagues treated 18 patients with IPF with
oral N-acetylcysteine (600 mg three times daily) for
12 weeks190. An anti-oxidant effect was observed,
with increased glutathione levels in bronchoalveolar
lavage and epithelial lining fluid, and decreased
methionine sulfoxide content of bronchoalveolar
lavage proteins (an indicator of alveolar oxidative
stress). There was minor but statistically significant
increases in pulmonary function indices, although
the clinical relevance of this finding is uncertain, due
to the short duration of treatment.

Despite their implication in the amplification of
lung injury, it has yet to be established that oxi-
dants have a central role in the pathogenesis of
IPF. It is highly unlikely that this question will be
resolved, except by means of a definitive clinical
trial of antioxidant therapy. A large multicentre
European study (the ‘Ifigenia’ study) of the effi-
cacy of N-acetylcysteine in IPF, now under way,
may provide conclusive information in the near
future.

Endothelin receptor antagonists

The biologically active endothelins are 21-amino-
acid peptides, which are expressed in a variety of
pulmonary pathological conditions, including pul-
monary vascular disease, asthma and pulmonary
fibrosis191. Most attention has focused on endothe-
lin-1 (ET-1), which is produced by endothelial
cells192, epithelial cells193, alveolar macrophages194,
polymorphonuclear leukocytes195 and fibroblasts196.
Although initially identified as a smooth-muscle
spasmogen, ET-1 is now recognized as a pro-inflam-
matory cytokine, with the ability to stimulate elas-
tase release from neutrophils197 and interleukin-1�,
-6, -8, tumour necrosis factor-alpha and transform-
ing growth factor-beta from monocytes198. ET-1 also
induces fibronectin production and release from
human bronchial epithelial cells (thus contributing
to extracellular matrix turnover)199, as well as stimu-
lating fibroblast proliferation and chemotaxis200 and
procollagen production201.

There is accumulating evidence that ET-1 may
contribute to pulmonary fibrogenesis, stimulating
recent interest in the therapeutic potential of endo-
thelin receptor antagonists. The expression of
endothelin-1 is increased in endothelial cells,
macrophages and epithelial cells (especially type II
pneumocytes) of patients with IPF202,203, and in epi-
thelial cells and macrophages in the rat model of
bleomycin lung204,205, with ET1 localized in fibrotic
lesions204. Endothelin receptor antagonists have
been observed in vitro to inhibit the endothelin-1
stimulation of human lung fibroblast prolifera-
tion206 and collagen synthesis201. In rat models the
endothelin receptor antagonist, Bosentan, reduced
extracellular matrix production in bleomycin-
induced pulmonary fibrosis205 and in hepatic fibro-
sis following the induction of liver injury207.
However, conflicting findings were reported by
Mutsaers and colleagues, who observed no attenua-
tion of collagen deposition with the adminstration
of selective and non-selective endothelin receptor
antagonists in the rat model of bleomycin lung208.
Thus, further preliminary studies are desirable
before endothelin receptor antagonists are evalu-
ated in a therapeutic study.
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Interleukin-10

Recombinant human interleukin-10 (IL-10) is cur-
rently under evaluation in a number of chronic
inflammatory diseases including rheumatoid arthri-
tis209, Crohn’s disease210, and psoriasis211. It has
been proposed that IL-10 may eventually play a
therapeutic role in chronic inflammation by
virtue of inhibiting a wide variety of inflammatory
cells and cytokines212–214. However, as discussed
earlier, the long-term outcome with the use of anti-
inflammatory and immunosuppressive agents in
IPF is disappointing, suggesting that the antifibrotic
effects of IL-10 may be more important therapeuti-
cally. IL-10 is known to down-regulate type 1 colla-
gen gene expression, and to enhance collagenase
and stromelysin gene expression in human skin
fibroblasts215. Similarly, IL-10 mRNA expression is
positively associated with collagenase expression
and negatively associated with collagen-1 expres-
sion in activated hepatic stellate cells216.

To date, there have been few studies evaluating
the role of IL-10 in modulating the evolution of
fibrotic lung disease. Interleukin-10 levels are
reduced in concentration in the bronchoalveolar
lavage fluid of patients with IPF, compared to normal
controls, despite significantly increased expression
of the IL-10 gene by alveolar macrophages217.
Attenuation of bleomycin-induced lung injury in
mice was observed with the introduction of the IL-
10 gene before bleomycin administration218. By con-
trast, the transfection of normal human lung
fibroblasts with human IL-10 DNA was not asso-
ciated with significant changes in fibroblast prolife-
ration, or fibronectin or type I procollagen
production219. However, despite the paucity of
experimental lung work and the difficulties in
extrapolating these findings to therapy, a multicen-
tre multinational double-blind placebo-controlled
study in IPF, is currently under discussion. IL-10 has
the advantage, not shared by some other potential
antifibrotic agents, that it has been widely evaluated
in human therapeutic studies and is known to have
an acceptable side effect profile.
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Infection





Antimicrobial agents are the cornerstones of bacte-
rial pneumonia therapy. In fact, there are convincing
data to show that patients with pneumonia have a
better chance of survival if given antibiotics1. Initial
antibiotic choice should be based on expected etio-
logical pathogens, while knowledge of local micro-
bial epidemiology and susceptibility patterns is
crucial. Characteristics of the antibiotic itself, such
as microbiological activity (bactericidal or bacteri-
ostatic mode of action) and the spectrum of activity
of the compound are relevant to choice of treatment.
The frequency of side-effects and the interference
with immunological homeostasis, as well as the
ability to pass from capillary bed to bronchial lumen
across a series of membranes and diffusional paths
(the so-called blood–bronchoalveolar barrier), also
influence the choice of the antibiotic to be used1.

Microbiological problems

Because antibiotic therapy is usually initiated before
the results of bacteriological analysis are available,
the physician must take into account the potential
pathogens and their current susceptibilities to avail-
able antimicrobial agents.

Incidence

Epidemiological data, including geographic setting,
seasonal timing and a history of occupational or
unusual exposures, may be crucial in determining
the aetiology of pneumonia. However, it is impor-

tant to differentiate between infections that are
community acquired and those that are hospital-
acquired (Table 14.1). The relative frequencies with
which individual agents cause pneumonia are quite
different in these two locations.

Community-acquired pneumonia (CAP) is a
common illness associated with significant morbid-
ity and mortality. It is an acute infection of the pul-
monary parenchyma that is associated with at least
some symptoms of acute infection and is accompa-
nied by the presence of an acute infiltrate on chest
radiograph or auscultatory findings consistent with
pneumonia. CAP occurs in a patient who is not hos-
pitalized or residing in a long-term care facility for
�14 days before the onset of symptoms2.

Nosocomial pneumonia is defined as an infection
of lung parenchyma that was neither present nor
incubating at the time of the patient’s admission to
the hospital3.

Community-acquired pneumonia

Causal pathogens
Despite the best of exhaustive efforts, the etiology of
CAP is not found in about 50–60% of all cases.
Results from the Pneumonia Patient Outcomes
Research Team (PORT) Cohort Study have recently
demonstrated that only 29.7% of 944 outpatients
had one or more microbiological tests performed,
and only 5.7% had an assigned microbiological
cause4. This is a true problem because information
from the history, physical examination, laboratories,
and chest radiograph is not very sensitive or specific
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for predicting etiology, or even for differentiating
typical from atypical organisms or bacterial causes
from viral ones. Besides, a thorough understanding
of the microbiology of CAP is essential for appropri-
ate diagnosis and management.

The best opportunity to make an etiological diag-
nosis is before antibiotics are administered.
Identification of the microbial cause of pneumonia
permits specific, narrow-spectrum antibiotic treat-
ment that may be more effective, less toxic, and less
expensive than empirical therapy. Unfortunately,
determination of the etiological pathogens of CAP is
still now problematic because of the lack of reliable
rapid laboratory diagnostic tools as well as the con-
troversy concerning diagnostic criteria5. In general,
age and medical history, including travel and animal
contacts, and the physical examination of the
patient will offer important clues to the cause of the
pneumonia.

Viral pneumonias account for at least 17% of cases
of CAP in children and in adults6, but up to 53% of
outpatients with bacterial pneumonia have been
found to have a concurrent viral infection. Viral
pneumonias are predominant in the winter and
spring7. Influenza virus types A and B account for
over one half of viral pneumonias in adults8, whereas
respiratory syncytial virus (RSV) and parainfluenza
viruses are the most frequent viral pathogens in
infants and children. RSV is seasonal, with activity,
which rises in the autumn, peaks in winter and
returns to baseline in the spring. Peak attack rates for
RSV occur in winter in children less than 6 months of
age. People with pre-existing heart or lung diseases
may be particularly susceptible to viral pneumonias,
which may be further complicated by bacterial
infections. Immunocompromised hosts are suscep-

tible to pneumonias caused by cytomegalovirus and
other herpesviruses, as well as rubeola and adeno-
virus9.

Before the 1930s, most cases of pneumonia were
attributed to Streptococcus pneumoniae10. Improved
techniques have helped to identify additional caus-
ative pathogens. S. pneumoniae is still the most
common known cause of CAP, accounting for 20% to
60% of all cases11. It is the most common bacterial
pathogen recovered in patients who develop CAP
after an influenza virus infection. Up to 25% of cases
of pneumococcal pneumonia may progress to bac-
teremia, which has a mortality rate of nearly 20%12.
Pneumococcal infections occur predominantly in
the winter and early spring. In developing countries,
the attack rate of pneumococcal disease is high, par-
ticularly in children13 and in crowded communities
of adults in whom the attack rate may be as high as
100‰ population per year14.

Haemophilus influenzae and Moraxella catar-
rhalis are increasingly being implicated in CAP, par-
ticularly in patients with chronic obstructive
pulmonary disease (COPD). These organisms
should always be considered in patients with recur-
rent pneumonia15. M. catarrhalis seems to be a rare
cause of pneumonia in children16. On the contrary,
non-typeable strains of H. influenzae are respon-
sible for many cases of pediatric pneumonia. These
strains rarely invade the bloodstream to cause wide-
spread infections17, whereas serotype b organisms
cause life-threatening pneumonia in children18. H.
influenzae should be a cause of pneumonia even in
previously fit young adults19.

Chlamydia pneumoniae and Mycoplasma pneu-
moniae are other common causes in younger
persons. Together they may account for 25% of CAP
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Table 14.1. Common etiological agents in pneumonia

Outpatient Inpatient Nursing home

Streptococcus pneumoniae Streptococcus pneumoniae Streptococcus pneumoniae

Mycoplasma pneumoniae Atypicals Gram-negative rods

Chlamydia pneumoniae Gram-negative rods Haemophilus influenzae

Haemophilus influenzae Haemophilus influenzae



cases20. Although pneumonia caused by either of
these organisms tends to be mild, some cases have
been life threatening. Until recently pneumonia due
to atypical pathogens has been considered uncom-
mon in old people. A review of 11 studies of pneu-
monia identified Chlamydia and Coxiella spp. as the
cause in only 2% of patients aged over 6521. However,
recent surveys have documented C. pneumoniae in
up to 26% of cases, which suggest it is the second
commonest cause of pneumonia in this age group22.
There is evidence that M. pneumoniae also plays an
important role in older adults; in fact, it has been
implicated in 11–17% of pneumonias in patients
older than 40 years23. C. pneumoniae is found both
as a single etiological agent and as a mixed infection,
most often with S. pneumoniae24. The synergistic
effect may be due to the ciliostatic effect of C. pneu-
moniae rendering the host more susceptible to the
second agent. Patients infected with both S. pneu-
moniae and C. pneumoniae have a more severe
illness25.

Legionella species have been reported in 2% to 6%
of cases of CAP26. The frequency may be higher in
some series because of local variation or laboratory
(isolation) technique. Relative to other bacteria,
Legionella accounts for a higher proportion of
patients hospitalized with severe CAP. Both sporadic
cases and epidemics of Legionnaire’s disease have
occurred. Low prevalence of Legionella spp. and M.
pneumoniae infection is observed in older patients
hospitalized for CAP27.

Staphylococcus aureus and gram-negative bacilli
are much less common causes of CAP. S. aureus pre-
dominantly affects the elderly and is mostly seen in
association with influenza pandemics. It is more fre-
quent in nursing home patients (25.7%) compared
with community patients (14.3%)28. High alcohol
intake is a risk factor for developing S. aureus-
induced CAP in middle-aged people29. Also gram-
negative bacilli are most likely to infect alcoholics
and nursing home patients. However, while gram-
negative bacilli account for an appreciable propor-
tion of cases in CAP patients over the age of 65 years
in the United States, they are absent in the elderly in
the United Kingdom30.

The frequency of anaerobe-induced CAP is
unclear, mainly because of the difficulty in recover-
ing these organisms31, although CAP can be the
result of infection by anaerobic bacteria. Dental
plaque would seem to be a logical source of these
bacteria, especially in patients with periodontal
disease32. Anaerobes, mostly species of Bacteroides,
Fusobacterium, Peptococcus and Peptostreptococcus,
might be considered the causative pathogen in
patients predisposed to aspiration (e.g. those with a
history of altered consciousness or dysphagia)33.

Pneumocystis carinii is the potential infectious
agent in immunosuppressed patients and in those at
high risk for HIV infection34. It can be isolated also in
patients with severe CAP35.

Although there are no good data on the local inci-
dence of different CAP organisms, geography can be
a strong predictor of causal organism. In New
Zealand, a microbiological diagnosis was made in
181 cases (71%), S. pneumoniae (39%), M. pneumon-
iae (16%), Legionella spp. (11%), and H. influenzae
(11%) being the most commonly identified organ-
isms36. In Spain, S. pneumoniae was the most fre-
quently isolated microorganism (43%), followed by
C. pneumoniae (21%), H. influenzae (19%), and M.
pneumoniae (11%)37. In Israel, the etiology of CAP
was identified in 279 (80.6%) out 346 consecutive
adult patients38. The distribution of causal agents
was as follows: S. pneumoniae (42.8%), M. pneumon-
iae (29.2%); C. pneumoniae (17.9%); Legionella spp.
(16.2%), respiratory viruses (10.1%); C. burnetii
(5.8%); H. influenzae (5.5%), and other causes
(6.0%). In Japan, causative pathogens were iden-
tified in 199 out of 336 episodes (61%)39. S. pneu-
moniae was the most common pathogen (23%),
followed by H. influenzae (7.4%), M. pneumoniae
(4.9%), and Klebsiella pneumoniae (4.3%). The
Streptococcus milleri group and C. pneumoniae were
detected in 3.7 and 3.4% of the episodes, respec-
tively. Pneumonia due to Legionella spp. was recog-
nized in only two patients.

Severity as a predictor of causal pathogen
Emphasis has always been placed on the assessment
of the severity of disease. Patients with non-severe
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pneumonia have mortality rates less than 1%.
Therefore, they could probably be treated as outpa-
tients. Not only is severity a useful prognostic factor,
but it may also give an indication of the likely causal
pathogen.

Mild CAP
Although there is no uniform definition of mild
pneumonia, clinicians usually define patients with
mild pneumonia as those who are ‘not too sick’, have
normal respiratory and mental status, and are able to
maintain oral intake. By inference, mild pneumonia
occurs in younger patients with less comorbidity and
has a better outcome than pneumonia that is moder-
ate to severe. Atypical pathogens such as M. pneu-
moniae and C. pneumoniae, and respiratory tract
viruses are common causes of mild pneumonia40.

Severe CAP
Severe CAP is emerging as an increasingly growing
problem. Experimental evidence suggests that
severe CAP is pathophysiologically distinct from
other forms of CAP. In one report41 examining cyto-
kine levels in severe CAP, levels of IL-1 and TNF-�

were highest in severe pneumonia patients, com-
pared to patients without severe pneumonia. IL-6
levels did not discriminate between infected and

non-infected patients and appeared to reflect sever-
ity of stress whether of infectious or non-infectious
origin. S. pneumoniae is the most common causa-
tive agent of severe CAP (Fig. 14.1). Other pathogens,
such as Legionella and gram-negative enteric bacilli,
especially Pseudomonas aeruginosa, are more
common in patients with severe CAP than in milder
forms of the disease. Patients with advanced age and
serious comorbid illnesses, such as COPD, diabetes
mellitus, carcinoma, bronchiectasis, renal failure
and alcoholism, seem predisposed to infection with
these pathogens42–45. A prospective study of 132
patients with severe CAP treated in the Intensive
Care Unit (ICU) was carried out to determine the
causative agents S. pneumoniae (45%), gram-
negative bacilli (15%), and H. influenzae (15%) were
the most frequent pathogens46.

Nosocomial pneumonia

Causal pathogens
The spectrum of etiological agents for hospital-
acquired pneumonia (HAP) differs from those likely
to cause CAP. Factors that are associated with spe-
cific organisms include underlying risk factors,
disease severity, and length of hospitalization before
the onset of the pneumonia. As the most common
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route of pathogen entry is microaspiration of upper
airway secretions43,47,48, the Aetiology of HAP
depends largely on pathogenic bacteria colonizing
the oropharynx.

Most patients are colonized with a core group of
organisms during their initial hospitalization (	5
days). These core organisms are the pathogens most
commonly isolated with early-onset HAP and
include S. pneumoniae, H. influenzae, methicillin-
susceptible S. aureus, and the enteric gram-negative
bacilli (Escherichia coli, Enterobacter spp., Proteus
spp., Klebsiella spp., and Serratia marcescens)49–52.
Among patients who have been hospitalized for
longer periods of time (� 5 days) or have specific risk
factors, the core organisms may still cause HAP.
However, additional pathogens such as methicillin-
resistant S. aureus (MRSA), Pseudomonas spp.,
Enterobacter spp., and Acinetobacter spp. need to be
considered53,54.

The reported distribution of etiological agents
causing nosocomial pneumonia varies between
hospitals because of differences in patient popula-
tions and diagnostic methods employed. In general,
however, bacteria have been the most frequently
isolated pathogens. In effect, nosocomial bacterial
pneumonias are frequently polymicrobial55,56 and
gram-negative bacilli are the usual predominant
organisms56,57 although S. aureus (especially
MRSA)58 and other gram-positive cocci, including S.
pneumoniae59, have recently emerged as significant
isolates.

Schaberg et al.60 reported that in 1986–1989
aerobic bacteria comprised at least 73%, and fungi
4%, of isolates from sputum and tracheal aspirates of
pneumonia patients at the University of Michigan
Hospitals and hospitals participating in the National
Nosocomial Infection Surveillance System (NNIS).
Very few anaerobic bacteria and no viruses were
reported, probably because anaerobic and viral cul-
tures were not performed routinely in the reporting
hospitals.

Legionnaires’ disease
Since identification of the etiological agent, numer-
ous outbreaks of nosocomial Legionnaires’ disease

have been reported61. The overall proportion of nos-
ocomial pneumonias due to Legionella spp. has not
been determined. One autopsy study estimated that
3.8% of all persons who died of nosocomial pneu-
monia at 40 hospitals participating in the NNIS
system during the mid-1970s had Legionnaires’
disease62. Data from a 1997 survey of hospitals par-
ticipating in the NNIS system suggested that 29% of
196 hospitals have identified nosocomial transmis-
sion since 1990. In particular, 60% of hospitals in
which transmission had been recognized have iden-
tified at least two cases63. Because diagnostic tests
for Legionella spp. infection are not routinely per-
formed on all patients with HAP in most hospitals,
these ranges probably underestimate the incidence
of Legionnaires’ disease.

Persons with severe immunosuppression or
chronic underlying illnesses, such as hematological
malignancy or end-stage renal disease, are at mark-
edly increased risk for legionellosis64. Persons in the
later stages of acquired immunodeficiency syn-
drome are also probably at increased risk of legio-
nellosis, but data are limited because of infrequent
testing of patients. Persons with diabetes mellitus,
chronic lung disease, or non-hematological malig-
nancy, those who smoke cigarettes and the elderly
are at moderately increased risk65.

Ventilator-associated pneumonia
Ventilator-associated pneumonia (VAP) is a
common infection in ICU patients that results in
high mortality and morbidity and increased dura-
tion of hospital stay. VAP specifically refers to pneu-
monia developing in a mechanically ventilated
patient more than 48 hours after intubation66.
Aspiration of microorganisms colonizing the oro-
pharynx is the main route of bacterial entry to lower
airways in mechanically ventilated patients.
Unfortunately, there are few data to suggest that
individual patient characteristics predict the etiol-
ogy of VAP. Early onset VAP that occurs within 72
hours of initiation of intubation is usually due to
aspiration during that procedure. It is most often
produced by antibiotic-sensitive organisms (S.
pneumoniae, S. aureus, H. influenzae) except in
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certain populations (e.g. COPD patients who may be
colonized by P. aeruginosa)67. Late onset VAP is seen
72 hours post intubation, and is frequently due to
antibiotic-resistant organisms, such as MRSA, P.
aeruginosa, Acinetobacter, or Enterobacter spp.67,68.
Fagon et al.69 reported that gram-negative bacilli
were present in 75% of protected-specimen brush-
ings (PSB) quantitative cultures from patients who
had received mechanically assisted ventilation and
acquired nosocomial pneumonia; 40% of the cul-
tures were polymicrobial. In the report by Torres et
al.70, 20% of pathogens recovered from cultures of
PSB, blood, pleural fluid, or percutaneous lung aspi-
rate were gram-negative bacilli in pure culture, and
17% were polymicrobial. However, 54% of speci-
mens did not yield any microorganism, probably
because of receipt of antibiotics by patients.
Cultures of bronchoscopic specimens from
mechanically ventilated patients with pneumonia
have rarely yielded anaerobes.

Host factors, oropharyngeal and gastric coloniza-
tion, cross-infection, and complications from the
use of antibiotics and nasogastric and endotracheal
tubes increases the risk of bacterial VAP71.

Resistance patterns

Since the introduction of antibiotics into clinical
use, bacteria have protected themselves by develop-
ing antibiotic resistance mechanisms. They may
survive because of their ability to manipulate
genetic information and to mutate rapidly, but more
importantly to inherit, express, and disseminate
exogenous genes72. The physical characteristics of
the microbial community play a major role in gene
exchange, but antimicrobial agents provide the
selective pressure for the development of resistance
and promote the transfer of resistance genes among
bacteria. Resistant infections confront and thwart
the treatment of some patients in the community as
well as in the hospital73. Currently, there are increas-
ing problems worldwide with multiresistant bacte-
ria. These problems are especially evident within
hospitals, where they frequently present as noso-
comial epidemics. Risk groups include hospitalized

and immunocompromised persons, children
attending day-care and elderly patients in nursing
homes.

S. pneumoniae

S. pneumoniae with reduced susceptibility to peni-
cillin (defined as minimum inhibitory concentra-
tion (MIC) to penicillin�0.1 �g/ml confirmed by an
approved National Committee for Clinical
Laboratory Standards (NCCLS) methodology) is
becoming a healthcare concern, not only because of
the high prevalence of infections caused by this
pathogen but also because of the rate at which resis-
tance has progressed74 (Table 14.2). Recently, the
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Table 14.2. Resistance to penicillin among
Streptococcus pneumoniae isolates in New York City
hospital laboratories

Number of       
Number (%)

isolates 1993 1994 1995

Screened with 3227 4133 4912

oxacillin disksa

Zone size 273 (9) 549 (13) 995 (20)

�19 mmb

Screened and 1229 2491 3535

confirmed

with validated

MICsc

Zone size 154 (13) 350 (14) 704 (20)

�19 mm

Id 70 (6) 209 (8) 310 (9)

Rd 19 (2) 115 (5) 222 (6)

Notes:
a The number of operating laboratories in 1993, 1994, 1995

was 33, 40, and 51, respectively.
b Diffusion zone size of the oxacillin disk test.
c The number of operating laboratories in 1993, 1994, 1995

was 10, 22, and 35, respectively.
d I�intermediate sensibility to penicillin (MIC�0.1 and	1.0

�g/ml); R�penicillin-resistant (MIC�2.0 �g/ml).

Adapted from Heffernan et al.267.



Centres for Disease Control and Prevention (CDC)
reported data from the National Pneumococcal
Sentinel Surveillance System during 1993–199475.
The penicillin non-susceptible S. pneumoniae (MIC
�0.1 �g/ml: intermediate) was shown to be 14.1%,
with 3.2% penicillin-resistant (MIC�2 �g/ml)
strains. Pneumococcal strains become resistant by
alterations in one or more of the penicillin binding
proteins (PBP), which are responsible for growth and
repair of the cell wall. The alteration in the PBP
causes poor penicillin binding to PBP, so the drug
cannot act. Although many penicillin-resistant iso-
lates are sensitive to newer �-lactams such as cefo-
taxime, some strains have developed resistance to
these drugs by producing simultaneous changes in
more than one PBP. Recent use of �-lactam antibio-
tics, an age of 0–4 years, or day-care attendance by a
member of the patient’s household in the 3 months
before the patient’s illness, are predictive factors
associated with invasive penicillin non-susceptible
S. pneumoniae infections76,77.

The penicillin non-susceptible S. pneumoniae
may also be resistant to other antibiotic agents. For
example, the National Pneumococcal Sentinel
Surveillance System during 1993–1994 has shown
that 64.4% of the penicillin non-susceptible S. pneu-
moniae isolates were also non-susceptible to one
other class of antimicrobial drug78. Similar data were
reported by other multicentre surveillance
studies79,80. In particular, a prospective, Australia-
wide, laboratory-based survey during 1994–1995
demonstrated that resistance rates were higher for
most other antibiotics than for penicillin (penicillin,
6.7%; chloramphenicol, 6%; erythromycin, 11%;
tetracycline, 15%; and co-trimoxazole, 42%)81.

The overall prevalence of macrolide resistance in
pneumococci varies by country. In Slovakia, almost
all pneumococcal isolates are resistant82, whereas in
Portugal only 0.6% of isolates are resistant and the
proportion appears to be declining83. In the United
Kingdom, erythromycin resistance increased from
3.3% to 8.6% between 1989 and 199284. In the United
States, 10% of pneumococcal isolates appear to be
erythromycin resistant79. The N6-methylation of a
specific adenine residue (A2058) in 23S rRNA with

reduced affinity between the antibiotic and the ribo-
some85, and the efflux of the antibiotic from the
cell86, are the mechanisms described for resistance
to erythromycin in the pneumococcus. The reasons
for the increasing resistance in S. pneumoniae
worldwide are not completely understood, although
antibiotic pressure appears to be a major factor87.
While 90 serotypes exist, four serotypes (6B, 14, 19,
23F) account for most disease and drug-resistant S.
pneumoniae strains.

S. aureus

At present, approximately 95% of staphylococci are
penicillinase producers and, consequently, resistant
to penicillin G and V, and to the amino-, carboxy-
and acylureidopenicillins. Moreover, approximately
30% of S. aureus isolates obtained from patients hos-
pitalized in the United States are resistant to methi-
cillin88. The intrinsic resistance to �-lactam
antibiotics in S. aureus is conferred by an additional
PBP-2’ (or PBP-2a, encoded by the mecA gene),
which is absent in susceptible staphylococci. PBP-2’
binds poorly with methicillin and most other �-
lactams and can fulfill the functions of the other
essential PBPs 1, 2 and 3. Thus, MRSA is resistant to
all �-lactams, not just to methicillin and the isoxa-
zoyl penicillins. The proportion of MRSA in the
various European countries ranged from	1% in
Scandinavia to�30% in Spain, France and Italy, in
1992–199389. In Japan, analysis of approximately
7000 strains isolated from patients in various geo-
graphic areas during 1992–1993 indicated that 60%
of S. aureus isolates were resistant to methicillin90.

MRSA ventilator-associated pneumonia is a fre-
quent complication in ICU, manifesting itself as
late-onset pneumonia in patients who have been
intubated for prolonged periods and/or have under-
gone previous bronchoscopy. Over the 5-year period
from 1990 to 1994, of 2411 mechanically ventilated
patients, 347 (14.4%) acquired MRSA, 220 (63.4%)
had MRSA positive respiratory tract samples and 41
(18.6%) developed ventilator-associated MRSA
pneumonia91.

Vancomycin or other glycopeptide intermediately
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resistant S. aureus (VISA/GISA; MIC�8 �g/ml) also
has emerged92. Evidence for cell-wall reorganization
has been reported for GISA isolates. These changes
in cell-wall structure may be responsible for the
atypical phenotypic characteristics and decreased
susceptibility to vancomycin93.

The extensive use of quinolones has been asso-
ciated with a rapid increase in resistance, particu-
larly in MRSA, but also in methicillin-susceptible
strains94. Ciprofloxacin resistance emerged rapidly
in MRSA and developed particularly among strains
resistant to co-trimoxazole. It was more common in
patients with MRSA acquired nosocomially. In that
group, no host or in-hospital factors were associated
with ciprofloxacin resistance95. In the 1995 survey in
individual hospitals in Melbourne, 16–24% of MRSA
isolates were ciprofloxacin-resistant, compared with
80–100% in Sydney and 30–44% in Brisbane. There
was great diversity of phage type patterns for cipro-
floxacin-resistant strains, suggesting heterogeneous
development of resistance96.

H. influenzae

H. influenzae resistance has a geographical varia-
tion, reaching critical levels in some countries. �-
Lactamase production is the primary mechanism
for this resistance. Rates of resistance found among
isolates of H. influenzae in 1996 were of around 20%
or more in France, Belgium and Spain, and in excess
of 10% in the UK and the Czech Republic97. In the
same year in non-European centres, Mexico (25%),
Saudi Arabia (27.9%), Hong Kong (37.1%) and the
USA (30.4% of combined isolates) had a high
prevalence of �-lactamase production. Isolates of
�-lactamase-negative, ampicillin-resistant H. in-
fluenzae were generally very uncommon, with only
Barcelona, Spain consistently associated with rates
in excess of 1%. A national multicentre surveillance
study of antibiotic resistance among clinical isolates
of H. influenzae in the United States in 1994 and
1995 found 39 out of 1537 clinical isolates that were
�-lactamase negative but ampicillin intermediate
or resistant and, even more surprisingly, 17 �-

lactamase-positive isolates that were resistant to co-
amoxiclav98. In any case, resistance rates of�5%
with H. influenzae from patients with community-
acquired respiratory tract infections were observed
only with cefaclor (12.8%) and co-trimoxazole
(16.2%) in the USA and Canada in 199799.

H. influenzae can also be resistant to other classes
of antibiotics. For example, some strains of H.
influenzae produce chloramphenicol acetyltransfe-
rase and are resistant to chloramphenicol100. Rare
isolates of H. influenzae resistant to ofloxacin, cipro-
floxacin and lomefloxacin in patients with recurrent
respiratory infection have been noted in Europe,
Asia and the USA101.

The activity of macrolides is intrinsically low
against H. influenzae. A survey of resistance was
carried out in ten European countries, namely
Slovakia, France, Germany, Great Britain, Hungary,
the Republic of Ireland, Italy, The Netherlands,
Portugal and Spain. Respiratory samples were col-
lected from 4297 patients with lower respiratory
tract infections and cultured for the presence of S.
pneumoniae, H. influenzae and M. catarrhalis.
Almost all of the strains of H. influenzae tested were
resistant to erythromycin, (MIC50 �or�4 mg/l)102.

M. catarrhalis

Many strains of M. catarrhalis produce �-lactamase
and are resistant to several �-lactam antibiotics. In
1993, penicillin and amoxicillin resistance was more
prevalent in the USA than in Europe103. All penicil-
lin-resistant strains isolated in the USA exhibited
�-lactamase activity, whilst 8% of �-lactamase-
negative strains isolated in Europe were also penicil-
lin resistant. In the same year, almost all strains were
highly susceptible to erythromycin, clarithromycin,
azithromycin, doxycycline and co-trimoxazole.

In 1995, the overall rate of �-lactamase production
in the United States was 95.3%104. When the NCCLS
MIC interpretative breakpoints for H. influenzae
were applied, percentages of strains found to be sus-
ceptible to selected oral antimicrobial agents were
as follows: azithromycin, clarithromycin, and eryth-
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romycin, 100%; tetracycline and chloramphenicol,
100%; co-amoxiclav, 100%; cefixime, 99.3%; cefpo-
doxime, 99.0%; cefaclor, 99.4%; loracarbef, 99.0%;
cefuroxime, 98.5%; cefprozil, 94.3%; and co-
trimoxazole, 93.5%.

The Alexander Project, a multicentre surveillance
study of the antimicrobial susceptibility of commu-
nity-acquired lower respiratory tract bacterial
pathogens collected from geographically separate
centres in countries of the European Union, various
states in the USA, Mexico, Brazil, Saudi Arabia, South
Africa, Hong Kong and other European countries,
found �-lactamase production in over 90% of M.
catarrhalis isolates tested in 199697.

Fluoroquinolone resistance in M. catarrhalis iso-
lates has been quite rare. However, several docu-
mented cases of fluoroquinolone-resistant M.
catarrhalis clinical isolates present a warning that
resistances can emerge in at-risk patients105.

The increase in numbers of �-lactamase-produc-
ing strains of M. catarrhalis has been associated with
increased failure rates of penicillins in eradication of
respiratory infections. The pathogenicity of these
organisms is apparent through their ability not only
to survive penicillin therapy but also to protect pen-
icillin-susceptible pathogens, such as S. pneumon-
iae, from these drugs106.

Enterobacteriaceae

In the last few years, the number of isolated clinical
strains from the Enterobacteriaceae family, mainly
Enterobacter and Klebsiella spp. resistant to third
generation cephalosporins and other �-lactams, has
rapidly increased. They are probably even more
prevalent than is currently recognized because of
difficulties in their detection by the clinical micro-
biology laboratory. In addition, several outbreaks
associated with these multiresistant strains have
been reported107. The production of �-lactamases is
the most frequent manifestation of �-lactam resis-
tance. The class A extended-spectrum �-lactamases
hydrolyse extended-spectrum �-lactams and are
inhibited by clavulanic acid. The plasmid-mediated

cephalosporinases hydrolyse extended-spectrum
cephalosporins and cephamycins and are not inhib-
ited by clavulanic acid. They have been reported in
Europe and in the United States. The carbapene-
mases noted among Enterobacteriaceae are either
the chromosomally located penicillinases found in
rare Enterobacter cloacae or Serratia marcescens iso-
lates or the plasmid-mediated metalloenzyme IMP-
1 that is widespread in Japan108.

Extended-spectrum �-lactamase-producing En-
terobacteriaceae acquisition depends on length of
stay in the ICU and the use of invasive procedures. In
fact, risk for acquiring extended-spectrum �-lacta-
mase-producing Enterobacteriaceae (K. pneumon-
iae in most cases) increases during the ICU stay,
from 4.2% in the first week to 24% in the fourth
week109. Urinary catheterization and arterial cathet-
erization are independent risk factors for acquiring
extended-spectrum �-lactamase-producing Entero-
bacteriaceae and probably reflect frequency of
health care manipulations.

Non-fermentative gram-negative bacilli

Non-fermentative gram-negative bacilli [P. aerugi-
nosa, Acinetobacter baumannii (previously
Acinetobacter calcoaceticus), Stenotrophomonas
maltophilia (previously Pseudomonas and
Xanthomonas maltophilia), and Burkholderia
cepacia (previously Pseudomonas cepacia)] are of
substantial concern because of their similar high
intrinsic resistances to antibiotics. The basis for the
high intrinsic resistance of these organisms is the
lower outer-membrane permeability of these
species, coupled with secondary resistance mecha-
nisms such as an inducible cephalosporinase or
antibiotic efflux pumps. The latter mechanism
confers co-resistance to quinolones, which take
advantage of low outer-membrane permeability.
Even a small change in antibiotic susceptibility of
these organisms can result in an increase in the MIC
of a drug to a level that is greater than the clinically
achievable level110. Resistance to antimicrobial
agents is common among P. aeruginosa in ICU111.
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Pharmacokinetics and pharmacodynamics of
antibiotics

The potential therapeutic efficacy of an antibiotic
depends not only on its spectrum of action, but also
on the concentration that it reaches in the blood-
stream and in the site where the infection is develop-
ing. In patients with bacterial pneumonia, the site of
infection is in the alveolar spaces or in the pulmo-
nary interstitium. With the improvements in the
technique of bronchoalveolar lavage (BAL) it has
been possible to obtain samples from the alveolar
lining and alveolar macrophages. The alveolar lining
is considered an important site of extracellular
infection in pneumonia, whereas macrophages are
an important site in intracellular infections. The
concentrations reached by antibiotics in these two
distal sites should be excellent predictors of their
clinical efficacy in the treatment of pneumonia112.
However, the presence of a correlation between anti-
biotic levels in the site of infection and their clinical
efficacy in the lung has not been clearly demon-
strated due to numerous methodological difficul-
ties113. For example, the pulmonary disposition of
vancomycin remains low for most mechanically
ventilated patients with MRSA pneumonia 24 h after
the onset of treatment compared with the MIC for
most gram-positive organisms, although the drug
is effective114. Moreover, high peak serum concen-
trations of tobramycin, which could be toxic, are
necessary to obtain microbiologically active con-
centrations at the alveolar level115, but this amino-
glycoside is active in nearly all cases of pneumonia
elicited by gram-negative bacteria

There is now growing consensus on the opinion
that neither blood nor tissue levels are of primary
importance, and that the tissue/blood ratio is
equally scarcely important. More important,
instead, is the correlation between blood or tissue
concentrations of the drug and the MIC values for
the infectious agent116.

The use of the ratio of Cmax to MIC90 is one way to
predict possible clinical activity with pharmaco-
kinetic and microbiological determinants. However,
a simple comparison of MIC values with the drug

concentrations available in the patients’ serum is
not sufficient to calculate the potential clinical effect
of the drug117. In fact, the MIC does not represent the
pharmacodynamic properties of an antibiotic, e.g.
its killing ability in vivo. Pharmacodynamics of anti-
biotics deals with time course of drug activity and
mechanisms of action of drugs on bacteria (Table
14.3). Probably, time above MIC (T�MIC) is the
most crucial consideration. In fact, the bactericidal
activity of �-lactams such as cephalosporins is
dependent upon the time that serum concentra-
tions remain above the MIC of a given organism118. A
significant linear correlation exists between T�MIC
and time to eradication of bacteria from respiratory
secretions119. The goal of a dosing regimen for anti-
biotics of this type is to maximize the time during
which the organism is exposed to the drug, since the
bactericidal activity correlates more to duration
than to magnitude of dose117. Consequently, we
might expect that concentrations above the MIC for
the entire dosing interval should achieve optimal
clinical results. However, the pharmacodynamic
effects of subinhibitory concentrations of different
�-lactam antibiotics may also contribute to the per-
formance against several pathogens120.

Nevertheless, several studies from Craig’s labora-
tory using a number of bacterial strains with differ-
ent antibiotic susceptibility and more than 50
different dosing regimens in mice, have allowed the
elaboration of an interesting new concept121–125. The

372 M. Cazzola and M.G. Matera

Table 14.3. Pharmacokinetic and pharma-
codynamic parameters correlating with anti-
bacterial efficacy in animal infection models

Parameter Drugs

Time above the MIC Penicillins, cephalosporins,

carbapenems, aztreonam,

macrolides, and clindamycin

24-hour AUC/MIC Aminoglycosides, fluoroquinolones,

azithromycin, tetracyclines, and

vancomycin

Peak/MIC Aminoglycosides and

fluoroquinolones



results of these studies showed that for �-lactam
antibiotics, that have time-dependent killing and
minimal-to-moderate post-antibiotic effect, an in
vivo bacteriostatic effect was possible when levels
were above the MIC for approximately 40% of the
dosing interval, whereas maximum killing was
approached when levels were above the MIC for 70%
of the time. Therefore, the aim for a highly effective
dosing regimen would be to provide levels above the
MIC for at least 70% of the dosing interval121. This
means that probably there are real differences
amongst the �-lactam antibiotics in terms of how
much coverage is needed to achieve static or fully
bactericidal effect126.

The duration of time that concentrations exceed
MIC should be the pharmacodynamic parameter
that best correlates with therapeutic efficacy of �-
lactam antibiotics and, consequently, avoids resis-
tance, although the abuse of drugs select resistant
strains. This is an important remark because a rise in
MIC values reduces the time above MIC when an
antibiotic is used at the same dosing regimen (Fig.
14.2)126,127.

The fluoroquinolones and aminoglycosides

exhibit a concentration-dependent killing and pro-
longed post-antibiotic effect. The goal of a dose
regimen for these classes of agents is to maximize
the drug concentration. Thus, peak-MIC ratio
and/or the area under the concentration-time curve
(AUC) to MIC90 (AUIC ratio) would be expected to be
the major pharmacodynamic parameters correlat-
ing with efficacy for these drugs. In order to achieve
optimal antibacterial efficacy, it has been docu-
mented that the AUIC ratio should be greater than
125 and peak-MIC ratio should be between 8 and
10128.

We must stress that these are concepts and hard
clinical evidence to substantiate them is not avail-
able. Consequently, the magnitude and duration by
which concentrations must exceed the MIC remain
controversial. In fact, papers that support the impor-
tance of the interrelationship between pharmaco-
kinetics and pharmacodynamics in inducing a good
clinical and bacteriological outcome are insuffi-
cient. Schentag et al.120 reported a clear correlation
between the length of time per day above the MIC
and the time to eradicate the pathogen from the tra-
cheal aspirate in intubated intensive care patients
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who were given cefmenoxime for nosocomial pneu-
monia. Correlations were also observed between the
day of eradication and the length of time ciprofloxa-
cin concentrations remained above the MIC129.
Recently, Schentag et al.128 have demonstrated that
the achievement of minimally effective antibiotic
action, consisting of an area under the inhibitory
titre (AUIC) of at least 125, is associated with bacte-
rial eradication in about 7 days for �-lactams and
quinolones. Adding an aminoglycoside to �-lactams
may produce a slight increase in their rate of bacte-
rial killing in vivo, but because of their narrow ther-
apeutic window, and the associated low doses in
relation to MIC, there are situations in which the
aminoglycosides may be unable to add sufficient
additional AUIC.

Interaction between antibiotics and the host
natural defences

The recovery from a bacterial infection requires the
combined activity of host resistance and antimicro-
bial therapy. The ability of powerful antibiotics has
improved the results of antimicrobial therapy, but
host resistance is still the most important determi-
nant of outcome.

A wide range of antibiotics administered in vivo or
in vitro may modulate the host defence reaction elic-
ited by pathogens: substantial data now exist on the
direct or indirect effects of antibacterial agents on
the immune system (Table 14.4). The synergistic
interactions, which occur between the host immune
system and antimicrobial agents, contribute to the
successful outcome of antimicrobial chemother-
apy130. Antibacterial agents can be classified into
four groups: those that do not modify host defences
(e.g. most �-lactams and chloramphenicol); those
that depress immune functions in vitro and ex vivo
(tetracyclines, aminoglycosides, sulphonamides,
teicoplanin, and rifampicin); those that display
synergy with the immune system (i.e. co-operate
with the host antibacterial system, particularly as a
result of intracellular penetration (macrolides and
quinolones); and, finally, those that enhance

immune function in either healthy individuals or
immunocompromised patients131. In vivo data seem
to concur with the in vitro studies. Unfortunately,
the contradictory nature of several in vitro observa-
tions and the small number of in vivo studies pre-
clude any unequivocal conclusion regarding the role
of antibiotics as potential immunomodulators in the
treatment of inflammatory diseases.

By way of illustration, clinically relevant concen-
trations of most quinolones seem to have no direct
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Table 14.4. Antibiotics and the host defence system

Antibiotic Effect

Effects on human phagocyte motility

Doxicycline ↓
Rifampicin ↓
Cotrimoxazole ↓

Effects on phagocyte oxidative burst

Josamycin ↑
Rokitamycin ↓
Dirithromycin ↑

Effects on phagocytosis and bacterial killing by human

phagocytes

Tetracycline ↓
Sulfonamides ↓
Cefpimizole ↑
Cefotaxime ↑
Cefodizime ↑
Ceftriaxone ↑
Cefaclor ↑
Cefetamet ↑
Macrolides ↑

Effect on the specific immune system

Cefotaxime ↑ IL-1

Cefodizime ↑ IL-1, IL-8, IFN-

↓ IL-6, TNF-�

Cefaclor ↓ IL-6 and TNF-�

Cefetamet ↓ IL-6 and TNF-�

Ceftazidime �
Ceftriaxone �
Macrolides ↓ IL-2 and IL-5

Intracellular bioactivity

Macrolides ↑



effect on isolated immune parameters such as phag-
ocytic cell functions, lymphocyte proliferation,
immunoglobulin production, IFN- secretion and
bone marrow progenitor cell proliferation132.
Nevertheless, synergistic phagocytosis and intra-
cellular killing of K. pneumoniae is observed in the
presence of macrophages and subinhibitory con-
centrations (one-half MIC) of pefloxacin. Pre-treat-
ment of bacteria with pefloxacin leads to an increase
in both bacterial uptake and microbicidal activity of
phagocytes. Exposure of the macrophages to peflox-
acin does not affect any phagocyte functions133. In
contrast, the production of certain cytokines (IL-1,
IL-2) and colony stimulating factors by stimulated
lymphocytes and splenocytes is enhanced in the
presence of clinically achievable concentrations of
the drug134, probably because they enhance IL-2
gene induction135. However, levofloxacin increases
IL-2 production in a concentration-dependent
manner with a significant increase at concentrations
of 10 �g/ml or more and GM-CSG only at concentra-
tions exceeding 50 �g/ml136. It is interesting to high-
light that ciprofloxacin has a post-transcriptional
differential effect on the production of IL-1� and IL-
1�, reducing the total amount of IL-1� produced by
LPS-stimulated human monocytes, while IL-1� is
unaffected137. It also modulates IL-6 and IL-8 expres-

sion in a differentiated manner138. Moreover, it
increases the concentrations of nuclear factor of
activated T cells (NF-AT-1) and AP-1. Thus, ciproflox-
acin interferes with regulative pathway common to
several cytokines139

Among the �-lactam antibiotics, cephalosporins
may modulate mediator release from various cells,
e.g. basophils, mast cells, and polymorphonuclear
neutrophils139. Whereas ceftriaxone and ceftazidime
fail to show any modulatory effect on the release of
inflammatory cytokines, cefodizime at the high con-
centrations of 200 �g/ml exerts a marked inhibitory
activity on TNF-� release from human peripheral
mononuclear cells140. At concentrations as low as
50–100 �g/ml, cefodizime inhibits the release of
TNF-� and IL-6 and shows a significant stimulatory
activity on IL-8 release141. Cefodizime also induces a
significant dose-dependent increase in GM-CSF
release from human bronchial epithelial cells142.
Cefetamet and cefaclor decrease the secretion of
IL-6 and TNF-� from human lymphocyte–
monocyte–basophil suspension, but cefaclor does
not alter the production of mRNA for IL-6 and TNF-
�143. Moreover, cefetamet, cefpodoxime and cefaclor
suppress the generation of LTB4 from human neu-
trophil granulocytes (Fig. 14.3)144. LTB4 is one of the
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most potent chemotactic factors for polymorpho-
nuclear leukocytes.

Macrolides are a class of antibiotics taken up and
concentrated by cells; consequently, they can reach
intracellular concentrations far higher than those
attained in the extracellular medium145. This prop-
erty may alter the function of phagocytes, which are
crucial for both antibacterial defence and inflam-
mation. They are particularly attractive in the treat-
ment of infectious asthma because they
dose-dependently inhibit microvascular leakage
and neutrophil recruitment induced by LPS146. A
body of evidence highlights that macrolides may not
only enhance the host defence system through
increased cytokine synthesis by host cells, but also
exhibit anti-inflammatory activity by including anti-
inflammatory cytokines. Roche et al.147 have shown
that high concentrations (100 �g/ml) of erythromy-
cin enhance extracellular IL-1 activity from human
monocytes in vitro. Kita et al.148 have shown that the
administration of erythromycin to mice enhanced
the production of IL-1 by macrophages and produc-
tion of IL-2 and IL-4 by splenocytes. A 28-day treat-
ment with roxithromycin induced an increased
synthesis of IL-1 and TNF-� production by macro-
phages and the production of IL-2, IL-4 and IFN- by
spenocytes149, but a longer-term (for 42 days)
administration inhibited both IL-1 and IL-2 produc-
tion150. Erythromycin and clarithromycin have been
reported to exert a suppressive effect on IL-6 expres-
sion in human bronchial epithelial cells151. This
finding contrasts with the results of Bailly et al.152

who showed that spiramycin and, to a lesser extent,
erythromycin increased total IL-6 production
without affecting IL-1 and IL-1� or TNF-� produc-
tion, whereas roxithromycin had no effect.
Moreover, erythromycin and clarithromycin, both
14-member macrolides, but not 16-member macro-
lide josamycin, have inhibitory effects on IL-8
expression in and suppress the release of IL-8 from
normal and inflamed human bronchial epithelial
cells153. Considering that IL-8 induces the migration
of neutrophils to inflammatory sites, the impaired
production and/or secretion of this cytokine may
reduce neutrophil accumulation. Both 14-member

and 16-member macrolides suppress the prolifera-
tive response of peripheral blood mononuclear cells
stimulated by polyclonal T-cell mitogens and the IL-
2 production by T-cells but not the expression of IL-
2 receptor (CD25)154. An interesting study has shown
that the incubation of the human bronchial epithe-
lial cell cultures in the presence of 0.1–10 �g/ml
erythromycin significantly blocked the H. influenzae
endotoxin-induced release of IL-6, IL-8 and soluble
intercellular adhesion molecule (sICAM)-1155.
Moreover, pre-incubation with erythromycin pre-
vented the endotoxin-induced expression of c-fos, c-
jun, and NFkB, that are fundamental for the
transcriptional regulation of TNF-� gene in mono-
cytes156.

It is unknown whether the efficacy of antimicro-
bial therapy can be improved by support of the
impaired host resistance. The biological response-
modifying activity of such drugs has not been
proved to be of clinical significance except for the
intracellular activity of those agents that have the
ability to enter cells. The direct modification of
immune responses is still a matter of debate; in fact,
it remains difficult to relate the clinical situation to
in vitro findings. However, it is likely that it is better
to use antibiotics with immunomodulating activity
for practical and timely treatment of patients with
pneumonia, particularly those with diminished
immune capacity or those who insidiously develop
septic syndrome.

Treatment

Apart from antimicrobial therapy, management of
pneumonias includes adequate hydration (oral or
intravenous), maintenance of arterial blood gases
with oxygen therapy or assisted ventilation. The
antimicrobial treatment of pneumonia must always
be early, prompt and, by necessity, empiric. Empiric
therapy depends in part on the setting, epidemi-
ological patterns in the hospital, and severity of
illness. When choosing empirical treatments, clini-
cians should remember that clinical symptoms
rarely predict the microbial etiology, antibiotic resis-
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tance is a worldwide problem and the route of
administration may predict the response to therapy.
Several other important points must be considered
in designing treatment regimens. In fact, the initial
antimicrobial regimen is important, the major
pathogens include S. pneumoniae, H. influenzae,
other aerobic gram-negative rods, and atypical
pathogens, and copathogens may be present157.
Assessment of therapy is essential after 2 or 3 days
and the early and complete evaluation of all causes
of failure is necessary, as failure of initial treatment is
a factor for bad prognosis.

Guidelines or consensus statements for the
administration of empirical antibiotic therapy have
been developed by speciality society in many coun-
tries. They are available as a starting point for the
selection of antimicrobial agents used for the treat-
ment of CAP or HAP, although they have not been
validated in randomized clinical trials. All state-
ments stress that local epidemiological and suscep-
tibility patterns should always be taken into account
and that, ultimately, the physician is in the best posi-
tion to determine the ideal antibiotic regimen for
each patient.

Community-acquired pneumonia guidelines

Considering the guidelines on CAP of four European
countries, Italy158, France159, Spain160 and Great
Britain161, it is apparent that in all cases indications

are given for the management of two patient groups:
severe and non-severe (Table 14.5). In particular, all
the above guidelines suggest the use of a penicillin
or a macrolide for non-severe patients. Although
there is no universally accepted definition for severe
CAP, some factors are certainly important. If one or
more of the conditions listed in Table 14.6 are
present, pneumonia is defined as severe. In this case,
the guidelines differ in recommending a penicillin
or an aminopenicillin, in suggesting single or com-
bined use with a macrolide, and in the routine pre-
scription of a �-lactamase inhibitor. Each document
recommends the use of an association between a
second or third generation cephalosporin and a
macrolide in severe patients.

Although the scientific community has apparently
accepted the above guidelines, there is widely differ-
ing antibiotic prescribing habits by general practi-
tioners in Western Europe162. An analysis of the
empirical prescribing behaviour of European clini-
cians in the treatment of CAP has shown that macro-
lides, aminopenicillins with or without clavulanic
acid, and cephalosporins were the most commonly
employed antibiotics, although the order with which
they were prescribed varied greatly among different
countries. Aminopenicillin was first or second
choice in four out of seven nations. Cephalosporin
use was very common in Germany and Southern
Europe. In Italy, parenteral treatment with third gen-
eration cephalosporins or imipenem was the most
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Table 14.5. Recommendations for initial empirical antibiotic treatment of CAP158–161

Country Non-severely ill patient Severely ill patient

France Amoxicillin 1 g t.i.d or macrolide Co-amoxiclav�(macrolide or fluoroquinolone) or third generation

cephalosporin�(macrolide or fluoroquinolone)

Italy �-lactam/�-lactamase Second/third generation cephalosporin � macrolide

inhibitor � macrolide

Spain Procaine penicillin 1200000 U Third generation cephalosporin�erythromycin

b.i.d or erythromycin

(ethylsuccinate) 2–4 g/day

Great Britain Aminopenicillin (e.g. amoxicillin Erythromycin�second/third generation cephalosporin or ampicillin�

500 mg t.i.d) or benzyl- flucloxacillin�erythromycin

penicillin (1.2 g q.i.d)



common choice (almost 40% of cases). The differ-
ences in prescribing habits are certainly not attribut-
able to guideline recommendations, nor can be
explained by scientific reasoning, such as differ-
ences in aetiology, penicillin-resistant pneumococ-
cus rate, pharmacokinetics, or safety, and are not
linked with ecological or economical considera-
tions. The differences are presumably multi-
factorial, and at least partly due to diversities in local
health systems (for example, in the United Kingdom
community-acquired patients are immediately
admitted to hospital and not treated at home)163 and
the sources of information at the clinician’s disposal.
Local therapeutic traditions, marketing factors, and
scientific rationale are probably equally important
in the empirical choice of the treatment for CAP164.

The North American guidelines for pneumonia
are more articulate165,166 including considerations
on comorbidity, patient age, disease severity, need
for hospitalization, and the selection of one or more
appropriate antimicrobial agents (Fig. 14.4).
Specifically, the Canadian guidelines165 divide non-
severe patients into those aged	65 years without
comorbidity, and those aged � 65 years or with
comorbidity. Among the former, macrolides are first
choice antibiotics, followed by tetracyclines as
second line treatment. In patients with comorbidity,
second generation cephalosporins, a �-lactam/�-
lactamase inhibitor combination, or cotrimoxazole

are recommended treatment choices. Macrolides
may be added as an option to each of the above
drugs. Severe patients require hospitalization and
may be divided into those referred to a general ward
or to an intensive care unit (Table 14.7). For the
former, use of a second or third generation cepha-
losporin is suggested, with the addition of a macro-
lide as an option. For patients admitted to ICU,
intravenous macrolide is recommended, with the
possible addition of rifampicin and one or more
anti-pseudomonas drugs, in view of the most com-
monly occurring pathogens in this setting. The
American Thoracic Society (ATS)166 recommenda-
tions are similar to the Canadian guidelines165. The
major difference lies in taking 60 years as an age limit
instead of 65, because American experts feel that
patients over 60 years should not be treated outside
the hospital since age becomes a co-morbidity
factor in itself .

The North American guidelines166 recommend
erythromycin as first choice antibiotic in patients
under 60 years of age treated at home, because of the
vast experience accumulated in the use of this drug
and its relatively low cost. However, approximately
40% of H. influenzae clinical isolates are resistant to
erythromycin167. Moreover, gastrointestinal distur-
bances and pharmacological interactions following
treatment with this drug are very common and there
is a high risk of poor adherence to treatment due to
significant side effects and need for frequent admin-
istrations (3–4 times daily).

In smokers and in patients needing wide-spec-
trum treatment, more recent macrolides, such as
azithromycin and clarithromycin, should always be
kept in mind, also considering the high probability
of H. influenzae acting as causal pathogen168. In
many patients, the clinical advantages and a
reduced incidence of side effects counterbalance
the greater cost of these macrolides. Both azithro-
mycin and clarithromycin possess better pharmaco-
kinetic profiles and more convenient administration
schemes169.

Even the very recent guidelines by the Infectious
Diseases Society of America (Table 14.8)170 suggest
the empiric use of macrolides (erythromycin, cla-

378 M. Cazzola and M.G. Matera

Table 14.6. Factors that allow the definition of CAP
severity. 

Respiratory rate�30 breaths min�1

PaO2/FIO2 ratio�250

Rapid radiographic worsening (�50% increase in infiltrate size

within 48 hours)

Bilateral or multilobar involvement

Shock

Need for vasopressors for more than 4 hours

Evidence of sepsis with organ dysfunction

Note:

Adapted from El-Ebiary268



rithromycin, and azithromycin), fluoroquinolones
with high anti-S. pneumoniae activity (grepafloxa-
cin, levofloxacin and trovafloxacin), or doxycillin in
patients that do not require hospitalization (Table
14.9). Specifically, azithromycin and clarithromycin
are to be preferred when H. influenzae infection is
suspected. In hospitalized patients, macrolides
must be associated with �-lactams, except when
bronchiectasis is present, in which case it is prefer-
able to add an anti-pseudomonas drug.

Currently available guidelines for the treatment of
CAP are certainly useful, but their use has brought
out new problems that must be evaluated with the
utmost care. For example, the use of cephalosporins
has increased considerably. This entails the risk of a
selection of cephalosporin-resistant strains with-
in hospital environments, such as vancomycin-
resistant enterococci171. The British Thoracic
Society161 recommends the use of cefotaxime and
cefuroxime in view of concerns regarding S. pneu-
moniae penicillin-resistant strains. However, the
current resistance rate (MIC for penicillin�0.1
mg/l) in England and Wales is as low as 3.8%172

although regional variations are reported. Moreover,
there is no solid proof that these levels of resistance
are clinically relevant in pneumococcal pneumonia
when adequate doses of penicillin are adminis-
tered173. For this reason, Wort and Rogers174 feel that

there is no need for cephalosporin use as first choice
treatment in CAP, although local epidemiological
considerations on penicillin resistance must be kept
in mind. For many British clinicians, amoxicillin and
ampicillin are still first choice oral treatment 175, with
co-amoxiclav as an alternative for its greater activity
towards H. influenzae. Intravenous penicillin is
restricted to severe cases. Only if local resistance
trends preclude such a line of treatment should
parenteral cephalosporins be used. Because of the
efficacy of �-lactam antibiotics in treating pneumo-
coccal infections, there is no indication at this time
that adding vancomycin to the therapeutic regimen
would offer any further benefit for most patients.

The British approach, although scientifically
correct, is not the most effective in clinical practice.
It is likely that the ‘Italian empirical model’ accord-
ing to which parenteral cephalosporins are first
choice treatment in CAP is the best approach con-
sidering that the mortality rate for CAP in Italy is
among the lowest in Europe176. In any case, the
emerging trend in the United States is that paren-
teral treatment with a cephalosporin (primarily cef-
triaxone, or, alternatively, ceftazidime or
cefotaxime) outside the hospital setting is a valid,
safe, and low cost alternative177–179.

Antibiotics active towards intermediate resistance
pneumococcus (MIC�0.1–1 �g/ml) include high
dose penicillin (12 million units daily), cefotaxime,
and ceftriaxone180. Vancomycin is recommended
for highly resistant strains (MIC�2 �g/ml) Table
14.9). The above recommendations are supported
by a recent study reporting that current rates of
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S. pneumoniae intermediate resistance to penicillin
and cephalosporins are not associated with an
increase in mortality rate181.

Certainly, considering the role of C. pneumoniae
and its resistance to �-lactams, the addition of a
macrolide must be kept in mind, unless laboratory
data rapidly rules out involvement of this microor-
ganism. Evidence is accumulating that new macro-
lides, such as clarithromycin, are superior to
erythromycin, in terms of both antibiotic spectrum,
and greater activity towards C. pneumoniae182.
Several new fluoroquinolones possess a similar
range of activity. Among these, grepafloxacin, levo-
floxacin, and sparfloxacin are the most promising.
Specifically, levofloxacin has been shown particu-
larly useful in infections caused by pneumococcus
strains highly resistant to penicillin183. Should
ongoing clinical trials and clinical practice demon-
strate that these drugs are a valid monotherapy in
CAP, it is likely that future guidelines will have to
keep this class of drugs in due consideration184.

A recent US study on elderly patients showed that
the routine use of macrolides is not to be encour-
aged because only 7.5% of patients presented an
organism needing macrolide treatment, and no
mortality was present among these patients185. A
true definition of the current frequency with which
C. pneumoniae causes CAP is lacking. For this
reason, Woodhead186 has suggested that a random-

ized, comparative controlled study should be
carried out to compare �-lactam alone with a �-
lactam and a macrolide before recommending use
of a macrolide in elderly patients with CAP.

During clinical trials, the presence of co-patho-
gens is a common occurrence. This suggests that C.
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Table 14.7. Treatment of severe CAPa,b

Macrolide�anti-Pseudomonas antibiotic

Third generation anti-Pseudomonas cephalosporin,

imipenem, ciprofloxacin, aztreonam, anti-pseudomonas

penicillin

Notes:
a If Legionella is identified, rifampin must be added.
b Due to the high mortality associated with P. aeruginosa

pneumonia, an aminoglycoside should be added so as to

obtain double coverage towards Pseudomonas (at least

during the first few days of treatment) when using a third

generation cephalosporin, imipenem or ciprofloxacin

Adapted from Mandel et al.165

Table 14.8. Empirical antibiotic selection for
patients with CAP according to the Infectious
Diseases Society of America guidelines170

Non-hospitalized patients

Generally preferred: macrolidesa, fluorquinolonesb or

doxicycline

Modifying factors:

Suspected penicillin-resistant Streptococcus pneumoniae:

fluorquinolonesb

Suspected aspiration: co-amoxiclav

Young adult (�17–40 years): doxicycline

Hospitalized patients

General Medicine Ward

Generally preferred: �-lactams with or without

macrolidesa, or fluorquinolonesb (alone)

Alternatives: cefuroxime with or without macrolidesa, or

azithromycin (alone)

Admitted to ICU for severe pneumonia

Generally preferred: erythromycin, azithromycin or a

fluorquinolone�cefotaxime, ceftriaxone or

�-lactam/�-lactamase inhibitorc

Modifying factors

Structural lung disease: anti-pseudomonas penicillin, a

carbapenemic, or cefepime�a macrolidea or a

fluorquinoloneb �an aminoglycoside

Allergy to penicillin: a fluorquinolone with and without

clindamycin

Suspected aspiration: a fluorquinolone�clindamycin or

metronidazole or �-lactam/�-lactamase inhibitorc

(alone)

Notes:
a Azithromycin, clarithromycin or erythromycin.
b Levofloxacin, sparfloxacin, grepafloxacin, trovafloxacin, or

other fluorquinolone highly active towards S. pneumoniae.
c Ampicillin/sulbactam, or ticarcillin/clavulanate or

piperacillin/tazobactam (for structural lung disease,

ticarcillin/clavulanate or piperacillin).



pneumoniae may simply initiate pathological events,
but a different pathogen is the true cause of pneumo-
nia. Therefore, it is hardly surprising that treatment
with an antibiotic ineffective towards C. pneumoniae
is equally capable of obtaining clinical remission in
approximately the same time span required follow-
ing administration of an antibiotic presenting activ-
ity towards this atypical pathogen187.

However, it may be supposed that co-infection
with C. pneumoniae and other pathogens does have
some effect on the course of pneumonia. In a recent
study by Kauppinen et al.188, three groups of patients
with pneumonia were examined: those with C.
pneumoniae infection, those with S. pneumoniae
infection, and those with mixed infection. The
authors report that, in the presence of C. pneumon-
iae infection alone, the clinical course was mostly
mild, with a mean hospital stay of 8.4 days, although
only 36% had received adequate antibiotic treat-
ment for this infection. In the presence of S. pneu-
moniae infection, all patients had received adequate
antibiotic treatment, and mean hospital stay was
10.5 days. However, when both pathogens were
present and subjects were treated only for pneumo-
coccus, the mean hospitalization reached 21.9 days.
These data suggest a possible role for co-infection in
determining increased pneumonia severity.
Nevertheless, further confirmation is required
before implementing routine treatment of atypical
infections during pneumonia. Until these data are

available, macrolides should probably be used ini-
tially in severe patients only, particularly when
infection with Legionella is suspected.

Unfortunately, therapeutic recommendations con-
tained in guidelines often clash with factors affecting
the total costs of treatment of pneumonia such as the
need for hospitalization, attempts to reach an etio-
logical diagnosis, the selection of empiric antibiotic
therapy, time span needed for switching from paren-
teral therapy to oral treatment, and length of hospital
stay. Moreover, the management habits of single cli-
nicians, often reflecting local practices, must not be
ignored and may equally substantially affect the total
cost of treatment. For example, an interesting
American study189 has demonstrated that the use of
medical procedures and consultations was more
common for patients discharged from University
Hospitals than from General Hospitals, causing an
11% increase in costs in the former hospitals.
Similarly, costs were 15% greater in urban compared
to rural hospitals. Internal medicine and lung disease
clinicians made more use of diagnostic procedures,
and were associated with greater expenses, than
general practitioners. Notwithstanding the variability
in procedure use and treatment expenses concerning
CAP, there were no differences in mortality and in
readmission rates.

One of the first and probably most important deci-
sions concerning cost of treatment is not the choice
of antibiotic, but rather the need for hospital admis-
sion. In fact, pneumonia is an important cause of
hospital admission, but frequency varies greatly.
This finding suggests the need for efficient and
widely accepted predictive indexes for negative
outcome. A large study involving over 50000
patients identified valid criteria for predicting the
outcome of CAP190. The predictive rule allots scores
based on age and the presence of co-morbidity,
abnormal physical examination (respiratory rate
�30 or body temperature � 40 °C), and laboratory
findings (pH	7.35, serum urea � 30 mg/dl, or
serum sodium	130 mmol/l) on admission. Home
treatment for class I patients (no risk factors), brief
observation as inpatient for class II patients (score
between 71 and 90), and hospital admission for class
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Table 14.9. Treatment of penicillin-resistant
Streptococcus pneumoniae

MIC for penicillin MIC for cephalosporins Antibiotic

	2.0 �g/ml — Penicillin G

�2.0 �g/ml 	2.0 �g/ml Ceftriaxone

Cefotaxime

�2.0 �g/ml �2.0 �g/ml Vancomycin

Imipenem

Notes:

MIC�Minimal inhibitory concentration.

Adapted from Anonymous180.



IV (score between 91 and 130) and class V patients
(score�130) may significantly reduce the number of
hospital admissions by approximately one third.
However, the above scoring system seems to be too
complex for use in routine clinical practice.

In hospitalized patients, the length of stay is a
primary determinant of the management costs of
pneumonia. Data from the National Healthcare Cost
and Utilisation Project, of the National Ambulatory
Medical Care Survey and the National Hospital
Ambulatory Medical Care Survey were employed to
determine the cost of treatment in patients aged 65
or over191. Figures soared to a total cost of 4.8 billion
dollars for the treatment of patients aged over 65,
and over 3.6 billion dollars for the treatment of
patients aged under 65 years. The mean length of
hospital stay was 7.8 days with a mean cost of $7166
for patients over 65, and 5.8 days with a mean cost of
$6042 for younger patients.

Obviously, given the high cost of CAP requiring
hospitalization, every treatment that allows home
management may result in substantial savings, par-
ticularly among patients under 65 years of age.

One of the key elements determining length of
hospital stay is the duration of parenteral treatment.
Ehrenkranz et al.192 reported a reduction in mean
hospital stay by 2.4 days and an $884 reduction per
patient/therapy when parenteral treatment was
switched to oral treatment and the patient was dis-
charged on the third day of hospitalization. In that
study the disease severity indexes and the outcome
following discharge were similar for those inpatients
who had continued parenteral treatment and pro-
longed hospital stay. Generally, by cautiously apply-
ing specific criteria for the identification of
candidates for switch therapy, most patients may be
treated orally within three days from initiation of
therapy (Table 14.10).

By altering the prescribing habits of hospital-
based clinicians in CAP, it may be possible to lower
costs with no significant increase in the risk of nega-
tive outcome. This finds proof in the study by
Omidvari et al.193. The authors treated a group of
patients with cefamandol 1 g intravenously every 6
hours for 7 days, and a second group with cefaman-

dol (1 g intravenously every 6 hours for 2 days) fol-
lowed by oral treatment with cefaclor (500 mg every
8 hours for 5 days). Between the two groups there
was no difference in clinical course, remission rate,
survival rate, and clearing of radiographic abnor-
malities. Average length of treatment (6.88 days for
the conventional group compared to 7.30 days for
the group with switch therapy), and the rate of
overall symptom improvement (97% vs. 95%,
respectively) was similar in both groups. Patients
receiving early oral treatment required a shorter
hospital stay (7.3 vs. 9.7 days), and overall expenses
were lower ($2,953 vs. $5,002).

Nosocomial pneumonia guidelines

The aetiology of HAP is substantially different from
that of CAP, and this explains the need for differ-
ent guidelines. Gram-negative bacilli, including
P. aeruginosa, Klebsiella, Acinetobacter species,
Enterobacter, and gram-positive cocci such as S.
aureus are common causes of nosocomial pneumo-
nia194,195. Disease caused by these virulent patho-
gens is often severe and commonly complicated by
pulmonary necrosis, multilobar involvement,
micro-abscesses or empyema.

Guidelines on HAP are relatively scarce. Excepting
US and Canadian guidelines, the only other national
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Table 14.10. Criteria used to identify candidates to
switch from parenteral to oral treatment. 

Improvement in cough

Improvement in respiratory distress

Absence of fever for�24 hours

Absence of high risk for resistant pathogens, for example

S. aureus

Absence of concomitant unstable medical disease

Absence of complications, for example congestive heart failure

Intact gastrointestinal absorbance

Improvement in leukocytosis

Note:

Adapted from Ramirez et al.269, Fine et al.270, and Ramirez271.



recommendations have appeared in Australia,
Sweden, and France196. However, due to the lack of
useful data for the drawing up of guidelines based on
clinical evidence, it is probably more appropriate to
refer to these documents as consensus among
experts rather than true guidelines.

Specifically, the ATS197 recommends that antibio-
tic choice should take into account disease severity,
length of hospital stay, and the presence of specific
risk factors (Table 14.11). When pneumonia arises
within 5 days from hospitalization, a �-lactam/�-
lactamase inhibitor association or a second or third
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Table 14.11. Organisms associated with nosocomial pneumonia and antibiotics recommended by the
American Thoracic Society guidelines197

Group 1: Mild to moderate nosocomial pneumonia, no unusual risk factors, onset in any moment, or early onset severe

nosocomial pneumonia 

Key organisms Key antibiotics
a Enteric gram-negative bacteria (non- Cephalosporin (second or third 

Pseudomonas such as: Enterobacter, generation, non-anti-Pseudomonas)

Escherichia coli, Proteus, Klebsiella, or

Serratia marcescens, Haemophilus �-lactam/�-lactamase inhibitor

influenzae or
a Methicillin susceptible if allergic to penicillin, a 

Staphylococcus aureus fluorquinoloneb or clindamycin�

a Streptococcus pneumoniae aztreonam

Group 2: Mild to moderate nosocomial pneumonia with risk factors associated with specific additional organisms, onset in any

moment

Risk factors Key organisms�specific risk organisms Key antibiotics�specific additional

coverage

Abdominal surgery, aspiration a Anaerobes Clindamycin, or �-lactam/�-lactamase

inhibitor

Coma, cranial trauma, diabetes, renal a S. aureus � vancomycin (until MRSA is not 

failure excluded)

High dose steroids a Legionella Erythromycin � rifampin

Prolonged stay in Intensive Care, a Pseudomonas aeruginosa Treat as severe nosocomial pneumonia 

steroids, antibiotics, pulmonary (Group 3)

disease

Group 3: Severe nosocomial pneumonia with risk factors, early onset, or severe nosocomial pneumonia, late onset

Key organisms Antibiotics
a Pseudomonas aeruginosa Aminoglycoside or ciprofloxacin,�

a Acinetobacter species One of the following:

anti-Pseudomonas penicillin,

�-lactam/�-lactamase inhibitor
a Consider MRSA and

� vancomycin (if MRSA is a problem)

Notes:
a Recommended treatment does not include immunocompromised patients.
b If S. pneumoniae is not a problem.

MRSA�methicillin-resistant S. aureus.



generation cephalosporin is recommended. When
pneumonia arises later during hospital stay, it is
imperative that antibiotics active against P. aerugi-
nosa be used, such as the association between an
aminoglycoside or a fluoroquinolone with a wide
spectrum �-lactam. When anaerobic infection is
present, clindamycin or a �-lactam/�-lactamase
inhibitor association are suggested, whereas van-
comycin is recommended when MRSA is suspected.
Conversely, when Legionella infection is assumed, a
macrolide should be used198.

Clearly, the management of MRSA infection is
limited by the small number of antibiotics with
activity against these resistant strains. Vancomycin
and teicoplanin are the only agents available with
reliable activity against serious MRSA infections.
Other agents, including doxycycline, fluoroquino-
lones, gentamicin, novobiocin, rifampin, and co-
trimoxazole have been used to treat patients with
MRSA in an ongoing effort to expand treatment
options. However, physicians have less clinical expe-
rience with these agents, the efficacy of these agents
is not always optimal, and resistance to these agents
has developed199.

Unfortunately, currently available guidelines do
not suggest reliable alternatives, but rather consider
risk factors and the severity of the disease, with little
attention being brought to previously mentioned
aspects.

It must be remembered that when using empirical
antibiotic treatment in a hospital ward, unrespon-
sive patients must be quickly identified and alterna-
tive treatment schemes must be available.
Treatment may require modifications based on
patient culture results and/or clinical response. The
latter may be difficult to assess due to the variable
course of nosocomial pneumonia, and is associated
with host and bacterial factors, and the co-existence
of other pathological processes.

Several studies demonstrate that all treatment
approaches suggested by the different guidelines are
ineffective in up to 30–40% of cases200,201. The pres-
ence of unresponsive pathogens is the main cause of
treatment failures. These may be common patho-
gens that develop in unexpected environments or

with unusual resistance patterns. The treatment
failure is commonly observed in patients with prior
antimicrobial therapy (with systemic administration
of antibiotics), the late diagnosis of HAP resulting in
the late onset of appropriate antibiotic therapy
and/or the incorrect choice of antibiotic. In patients
without satisfactory clinical outcome, the empiric
therapeutic regimen rarely includes newer broad
spectrum antimicrobial agents. In any case, many
authors feel that two-drug regimens are insufficient
to reduce the incidence of bacteria not covered by
antibiotic therapy202. Presumably, only three-anti-
biotic regimens attain a high degree of efficacy,
though carrying a higher cost and a heavier burden
of side effects.

Future therapeutic options

The activity of antibiotics is diminishing by the
increasing number of resistant strains and by the
increase of infections with naturally resistant micro-
organisms. However, the rational use of antibiotics
can slow this trend and perhaps reverse it. To reach
this aim it is necessary to increase research activities
in the field of pharmacodynamics in order to allow a
more rational dosing.

Better technology documentation and statistics in
microbiological diagnostics could improve calcu-
lated chemotherapy. Furthermore, we need more
information about the epidemiology of resistant
bacteria. The knowledge about receptors, mecha-
nism of action and mechanism of resistance should
help to elude these obstacles in antimicrobial
chemotherapy. Therefore, future efforts to curtail
antibiotic resistance will require a concerted effort
in multiple areas, particularly enhanced epidemi-
ological surveillance to better detect resistance
trends, judicious use of antibiotics, and new drug
development.

Unfortunately, it is probable that in the future we
will have only a few new drugs due to the current
demands for extensive preclinical and clinical docu-
mentation and the excessive costs involved in the
development of a new chemical entity. While there is
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a need for continued development of new antibio-
tics, the growth of managed healthcare in the
Western world is likely to have a significant impact
on research and development activities. This is espe-
cially the case for compounds showing slight
improvement over existing therapies.

In any case, with modern techniques of sequenc-
ing of the complete bacterial genus in order to find
new targets, with combinatory chemistry and with
the high throughput screening, some new drugs
should be developed in the future. The research
focusing on novel targets and on alternative
approaches is most likely to yield breakthroughs
against problem organisms in the future.

New antimicrobial agents

Screening of isolated biochemical targets and intact
bacteria using high-throughput technologies, mod-
ifying existing compound classes to create more
powerful compounds overcoming pathogen resis-
tance, and introduction of completely new classes of
antibiotics represent three areas that have been par-
tially exploited in the past and continue to represent
fertile fields for further investigation. In addition, a
number of investigators are working to develop
inhibitors of new bacterial targets and to develop
inhibitors of genes relating to virulence or patho-
genesis (Table 14.12)203.

Development of novel ‘classic’ antimicrobial
agents

New information on the binding of classical protein
synthesis inhibitors to ribosomal RNA provides a
rational explanation for their selective action against
bacteria. It also explains why chromosomal point
mutations conferring resistance by structural
changes at the target site are relatively rare in the
majority of bacteria.

The streptogramins are a class of antibiotics
remarkable for their antibacterial activity and their
unique mechanism of action204,205. These antibiotics
are produced naturally, but the therapeutic use of

the natural compounds is limited because they do
not dissolve in water. New semisynthetic derivatives,
in particular the injectable streptogramin quinu-
pristin/dalfopristin, offer promise for treating the
rising number of infections that are caused by multi-
ply resistant bacteria. The streptogramins consist of
two structurally unrelated compounds, group A
(dalfopristin) and group B (quinupristin). They
inhibit bacterial growth by disrupting the translation
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Table 14.12. Major areas of current research of
novel antimicrobial agents. 

Development of novel Streptogramins, ketolides, 

‘classic’ antimicrobial oxazolidinones, 

agents evernonomycins, cyclic

thiazolyl peptide

antibiotics

Chemical modification of Cephalosporins and 

currently known agents carbacephalosporins

bearing various

thiazolylthio moieties at

C-3, carbapenems

bearing various

thiazolylthio moieties at

C-2, glycylcyclines, N-

substituted derivatives of

vancomycin, novel

fluoroquinolones

Potentiators of known Metallo-�-lactamases 

antimicrobials inhibitors, bacterial efflux

pump inhibitors

Inhibitors of new targets Inhibitors of aminoacyl-

tRNA synthetases,

inactivators of FemA or

FemX, inhibitors of lipid A

biosynthesis, natural

toxins inhibiting bacterial

topoisomerases,

inhibitors of the protease

or transpeptidase

function

Antisense nucleotides

Note:

Adapted from Moellering203.



of mRNA into protein. The natural streptogramins
are produced as mixtures of the group A and B com-
pounds, the combination of which is a more potent
antibacterial agent than either type of compound
alone.Whereas the type A or type B compound alone
has, in vitro and in animal models of infection, a
moderate bacteriostatic activity, the combination of
the two has strong bacteriostatic activity and often
bactericidal activity. MICs of quinupristin/dalfo-
pristin range from 0.20 to 1 �g/ml for S. pneumoniae,
from 0.25 to 2 �g/ml for S. aureus and from 0.50 to 4
�g/ml for Enterococcus faecium, the principal target
organisms of this drug. Quinupristin/dalfopristin
also has activity against mycoplasmas, H. influen-
zae, Legionella spp. and M. catarrhalis. It is the first
antibiotic since vancomycin to offer potentially
promising activity against MRSA.

Ketolides are derivatives of the 14-membered ring
macrolides, in which a keto group at position 3 of the
ring system replaces the L-cladinose moiety, which
appears necessary for the induction of MLSB resis-
tance phenotype. Further modifications of the
macrolactone backbone allowed us to obtain three
different series of 9-oxime, 11,12-carbamate, and 11,
12-hydrazonocarbamate ketolides. These com-
pounds are very active against penicillin/erythro-
mycin-resistant pneumococci and non-inducers of
MLSB resistance. The 11,12-substituted ketolide 61
(HMR 3004) demonstrates a potent activity against
multiresistant pneumococci associated with a well-
balanced activity against all bacteria involved in res-
piratory infections including H. influenzae, M.
catarrhalis, group A streptococci, and atypical bac-
teria. In addition, HMR 3004 displayed high thera-
peutic activity in animals infected by all major
strains, irrespective of their resistance phenotype206.
HMR 3647 is another ketolide. It is more active than
HMR 3004 against S. pneumoniae207. ABT-773 is a
novel ketolide derived from erythromycin. It is more
potent in vitro than erythromycin and ciprofloxacin
against M. pneumoniae and susceptible and multi-
drug resistant S. pneumoniae-208.

The oxazolidinones, such as eperezolid (formerly
U-100592) and linezolid (formerly U-100766), are a
new chemical class of synthetic antibacterial agents

unrelated to any agent presently marketed that are
active orally or intravenously against multidrug-
resistant gram-positive bacteria. They possess a
unique mechanism of bacterial protein synthesis
inhibition. In fact, they inhibit the formation of the
initiation complex in bacterial translation systems
by preventing formation of the N-formylmethionyl-
tRNA-ribosome-mRNA ternary complex209. There is
a uniform susceptibility in sensitive bacteria inde-
pendent of resistance to other antibiotics. The oxaz-
olidinones have bacteriostatic activity against a
number of important gram-positive pathogens
including MRSA, penicillin-resistant S. pneumoniae,
and vancomycin-resistant enterococci. They appear
to be efficacious and well tolerated, both orally and
parenterally, at doses which produce plasma con-
centrations in excess of the levels predicted to be
necessary for efficacy210.

Evernonomycins are chemically complicated olig-
osaccharides with molecular weights in the order of
vancomycin. They are active against gram-positive
bacteria, with slightly increased activity as compared
to vancomycin. Ziracin (SCH27899) is an injectable
everninomycin derivative with strong activity
against glycopeptide-resistant enterococci, oxacil-
lin-resistant staphylococci, and penicillin-resistant
streptococci211. It is as effective as ceftriaxone in pen-
icillin-resistant S. pneumoniae pneumonia212.

Strain MJ347–81F4 has been found to produce
two new cyclic thiazolyl peptide antibiotics, com-
ponents A and B213. Taxonomic studies including
morphological and physiological characteristics
and chemical analysis of whole cells of the produc-
ing strain revealed this microorganism to belong to
genus Amycolatopsis, and so the authors desig-
nated the strain Amycolatopsis spp. MJ347–81F4.
After 10 to 12 days of fermentation, most of the
antibacterial activity was present mainly in the
mycelial cake and reached its maximum level. In
comparison with reference compounds, A as the
major component showed excellent in vitro activity
against gram-positive bacteria including highly
MRSA with MICs in the range of concentration of
0.006 to approximately 0.1 �g/ml. The results on
the antimicrobial activity against thiazolyl peptide-
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resistant mutants of Bacillus subtilis NRRL B-558
indicated that the possible molecular target of
MJ347–81F4 component A might be the 50S sub-
units of the ribosome, the inactivation of which
would inhibit protein synthesis. Antibacterial
agent, diperamycin has been produced in the
culture broth of Streptomyces griseoaurantiacus
MK393-AF2214. Various spectroscopic analyses of
diperamycin suggest that it belongs to a member of
cyclic hexadepsipeptide antibiotic. Diperamycin
has potent inhibitory activity against various gram-
positive bacteria including MRSA.

Chemical modification of currently known agents

Cephalosporins and carbacephalosporins bearing
various thiazolylthio moieties at C-3 have been syn-
thesized which show both in vitro antibacterial
activity against MRSA and high affinity for PBP-2’215.
RO-639141 and CP-6679 are promising agents. RO-
639141, a pyrrolidinone-3-ylidenemethyl cephalo-
sporin, induces a potent inhibition of PBP-2’
through a high rate of acylation, a high affinity, and
lower rate of deacylation, thus reversing all the
factors that normally render this protein resistant to
�-lactams216. CP-6679, a 3’-quaternary ammonium
cephem with a fluoromethyl residue on the oxime
group and an imidazothiazolium moiety at C-3 on
the cephem nucleus, shows broad-spectrum activity
that includes strains of MRSA and P. aeruginosa217.

Carbapenems bearing various thiazolylthio moie-
ties at C-2 also show potent in vitro and in vivo anti-
MRSA activity and good affinity for PBP-2’,
demonstrating that the thiazolylthio moiety has an
important role in improving the affinity for PBPO-2’
and consequently the anti-MRSA activity of these
drugs215. J-111225, J-114870, and J-114871 are novel
carbapenems active against MRSA (Table 14.13) as
well as gram-positive and gram-negative organisms
including P. aeruginosa218. Studies on pharmaco-
kinetic profile showed better plasma levels in rhesus
monkeys and a greater stability to human DHP-1
compared to imipenem, indicating the potential of
these compounds for use as a single agent in the
treatment of bacterial infections in man 219. The 1 �-

methyl carbapenem antibiotics, BO-2727 and S-
4661 are extremely active against P. aeruginosa. BO-
2727 is a new injectable carbapenem antibiotic with
broad-spectrum, potent antibacterial activity. It is
four- to eight-fold more active in vitro than merope-
nem, imipenem and biapenem against MRSA. BO-
2727 also shows superior activity against P.
aeruginosa, and is two- to fourfold more active than
imipenem against imipenem-resistant strains220. S-
4661 is another promising new carbapenem for the
treatment of infections caused by gram-positive and
-negative bacteria, including penicillin-resistant S.
pneumoniae and drug-resistant P. aeruginosa221.

A new class of tetracyclines, named glycylcyclines,
has been the subject of numerous reports222. The gly-
cylcyclines are currently the only derivatives that
exhibit antibacterial activity comparable to that of the
early tetracyclines when they were first introduced.
These compounds show potent activity against a
broad spectrum of gram-positive and gram-negative
bacteria, including strains that carry the two major
tetracycline-resistance determinants, efflux and
ribosomal protection. The spectrum of activity of the
N,N-dimethylglycylamido derivative of minocycline
and 6-demethyl-6-deoxytetracycline, two of the gly-
cylcycline derivatives, includes organisms with resis-
tance to antibiotics other than tetracyclines, e.g.
methicillin-resistant S. aureus, penicillin-resistant S.
pneumoniae, and vancomycin-resistant enterococci.
The 9-t-butylglycylamido derivative of minocycline
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Table 14.13. In vitro anti-MRSA
activities of J-111225, J-114870,
and J-114871 in comparison to
imipenem and vancomycin

Antibacterial agent MIC90 (�g/ml)

J-111225 4

J-114870 4

J-114871 4

imipenem 128

vancomycin 1

Note:

Adapted from Di Medugno and Felici215.



exhibited similar activity against MRSA, penicillin-
resistant streptococci, and vancomycin-resistant
enterococci, and activity against a wide diversity of
gram-negative aerobic and anaerobic bacteria, most
of which were less susceptible to tetracycline and
minocycline223.

The most rational approach to the chemical trans-
formation of glycopeptides involves the modifica-
tion of the internal ‘binding pocket’ and the
peripheral regions of the molecule that participate
in the stabilization of the antibiotic-target complex.
Novel semisynthetic drugs of this group with
enhanced antibacterial activities are now available.
These new derivatives are particularly interesting
because they do not appear to bind to the usual van-
comycin target. Thus, they may have a unique mech-
anism of action. The enhanced antibacterial
activities of N-substituted derivatives of vancomy-
cin derive from the nature of the hydrophobic side
chain, which can have a marked effect on dimeriza-
tion and membrane binding224. A new glycopeptide
antibiotic, LY333328, a semisynthetic N-alkyl deriv-
ative of LY264826, a naturally occurring structural
analog of vancomycin, has improved in vitro activity
over vancomycin and teicoplanin against a range of
gram-positive organisms, including MRSA225. It is
not only active against vancomycin resistant entero-
cocci, but, in contrast to vancomycin, is also highly
bactericidal. However, it is not yet clear whether
VISA strains are also hit effectively or better by this
new derivative, as compared to vancomycin.

Fluoroquinolones are antibacterial agents that
attack DNA gyrase and topoisomerase IV on
chromosomal DNA. The existence of two fluoroqui-
nolone targets and stepwise accumulation of resis-
tance suggested that new quinolones could be
found that would require cells to obtain two topo-
isomerase mutations to display resistance.
Compounds containing a C8-methoxyl group are
particularly lethal, and incubation of wild-type cul-
tures on agar containing C8-methoxyl fluoroquino-
lones produces no resistant mutant, whereas
thousands arise during comparable treatment with
control compounds lacking the C8 substituent226.

Moxifloxacin, gatifloxacin, and clinafloxacin are
three new quinolones that are currently undergoing
clinical trials. Moxifloxacin is a new 8-methoxy-fluo-
roquinolone with broad-spectrum gram-positive
and gram-negative activity. It is active against most
S. aureus isolates tested (MIC90 �1 �g/ml for cipro-
floxacin-resistant isolates) and is little influenced by
known mutations in the grl and gyr loci227. The new
compound demonstrates bactericidal activity at
concentrations 2, 4, 8 times the MIC against species
commonly implicated in respiratory tract infections
as well as viridans group streptococci. At a concen-
tration of eight times the MIC228, the frequency of
spontaneous resistance ranged from 2.5�10–7 to
	4�10–8. Gatifloxacin, a novel 6-fluoro-8-methoxy
quinolone, and clinafloxacin, another novel C8-sub-
stituted fluoroquinolone, have been shown active
against multiresistant gram-positive species229. It
has been suggested that moxifloxacin, gatifloxacin,
and clinafloxacin are more active than ciprofloxacin
against gram-positive cocci, probably because they
carry an azabicyclo (moxifloxacin), 3-amino-pyrro-
lidinyl (clinafloxacin) or 3-methyl-piperazinyl (gati-
floxacin) moiety at position C7230. Gemifloxacin and
sitafloxacin are two other novel fluoroquinolones
under development. Gemifloxacin is highly potent
against Streptococcus spp. and retains high activity
against strains of S. pneumoniae resistant to cipro-
floxacin231. Moreover, gemifloxacin shows greatly
improved potency against Chlamydia spp. com-
pared to ciprofloxacin and either ofloxacin or levo-
floxacin232. The activity of sitafloxacin compares
favourably with that of levofloxacin, trovafloxacin,
clinafloxacin, gatifloxacin, and moxifloxacin against
clinically important gram-negative pathogens233

and is superior to that of the other quinolones
against gram-positive cocci234. All these new quino-
lones have similar pharmacokinetic features to
many earlier fluoroquinolones, including excellent
oral bioavailability, moderate clearance and elimi-
nation half-lives, and volumes of distribution above
1.5 l/kg (Table 14.14)235.
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Potentiators of known antimicrobials

Attempts are currently under way to find inhibitors
of class I chromosomal �-lactamases, to discover
specific inhibitors of tetracycline efflux systems, and
to develop compounds that thwart the function of
efflux pumps that lead to multiple resistance in
organisms such as P. aeruginosa and other bacteria.
Effective inhibition of AmpC cephalosporinases are
to be found among the penems and monobactams,
but none of these has yet proved suitable for pharm-
aceutical development236. BRL 42715, novel penem
inhibitor, enhances the activity of the �-lactams for
strains that constitutively expressed class I �-lacta-
mase237. The penicillanic acid sulfone Ro 48–1220
inhibits class I chromosomal �-lactamases at lower
concentrations than tazobactam238. Several inhibi-
tors of carbapenem-idrolysing metallo-�-lacta-
mases such as LL-10G568�, J-111225, some
trifluoromethyl alcohol and ketone derivatives of -
and -alanine, biphenyltetrazoles, and mercaptoa-
cetic acid thiol esters, are in preclinical study215.
However, none of these inhibitors has broad-spec-
trum activity against all known metallo-�-lacta-
mases. Ro 07–3149 inhibits the tetracycline efflux
pump without affecting the energy state, and exhib-
its very low antibacterial activity but shows weak
synergy with tetracycline239. The development of
compounds that thwart the function of efflux pumps
and lead to multiple resistance in P. aeruginosa is
very difficult because a tripartite efflux pump is nec-
essary for the efflux of all substrate antibiotics240.

Moreover, the intrinsic resistance of P. aeruginosa to
most of the �-lactams is due to the interplay of both
chromosomal �-lactamase and the MexAB-OprM
efflux system241. Bacterial efflux pump inhibitors
have been discovered, but their properties as
revealed to date are not sufficiently attractive to
warrant development242.

Inhibitors of new targets

An alternative approach to the problem of emerging
resistance to current antibiotics is to seek structural
novel antibiotics that inhibit new molecular targets
involved in bacterial growth or in bacterial infec-
tion243.

Apart from isoleucyl-tRNA synthetase, bacteria
contain additional aminoacyl-tRNA synthetases
required for ligation of other amino acids to tRNAs.
Therefore, these essential enzymes are attractive
targets for new antibacterial agents244. A series of
novel thiazoles, that has been prepared and evalu-
ated for their inhibitory activity against aminoacyl-
tRNA synthetases, displayed potent and selective
enzyme activity against both gram-positive and
gram-negative bacteria245.

The formation of the S. aureus peptidoglycan pen-
taglycine interpeptide chain needs FemX, FemA and
FemB for the incorporation of glycines Gly2–Gly3,
and Gly4–Gly5, respectively. The complete pentagly-
cine interpeptide bridge is important for the sensi-
tivity against �-lactam antibiotics and for the
undisturbed activity of the staphylococcal cell wall
synthesizing and hydrolysing enzymes. The drastic
loss of �-lactam resistance after inactivation of FemA
or partial impairment of FemX even beyond the level
of the sensitive wild-type strains renders these pro-
teins attractive anti-staphylococcal targets246.

One obstacle to developing new drugs against
gram-negative bacteria is their outer membrane,
which acts as a very efficient permeability barrier.
The outer leaflet of the outer membrane of gram-
negative bacteria is composed mainly of lipopoly-
saccharides (LPS). Lipid A is the active component of
LPS endotoxins responsible for the stimulation of
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Table 14.14. Comparative pharmacokinetics and in
vitro activity of novel fluoroquinolones against S.
pneumoniae

Agent Oral dose AUC0–24 Cmax S. pneumoniae

(mg) (mg/l h) (mg/l) MIC90 (mg/l)

Clinafloxacin 200 bd 45 2.8 0.06

Moxifloxacin 400 od 34 3.2 0.12

Gatifloxacin 400 od 30 3.4 0.5

Gemifloxacin 600 od 24.4 3.8 0.03



immune cells247. Accordingly, inhibitors of lipid A
biosynthesis should be bactericidal against most
types of gram-negative bacteria, should increase the
sensitivity of these bacteria to other antibiotics, and
decrease the inflammatory response associated with
sepsis by decreasing lipid A production. These fea-
tures make lipid A a remarkable target for the discov-
ery of new antibiotics. By enhancing outer
membrane permeability to small molecules, anti-
lipid A antibiotics should act synergistically with
other available antibiotics, including some that are
currently not used to treat gram-negative infections.
Another advantage of anti-lipid A antibiotics is that
their activity will be limited to certain major classes
of gram-negative bacteria. This feature should pre-
serve colonization resistance and reduce the selec-
tive pressure that often results in emergence of
multidrug-resistant microorganisms such as van-
comycin-resistant Enterococcus248.

Promising candidates for development into clini-
cally useful antibiotics also include natural toxins
targeting bacterial topoisomerases, such as CcdB,
microcin B17 and clerocidin249,250. They inhibit DNA
replication, as do the currently available fluoroquin-
olones. These natural toxins target different
domains of the GyrA and GyrB proteins compared
with the quinolones, and no cross-resistance with
quinolones has been observed.

There are several opportunities to target infection
processes. For example, adherence is a potential
multi-site target for antibiotic therapeutic develop-
ment. The strategy behind the development of this
new class of antibiotics is not intended to kill the
pathogen but remove it from the host by allowing
physical mechanisms and innate immunity to clear
the organisms. One virulence factor of a pathogen is
the ability to express adherence proteins/factors on
the cell surface. Gram-negative bacteria assemble a
variety of adhesive organelles on their surface,
including the thread-like structures known as pili251.
Pilus biogenesis is essential for bacterial pathogene-
sis, as in many cases the initial interaction between
the pathogen and host occurs via the pilus. Two
highly conserved proteins are essential for the pro-
duction of pili: the periplasmic chaperone and the

molecular usher. Molecular chaperones are currently
defined as proteins that assist the non-covalent
assembly/disassembly of protein-containing struc-
tures but are not normal components of these struc-
tures252. The usher forms a pore in the outer
membrane through which the pilins are believed to
pass as the pilus grows253. Small-molecule inhibitors
of the periplasmic chaperone that block any of the
functions along the biogenesis pathway would result
in the production of ‘bald’ bacteria that would be
unable to adhere to host tissues. Inhibitors of molec-
ular usher function would be expected to block the
polymerization of pilin subunits into functional pili.
The chaperone–subunit complexes would remain
trapped in the periplasm with no way across the outer
membrane to the cell surface. Again, this is not
expected to be lethal254.

It is also possible to interfere with gram-positive
surface protein expression pathway. Surface proteins
of gram-positive organisms generally fulfil one of two
roles in pathogenesis: either modifying the host
immune response or directing adherence to host
tissues255. It has been demonstrated in many labora-
tories that blocking such activities allows the host to
repel the invading organisms. Inhibitors of the
pathway, protease or transpeptidase function, will
result in release of proteins from the cell and prevent
adherence to host tissues. Moreover, the inability to
anchor essential proteins to the cell wall will leave
pathogenic microorganisms‘exposed’ to the immune
system and subject to mechanical forces that dis-
lodge particulate matter from mucosal surfaces252.

Antisense nucleotides

Antisense antinucleotides are an attractive concept
because these small oligonucleotides could bind to
and inactivate critical segments of DNA or RNA and
this inactivation could severely cripple or kill bacte-
rial cells. Unfortunately, attempts to produce anti-
sense antinucleotides for use as antimicrobial
agents has proven difficult because of problems
such as non-specific binding and chemical and
metabolic instability, and major problems in
delivering intact oligonucleotides to intracellular
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targets203. In the past few years, the genome
sequences of seven pathogenic bacterial species
have been published and, in the near future, the
complete sequence information of the genomes of a
further 30 bacterial pathogens is likely to become
available. The availability of whole bacterial genome
sequences will provide a basis for new approaches to
therapy of infectious diseases256.

Endotoxin antagonists

The lipid As from the non-pathogenic bacteria
Rhodobacter capsulatus, and Rhodobacter sphae-
roides, have greatly attenuated toxicity and can
block the activity of more agonistic endotoxins. The
lipid A analogs E5531 and E5564, that elicit effects on
phospholipid membranes that are different from
those of lipid A257, can antagonize the action of LPS
in vitro and suppress the pathological effects of LPS
in vivo in mice258. The bactericidal/permeability-
increasing protein (BPI) of neutrophils, a superior
lipid A-binding agent259, is another endotoxin antag-
onist. It is currently undergoing clinical trials. It has
both endotoxin-neutralizing activity and the ability
to kill a variety of gram-negative bacilli. Several
other basic peptides and lipid A-binding proteins
are also being investigated as endotoxin-blocking
agents, but they are at earlier stages of develop-
ment260,261.

Cytokines as immunoadjuvants in the treatment
of pneumonia

The emergence of organisms with high-level anti-
biotic resistance patterns, in conjunction with a
greater number of immunosuppressed patients at
risk for infection, has made the treatment of pneu-
monia harder. Of more concern is the fact that poor
outcomes often occur in the treatment of patients
infected with organisms that are sensitive to the
antibiotics used. Our understanding of the role of
cytokines in lung host defence has greatly expanded
over the past decade, with the obvious goal being

identification of specific cytokines that can be tar-
geted for immunotherapy (either by selective aug-
mentation or depletion). However, the exact clinical
setting and mechanism by which to administer or
inhibit cytokines has not yet been fully realized.
Most previous approaches to immunotherapy have
involved the systemic augmentation or neutraliza-
tion of specific cytokines and/or cytokine receptors.
Unfortunately, significant dose-limiting toxicity or
specific immune effects that are undesirable often
complicate this form of immunotherapy when they
occur systemically. This is especially true for the sys-
temic administration of cytokines such as TNF-�, IL-
2, and IL-12262. Therefore, in instances where the
disease process is focal, local, and compartmental-
ized, delivery of specific immunotherapy is the most
rational approach to treatment.

In order to avoid the complications of toxicity
which are associated with the intravenous adminis-
tration of cytokines such as TNF, IL-2 and IL-12,
researchers are investigating the local, compart-
mentalized delivery of specific cytokines as a ratio-
nal approach to the treatment of focal diseases such
as pneumonia. This approach has been demon-
strated to be of therapeutic utility in animal models
of bacterial pulmonary infections. Greenberger et
al.263 have demonstrated that intratracheal delivery
of an adenoviral vector expressing the pro-inflam-
matory cytokine IL-12 enhanced both bacterial
clearance and survival in mice challenged with K.
pneumoniae. Lei et al.264 have investigated the treat-
ment of pneumonia by adenovirus-mediated deliv-
ery of murine IFN-, a critical cytokine in
pulmonary host defences against both intracellular
and extracellular pathogens. After intratracheal
inoculation in rats, prolonged expression of func-
tional IFN- in vivo was demonstrated by enhanced
host defences against P. aeruginosa and K. pneumon-
iae. Transfer of the IFN- gene has also been
employed by this group in an attempt to enhance
cell-mediated immunity against tuberculosis. In this
setting, adenovirus-mediated delivery of the murine
IFN gene resulted in a significant inhibition in the
growth of M. tuberculosis in mice given a low-dose
aerosol challenge with the organism.
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Human trials are now underway to examine the
effect of r-met HuG-CSF (filgrastim) as an adjuvant
in the treatment of severe bacterial pneumonia and
sepsis. Filgrastim is a human G-CSF produced by
recombinant DNA technology by E. coli transformed
with the human G-CSF gene. Although filgrastim has
an amino acid sequence identical to the sequence
predicted from analysis of the human gene, there is
an N-terminal methionine [met] required for expres-
sion in E.coli. An open-label Phase I trial involving 30
patients with severe community-acquired pneumo-
nia indicates that the subcutaneous administration
of r-met HuG-CSF 75–600�g/day for 10 days, in
combination with antibiotics, is well-tolerated,
despite induction of significant peripheral neutro-
philia265. However, no apparent dose-response effect
of filgrastim on several pneumonia clinical variables,
such as days of fever, duration of antibiotics, hospi-
talization days, or gas exchange was observed. In
another study266, filgrastim (300 �g/day up to 10
days) as an adjunct to antibiotics for hospitalized
patients with CAP increased blood neutrophils
threefold, but time to resolution of morbidity, mor-
tality, and length of hospitalization were not
affected. Treatment, however, accelerated radio-
logical improvement and appeared to reduce serious
complications, e.g. empyema, adult respiratory dis-
tress syndrome, and disseminated intravascular
coagulation. Filgrastim administration was safe and
well tolerated in these patients.
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Introduction

‘Chronic bronchial sepsis’ has been used as a term to
describe chronic bronchial infection leading to daily
production of purulent sputum. However, the term
sepsis implies that bacteremia is part of the syn-
drome, but this is rare in these patients because an
exuberant immune response confines the infection
to the lung. ‘Chronic bronchial suppuration’ is there-
fore a better term to use. Chronic expectoration of
mucopurulent or purulent sputum should lead to
suspicion of the presence of bronchiectasis.
Bronchiectasis is defined as abnormal chronic dila-
tion of one or more bronchi. This structural abnor-
mality results in poor mucus clearance from affected
areas, predisposing the patient to recurrent or
chronic bacterial infections.

There are a number of different types of bron-
chiectasis that are characterized by the form of
airway dilation. Saccular or cystic bronchiectasis
occurs when there is severe loss of structural ele-
ments in the bronchial wall leading to large balloon-
like dilations. This type of bronchiectasis usually
follows severe lung infections and is characterized
by the production of large volumes of sputum and
finger clubbing1. It is now infrequently seen in devel-
oped countries. In varicose bronchiectasis there are
local constrictions superimposed on cylindrical
changes. Traction bronchiectasis occurs in fibrotic
lung conditions such as fibrosing alveolitis in which
the airway walls are pulled apart by the fibrotic
process. Much more frequently seen nowadays is a
cylindrical form of bronchiectasis in which the

damage to the bronchial wall is less severe than
cystic bronchiectasis. This has been termed
‘modern’ bronchiectasis2. There is a copious lym-
phocytic infiltrate in the bronchial wall of these
cases which strongly resembles the follicular type of
bronchiectasis described by Whitwell in his classic
study3. This type of bronchiectasis is usually bilateral
and may be diffuse, although the lower lobes are
usually worst affected.

There are a number of known causes of bron-
chiectasis (Table 15.1), and several other conditions
that are associated with bronchiectasis (Table 15.2).
However, we remain ignorant of many of the under-
lying causes of bronchiectasis, and over half of cases
are still considered idiopathic2. Recognition of the
presence of bronchiectasis should lead to investiga-
tion of possible causes (Table 15.3), some of which
are treatable, and the construction of a management
plan to alleviate symptoms and avoid progression of
the disease. Since progression may be insidious, or
occur in a stepwise rather than gradual manner,
regular follow-up and re-assessment is required, in
most cases for life.

The current prevalence of bronchiectasis is
unknown. On the one hand, the prevalence of severe
forms of bronchiectasis has decreased because of
the introduction of vaccination against childhood
infections, improved socio-economic conditions
and the availability of antibiotics1,4,5. However, in
parts of the world where social conditions are poor
and health care less available bronchiectasis
remains a more common cause of morbidity and
mortality. On the other hand, chest radiographs are
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a very insensitive means of detecting bronchiectasis,
and the advent of high resolution, thin section com-
puted tomography (CT) scans has led to increased
recognition of bronchiectasis in patients whose con-
dition might otherwise not have been diagnosed or
they would have been described as suffering from
chronic bronchitis6. If a patient is currently smoking
when seeking help for a chronic productive cough, it
is likely that advice will be given about smoking ces-
sation rather than a referral being made for investi-
gation. This could be one reason that most patients
with ‘modern bronchiectasis’ referred to our clinic
are non-smokers. Some smoking-related chronic
bronchitis patients produce purulent sputum each
day and have persistent bronchial infection while in
an otherwise stable condition7. At the present time
the incidence of bronchiectasis in this group is
unknown, but our own experience is that bronchiec-
tasis defined by CT scan criteria is often present. CT
scans are much less unpleasant for the patient than

bronchograms, so they are performed more fre-
quently and detect a milder disease condition than
we have understood by the term bronchiectasis in
the past. This must be kept in mind when comparing
new to older studies. The true prevalence of bron-
chiectasis will only be determined if in the future we
can develop an inexpensive imaging technique that
can be applied to population surveys.

Pathophysiology

Chronic bronchial infection usually occurs because
the lung defences are impaired in some way. The
bacterial species that cause chronic infection adopt
various strategies to avoid clearance by the lung
defences, but they are not as virulent in terms of
causing invasive disease. Patients carry the same
bacterial strain for many months, and acquisition of
a new strain is not necessarily associated with an
exacerbation of symptoms8,9. The stable state repre-

404 R. Wilson

Table 15.1. Causes of bronchiectasis

Congenital

e.g. defective bronchial wall, pulmonary sequestration

Postinfective

e.g. tuberculosis, whooping cough, non-tuberculous

mycobacteria

Mechanical obstruction

intrinsic (e.g. tumour or foreign body) or extrinsic (e.g. lymph

node) obstruction of airway lumen

Deficient immune response

e.g. panhypogammaglobulinemia, selective immunoglobulin

deficiency, HIV

Excessive immune response

e.g. allergic bronchopulmonary aspergillosis, lung transplant

rejection, chronic graft vs. host disease

Abnormal mucus clearance

e.g. primary ciliary dyskinesia, cystic fibrosis, Young’s

syndrome

Fibrosis

e.g. cryptogenic fibrosing alveolitis, sarcoidosis

Inflammatory pneumonitis

e.g. aspiration of gastric contents, inhalation of toxic gases

Table 15.2. Conditions associated with
bronchiectasis

Infertility

e.g. primary ciliary dyskinesia, cystic fibrosis, Young’s

syndrome

Inflammatory bowel disease

e.g. ulcerative colitis, Crohn’s disease, celiac disease

Connective tissue disorders

e.g. rheumatoid arthritis, systemic lupus erythematosus

Malignancy

e.g. acute or chronic lymphatic leukemia

Diffuse panbronchiolitis

predominantly seen in Japanese

Yellow nail syndrome

Discoloured (usually yellow) nails, lymphedema and pleural

effusions

�1- antiproteinase deficiency

more commonly causes emphysema

Mercury poisoning

Pink’s disease may cause Young’s syndrome (obstructive

azoospermia, sinusitis and bronchiectasis)



sents a ‘stand-off’ between bacteria and the host
defences. Bacteria are confined to the airways and
their numbers are contained by the host defences,
but they are not eradicated. Bacterial numbers
increase at the time of an exacerbation, in most
cases because the host defences are further reduced,
e.g. by a viral infection, or sometimes because the
bacteria escape the host defences, either due to a
change in the colonizing strain, e.g. in its antigenic
structure, or on some occasions following infection
with a new strain. The chronic host inflammatory
response increases during an exacerbation and this,
together with products of the bacteria themselves,
causes lung damage. The relationship between bac-
teria and the host in chronic infection is very differ-
ent from an acute infection such as pneumonia,
when virulent bacteria may overcome intact host

defences, or capitalize on a weakened host, leading
to a brief interchange during which either the host
defences triumph (perhaps supported by antibio-
tics) and bacteria are eradicated, or the bacteria
overwhelm the host defences and invade the body
causing the host to succumb.

Large numbers of neutrophils are attracted from
the bloodstream into the bronchial lumen during
chronic infection by chemotactic factors derived
from bacteria and by host factors (eg IL-8, C5a, LTB-
4). The failure of this inflammatory response to erad-
icate the infection is partly due to the pathogenic
mechanisms of the bacteria and partly due to the
impairment in the host defences9. Neutrophils spill
proteolytic enzymes such as elastase and reactive
oxygen species during migration from the blood-
stream and during phagocytosis that stimulate
mucus secretion and damage the epithelium and
structural proteins of the lung. Tissue damage in the
affected area may spread to involve areas of normal
bystander lung. Immune complexes are formed
between antibodies that are produced locally, and
those arriving via transudation, and bacterial anti-
gens10. These complexes stimulate further inflam-
matory processes. The lung defences are weakened
by the damage caused by bacterial products and
inflammation, and this in turn promotes continued
infection which stimulates more inflammation. This
has been termed a ‘vicious circle’ of events (Fig.
15.1).

The walls of bronchi and bronchioles contain lym-
phoid follicles and nodes. As well as B-lymphocytes
and plasma cells in the follicles there is a well-
developed cell-mediated immune response present,
with increased numbers of activated T-lymphocytes,
mainly of the suppressor/cytotoxic CD8 – positive
phenotype, antigen processing cells and mature
macrophages11. Epithelial cells, lymphocytes and
macrophages release cytokines and other factors
which orchestrate and perpetuate the inflammatory
processes.

The ‘vicious circle’ outlined above will damage the
airway causing bronchiectasis and chronic bron-
chial suppuration, but the starting point of the circle
is often poorly understood. Lung injury may have
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Table 15.3. Investigation of bronchiectasis

All patients

Chest radiograph (PA and lateral)

Sinus radiographs

Respiratory function tests

Blood investigationsa

Sputum microscopy including staining for eosinophils

Sputum culture

Sputum smear and culture for acid fast bacilli

Skin tests (atopy, aspergillus)

High-resolution thin-section CT scan

Sweat test (nasal potential difference, genotyping)

Nasal mucociliary clearance (cilia studies if abnormal)

Selected patients

Fibreoptic bronchoscopy

Barium swallow (video fluoroscopy)

Respiratory muscle function

Semen analysis

Tests for associated conditions

Antibody responses to vaccination

Blood tests for rarer immune deficiencies

Note:
a To include: differential white cell count; total

immunoglobulin (Ig) levels of IgG, IgM, IgA, IgE, and IgG

subclasses; Aspergillus RAST and precipitins; rheumatoid

factor and antinuclear antibodies; �1-antiproteinase.



occurred earlier during an acute event, e.g. inhala-
tion of a toxic gas, or have been caused by a serious
infection, e.g. tuberculosis or whooping cough. This
event could have created local conditions which
permitted bacteria to get a foothold and once they
persisted in the lung and attracted chronic inflam-
mation, the ‘vicious circle’ commenced and the
extent of lung damage slowly spread. In some cases
there may be a more generalized host defence
problem, e.g. primary ciliary dyskinesia or hypo-
gammaglobulinemia. However, most often when
the patient presents there is already established
bronchiectasis and chronic infection. Investigation
of the patient at this time may not discover a known
cause of bronchiectasis and the circumstances
leading to the initial permissive conditions are either

lost in the patient’s history or unknown. The signifi-
cance of an episode of whooping cough or measles
in childhood, which was followed by a long period of
good health prior to the onset of chronic bronchial
suppuration is uncertain. Patients with ‘modern
bronchiectasis’ in whom a cause is not found will
often give a history of wheezy bronchitis in child-
hood, followed by a period of reasonably good
health before the onset of chronic cough and
sputum production in adult life. Patients may also
describe the start of their problems as a severe ‘viral
illness’ which went down onto their chest and did
not resolve.

The end result of chronic inflammation is that
subsegmental airways are permanently dilated, tor-
tuous, and partially or totally obstructed by copious
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Bacterial
bronchial
infection

Impaired
host

defences
Inflammation

Lung damage

e.g. bacterial products,
IL-8, C5a, LTB4 attract
neutrophils

Hereditary e.g.
cystic fibrosis
Acquired e.g.
viral infection

e.g. ciliatoxins
mucus secretagogues;
enzymes which
cleave antibodies

e.g. proteases,
peptidoglycan
fragments,
lipopolysaccharide
which damage
epithelium

e.g. IL-8 from
epithelial cells

e.g. epithelium
damage and
bronchiectasis
lead to
mucus retention

e.g. elastase, reactive
oxygen species which
damage epithelium, slow
cilia and stimulate
mucus production

Fig. 15.1 A vicious circle of events which begins because impaired host defences predispose the patient to chronic bacterial

bronchial infection. Bacteria utilize various mechanisms to persist in the airway. Persistent infection provokes chronic

inflammation which damages lung tissue and further impairs host defences promoting continued infection.



amounts of secretions. Side branches are frequently
obliterated. Structural proteins are lost from the
bronchial wall and there is a variable amount of
fibrosis. The process often involves bronchioles, and
long-standing obstruction may result in complete
fibrosis of small airways. Characteristically, the
elastin layer which supports the bronchial wall is
deficient or absent, and the muscle and cartilage
also shows signs of destruction. These changes
weaken the wall and facilitate subsequent distortion
of the normal architecture. The airway epithelium is
usually damaged and ciliated cells are lost. There
may be peribronchial pneumonic changes with evi-
dence of parenchymal damage. The pulmonary
arteries may thrombose and can recanalize. With
long-standing disease there is hypertrophy of the
bronchial arteries with anastomosis and sometimes
considerable shunting to the pulmonary arteries12.

Bacteriology

Infections are usually caused by bacterial species
that form part of the nasopharyngeal commensal
flora: non-typable Haemophilus influenzae,
Haemophilus parainfluenzae, Streptococcus pneu-
moniae and Moraxella catarrhalis are the most
common species; or are opportunistic pathogens,
e.g. Pseudomonas aeruginosa and Stenotro-
phomonas maltophilia. Isolation of gram-negative
bacilli such as Escherichia coli and Proteus sp. may
reflect previous antibiotic treatment. Mixed infec-
tions are common. Staphylococcus aureus is quite an
unusual pathogen in bronchiectasis, and when it is
isolated repeatedly it should prompt investigations
to determine whether the patient is a cystic fibrosis
variant or has allergic bronchopulmonary aspergil-
losis. These are two conditions in which bronchiec-
tasis is predominantly in the upper lobes and S.
aureus is a more common pathogen13.

We have found that our bronchiectasis patients
infected with H. influenzae while in a stable condi-
tion have the same quality of life as those with sterile
sputum14. This provocative finding suggests that
chronic infection might not necessarily be harmful,

at least in the medium term, and the deciding factor
may be the amount of inflammation that the bacte-
rial infection induces, which in turn may depend
upon not only the number of bacteria present, but
also the particular strain involved15.

The initial infection by P. aeruginosa is usually
with a non-mucoid strain which becomes mucoid
when the infection is chronic. P. aeruginosa is
thought to be directly involved in the deterioration
of pulmonary function and respiratory failure that
ultimately leads to almost all deaths in cystic fibro-
sis. In bronchiectasis, it has also been shown that P.
aeruginosa is associated with extensive lung disease
and severe airflow obstruction16, and that decline in
lung function is faster in those colonized by P. aeru-
ginosa than those colonized by other organisms17.
Not surprisingly, we found that patients infected
with P. aeruginosa had worse quality of life than
patients infected with other species14. However, not
all authors have found P. aeruginosa infection to be
associated with clinical deterioration18, and more
studies are needed to confirm a direct cause and
effect relationship between acquisition of P. aerugi-
nosa and deterioration in health. For example, it
could be that P. aeruginosa infection occurs in those
patients whose lung function is already deteriorat-
ing, and thus it is a marker of deterioration occurring
for some other reason rather than the cause17.

Burkholderia (formerly Pseudomonas) cepacia
infects patients with cystic fibrosis, but is a very rare
pathogen in non-cystic fibrosis bronchiectasis.
Tuberculosis is a rare complication of bronchiecta-
sis, but non-tuberculous mycobacteria can infect
bronchiectatic airways and in some, but not all cases
lead to worsening of the condition. A sputum
sample should be sent for smear and culture of acid
fast bacilli if a patient fails to respond to appropriate
antibiotic therapy, particularly if a new infiltrate
appears on the chest radiograph. CT scan appear-
ances of diffuse cylindrical bronchiectasis, small
airways disease and peripheral nodules, which may
be cavitating, suggest the diagnosis (Fig. 15.2).
Some species of non-tuberculous mycobacteria,
particularly Mycobacterium avium-intracellulare,
can infect patients without pre-existing lung disease
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or demonstrable immune deficiency. M.avium-
intracellulare infection leads to small airways
disease and bronchiectasis, and after several years of
infection it can be difficult to determine whether the
infection by non-tuberculous mycobacteria is
primary or secondary 19.

Clinical features

The most common symptoms are chronic cough
and sputum production. Patients suffer from recur-
rent infective exacerbations which are signalled by
an increase in the purulence of the sputum.
Although most often an exacerbation is associated
with increased sputum production, sometimes the
volume of sputum decreases because it becomes
more sticky and difficult to clear. There is a high
prevalence of chronic rhinosinusitis, which suggests
that there might be an underlying abnormality

affecting the mucosa of the upper and lower respir-
atory tracts, or the association may be due to cross-
infection between the two sites. Expiratory airflow
obstruction is usually present, and there is a positive
correlation between the severity of airflow obstruc-
tion and the severity of bronchiectasis20. There may
be some reversibility indicating an asthmatic com-
ponent, although in many patients airflow obstruc-
tion is relatively fixed21,22. Over half of patients had
airway hyperresponsiveness to metacholine in one
study23. Chest pains or discomfort are quite
common, and arthralgia may occur24. Haemoptysis
when present is usually small and complicates an
exacerbation. Serious haemoptysis requiring selec-
tive arteriography and embolization or surgery to
control it is a rare complication nowadays. Symp-
toms of poor concentration and undue tiredness are
present in most patients, particularly during exacer-
bations.
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Fig. 15.2 CT scan of a patient with Mycobacterium avium-intracellulare infection. In the left lung a central bronchiectatic airway is

seen. In the right lung a peripheral nodule is present which has a cavity. The combination of bronchiectatic airways and peripheral

nodules which may be cavitating is suggestive of non-tuberculous mycobacterial infection.



There may be coarse crackles heard over the site of
bronchiectasis, but sometimes there are no crackles
in the lungs to suggest the diagnosis. Airflow
obstruction can cause a hyperinflated chest and
wheezes, and there may be late inspiratory squeaks
suggesting small airways disease. Clubbing is quite
unusual. Weight should be recorded since it may fall
during ill health. A 24-hour sputum collection can be
very informative, as patients tend to be inaccurate in
their description of what they produce. A patient
who describes continuous sputum production may
present a collection that is largely saliva, whereas at
the other extreme some patients produce several
hundred millilitres of purulent sputum. Mucus
plugs occur typically in allergic bronchopulmonary
aspergillosis and can be sent for microscopy and
culture.

In 1940 it was reported that 70% of 400 patients
with bronchiectasis were dead before 40 years of
age25. Nowadays the natural history of bronchiecta-
sis has changed and the prognosis is much
improved. However, in a recent study bronchiectasis
was still the primary cause of death in 13% of
patients with the condition26. The disease may
progress slowly over many years and quality of life is
usually impaired27,28. We have found that reduced
exercise tolerance, frequent infective exacerbations
and infection by P. aeruginosa are associated with
poor quality of life27. Occasional patients deteriorate
more rapidly and progress to respiratory failure at a
relatively young age. The reason for this may not be
clear.

Investigations

An unexpected diagnosis, such as atypical cystic
fibrosis or primary ciliary dyskinesia, may be made
by following the complete protocol outlined in Table
15.3. This may not be practical in all cases, but
younger patients, those with associated conditions,
e.g. infertility, and those in whom respiratory func-
tion is deteriorating and/or infective exacerbations
becoming more frequent or prolonged should be
referred to a respiratory physician with a special

interest in bronchiectasis. Many of the investiga-
tions are widely available and should be performed
in all patients.

Lung function tests are non-specific, but provide a
measure of the amount of functional impairment
that can be repeated to provide an assessment of
change with time. Airflow obstruction is usually
present and the degree of reversibility should be
assessed. Gas transfer values that have been adjusted
for alveolar volume are usually well preserved. The
shuttle walking test is easy to perform and gives a
reproducible measure of exercise capacity27.

Sputum should be sent for microscopy, since
eosinophils may cause purulence, and their pres-
ence in large numbers indicates asthma and/or
allergic bronchopulmonary aspergillosis rather than
infection; and for routine culture, as well as smear
and culture for acid fast bacilli. Rapid growth by
species such as P. aeruginosa can mask other impor-
tant pathogens. A short transit time to the laboratory
and judicious laboratory techniques such as sputum
homogenization, dilution and quantitative counts,
will ensure that useful information is obtained.
Selective techniques which alter the culture condi-
tions to suppress the growth of some species while
encouraging growth of others can be used. Sputum
samples should be sent routinely at each outpatient
clinic visit to monitor the current bacteriology and
antibiotic sensitivity, and a sample sent for acid fast
bacilli once a year, or if patients are not responding
to usual antibiotic treatment.

Bronchiectasis patients usually have high levels of
the major immunoglobulin classes reflecting fre-
quent or chronic infection. In the series reported by
Cole2, 83% of patients had one or more immuno-
globulin classes G, A or M raised by more than 2
standard deviations above the mean. Blood tests
should always include total serum immunoglobu-
lins and immunoglobulin G subclasses, since immu-
noglobulin deficiency is a relatively common cause
of bronchiectasis which requires particular treat-
ment29. Antibody responses to vaccination should
be measured as part of an immunological assess-
ment in suspected cases, a twofold or greater
response to pneumococcal and Haemophilus
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influenzae type b vaccine is normal. All cases of
immune deficiency may be secondary to malig-
nancy, particularly of the lymphoreticular system, so
a high index of suspicion must be maintained.
Peripheral blood eosinophilia and a positive RAST
test (specific IgE) to aspergillus characterizes allergic
bronchopulmonary aspergillosis. Aspergillus pre-
cipitins (IgG) are positive in about half of these
cases, but multiple precipitin lines may indicate the
presence of an aspergilloma.

Some investigations, such as ciliary function and
ultrastructure, can only be performed in specialist
centres. However, the saccharin test can be used as a
simple screening test to determine whether there is
a mucociliary problem30, and more detailed ciliary
studies need only be performed if this is abnormal.
We also use exhaled nasal nitric oxide as a screening
test, because levels of this gas are low in patients
with primary ciliary dyskinesia for reasons that are
not understood31. Other investigations will only be
carried out in selected patients: bronchoscopy
(presence of an obstructing lesion), semen analysis
(primary ciliary dyskinesia patients may have
immotile sperm, cystic fibrosis and Young’s syn-
drome patients have azoospermia), barium swallow
and video fluoroscopy together with oesophageal
pH monitoring (aspiration of gastric contents),
barium studies (inflammatory bowel disease), blood
tests for rarer immune deficiencies (bronchiectasis
can occur in patients infected with the human
immunodeficiency virus, or more serious general-
ized infections beginning during childhood may
indicate the need for tests such as neutrophil phag-
ocytosis, chemiluminescence and chemotaxis).

A chest radiograph is a relatively insensitive test
for bronchiectasis, in one study detecting less than
50% of patients who subsequently had positive
bronchography32. Peribronchial fibrosis thickens
the bronchial walls so that they are seen as tram-
lines, and when the bronchi run perpendicular to
the X-ray beam they appear as small rings, often
with thickened walls. Severe disease results in
crowding of blood vessels and displacement of fis-
sures due to volume loss in the affected lobes. Cystic
bronchiectasis gives ring shadows varying in size

from 1 to 3 cm, usually with thin walls, and if these
overlap it produces a honeycomb appearance. High
resolution thin-section (1–2 mm) CT scans, per-
formed with a fast scan time (1 second or less) to
reduce artefacts from respiratory motion and
cardiac pulsation, have replaced bronchography to
establish the diagnosis and assess the extent of
bronchiectasis, although they do not help in estab-
lishing the cause of the disease. The whole of both
lungs should be examined with 10 mm intersection
spacing. There is high sensitivity and specificity
compared to bronchography20. The CT findings of
bronchiectasis were established by Naidich and col-
leagues33. They are related to the presence of dilated
air-filled bronchi, dilated fluid-filled bronchi, and
loss of volume resulting from parenchymal loss
which leads to crowding of bronchi. The appearance
depends on the orientation of the bronchi to the
scanning plane. When they lie in the same plane they
appear as tramlines which do not decrease in diam-
eter in the usual manner as they progress to the
outside of the lung. The easiest method to tell
whether a bronchus is dilated is to compare it to the
adjacent pulmonary artery. Dilated bronchi that are
perpendicular to the scanning plane have a circular
appearance, and then the smaller pulmonary artery
gives it a signet ring appearance (Fig. 15.3). Mucus
filled bronchi appear as branching tubes or nodules.
End expiratory scans identify increased trans-radi-
ance in areas where air-trapping has occurred due to
small airways disease.

Having established the presence and extent of
bronchiectasis, the degree of functional impair-
ment, and the presence or absence of a known cause,
it is important to be in a position to monitor the
progress of the patient. Lung function tests and
chest radiographs are easy investigations to perform
repeatedly, but are relatively insensitive. CT scans
can monitor progression of disease, but only after
damage has occurred, and radiation exposure may
be of concern if many repeated scans are taken. We
have found that blood markers of inflammation
(neutrophil count, ESR, C-reactive protein) correlate
with extent of bronchiectasis on CT scan and impair-
ment of lung function, but the level of inflammation
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Fig. 15.3 CT scans of two

patients with bronchiectasis.

(a) A bronchiectatic airway in

the right upper lobe which

does not taper in the usual way

is seen in the upper part of the

film. Below this are several

airways showing the signet ring

appearance. Upper lobe

bronchiectasis and chronic

Staphylococcus aureus

infection led to investigation of

possible cystic fibrosis which

was confirmed. (b) Several

bronchiectatic airways in the

left lung demonstrate the

signet ring appearance. This

appearance is caused by a

dilated airway with its adjacent

pulmonary artery.

(a)

(b)



in the lung may be a better index of disease activity34.
Neutrophil elastase or myeloperoxidase might be
useful measures in sputum, and hydrogen peroxide
levels in exhaled air provide a measure of airway
inflammation and oxidative stress35. Indium-III-
labelled granulocyte scans measure not only inflam-
matory cell recruitment to the lung, but also show
the sites in the bronchial tree that are affected2.

Quality of life questionnaires provide a robust
summary of the patients’ symptoms and the impact
of the disease on activities and lifestyle. They have
proved useful measures of the benefit of therapeutic
intervention in asthma and COPD. We have recently
validated the St George’s Respiratory Questionnaire
in bronchiectasis and demonstrated that it was sen-
sitive to change in the patients condition27.

Non-antibiotic treatment of chronic bronchial
suppuration

Physiotherapy
Poor clearance of mucus from bronchiectatic airways
is probably the fundamental reason that patients
become infected, and mucus contains bacterial
products and inflammatory mediators which have
the potential to both cause tissue damage and attract
more inflammation. Therefore, physiotherapy is an
important aspect of management, and it also allows
the patient to expectorate sputum at chosen times
during the day, rather than at inconvenient or socially
embarrassing times. Patients are advised to perform
postural drainage at least once daily, and increase the
frequency to twice or three times if they suffer an
exacerbation. Patients should be taught by a trained
physiotherapist to adopt the correct position to drain
affected areas, and clear mucus by controlled breath-
ing techniques, sometimes aided by chest clapping
by the patient or partner. Understandably compli-
ance is poor, because of the nature of the process and
the amount of time required, although the patient
may not admit to this. Some patients, most com-
monly females, suppress their cough because of a
dislike of sputum, and as a consequence their condi-
tion deteriorates. Physical exercise should be encour-
aged because it aids mucus clearance and since it is

enjoyable compared to physiotherapy it may be more
popular with the patient.

Nebulized saline may be given in an attempt to
promote cough clearance and liquefy secretions, but
other mucolytic agents have no role to play. Human
recombinant DNase gives some benefit to patients
with cystic fibrosis, but this approach was ineffective
or may even have increased the frequency of exacer-
bations in bronchiectasis36. Asthmatic patients
should take their short-acting bronchodilators
before physiotherapy. Long-acting beta-agonists,
inhaled corticosteroids and nebulized antibiotics
should be taken after physiotherapy when the
airways contain less secretions.

Treatment of airway inflammation
Any asthmatic component of bronchiectasis and
chronic rhinosinusitis should be treated in the usual
way. Infections may provoke an exacerbation of the
asthmatic component, and this may be avoided by
increasing the dosage of inhaled corticosteroids at
the onset of the exacerbation. Exposure of the nasal
and paranasal sinus mucosa to topical corticoster-
oids may be increased by using drops taken in the
head down and forwards position37. Acid reflux may
aggravate airway inflammation and should be
enquired about and treated if present. Treatment of
allergic bronchopulmonary aspergillosis with long-
term oral or high-dose inhaled corticosteroids may
prevent exacerbations. Systemic corticosteroids
have unacceptable side effects when used long-term
to reduce airway inflammation, although they may
be used for short periods during severe exacerba-
tions38. In severe cases long-term use may be
unavoidable, in which case bone densitometry
should be monitored and consideration given to
protection by hormone replacement therapy (post-
menopausal females) or biphosphonates.

Several treatments, other than antibiotics and sys-
temic corticosteroids, have been investigated to see
whether they reduce airway inflammation. These
include high-dose inhaled corticosteroids39, non-
steroidal anti-inflammatory agents40 and protease
inhibitors41. Although, as yet there is little evidence
of clinical benefit from these approaches, it may be
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that it is in this area that major advances are made in
the future management of chronic bronchial suppu-
ration. Annual influenza vaccination should be
encouraged, and pneumococcal vaccination is
probably worthwhile.

Treatment of hypogammaglobulinemia
Panhypogammaglobulinaemia and some selective
immunoglobulin deficiencies respond well to
regular replacement therapy with intravenous
immunoglobulin. The interval between replace-
ment can be varied depending on the clinical
response, but 3 weeks is commonly chosen. The
immunoglobulin G levels are measured prior to the
next infusion and dosage adjusted to keep them
within the normal range. In patients with selective
immunoglobulin deficiency care should be taken to
document whether benefit is obtained from replace-
ment. This may involve a prolonged period of
assessment since infective exacerbations and/or
episodes of pneumonia may occur intermittently.
Diary cards of symptoms should be kept before and
after the introduction of (or a change in) treatment.

Respiratory failure
Patients with severe chronic respiratory failure and
bronchiectasis require long-term oxygen treatment.
Carbon dioxide retention is a problem that is some-
times encountered. Nasal intermittent positive pres-
sure ventilation may provide some stabilization of
their respiratory status and reduce the number of
days spent in hospital. It is often surprisingly well
tolerated despite a history of sinusitis42. This
approach can also be used acutely during exacerba-
tions in order to try to avoid the need for intubation
and full ventilatory support.

Surgical treatment
The only curative treatment of bronchiectasis is sur-
gical resection, although we have been surprised on
occasions by the resolution of dilated bronchi on CT
scan with medical treatment. The results of many
apparently successful surgical series have been
reported, but the indications for surgery are seldom
made clear, and the causes of bronchiectasis are not

defined to allow a comparison of like groups2. Very
careful consideration should be given before pro-
ceeding with surgery. We have many middle-aged
patients with generalized bronchiectasis who had
lobectomies at an earlier age. The affected areas
removed by surgery should be localized, and there
should not be an underlying condition which pre-
disposes to generalized bronchiectasis, e.g. primary
ciliary dyskinesia. Indium-III-granulocyte scans
have been used to confirm that inflammation is con-
fined to the area of structural abnormality identified
by the CT scan. More generalized inflammation
would suggest that the patient will continue to have
problems following surgery and may develop bron-
chiectasis elsewhere after several years2. ‘Modern’
cylindrical bronchiectasis tends to be bilateral and
surgery is carried out infrequently for this reason. It
is impossible to apply results from old surgical
series, performed when case severity was very differ-
ent from today, to ‘modern’ bronchiectasis. The best
results are obtained when the cause is localized
obstruction of an airway43. In such cases there is dra-
matic relief from disabling fever, malaise and pleu-
ritic pain which can transform a patient’s life.

Palliative surgical resection may be considered if a
localized area of severe bronchiectasis defies
medical management and acts as a sump for infec-
tion of other areas, even if less severe bronchiectasis
is present elsewhere. Emergency surgical resection
may be necessary for life threatening hemoptysis,
but embolization of the appropriate bronchial
artery is usually attempted first. The relevant anas-
tomosing pulmonary artery may also require
obstruction, e.g. by a balloon catheter44.

Lung transplantation (single lung, two lungs or
heart–lung transplantation) has been used to treat
respiratory failure due to bronchiectasis, and can be
considered if deterioration in the patient’s condition
occurs despite optimal medical treatment. Single
lung transplantation is not usually considered
because of fears of cross-infection from areas of
bronchiectasis in the remaining lung, and the risk of
disseminated infection in the presence of immuno-
suppression required to avoid rejection of the trans-
planted lung. However, this understandable dogma
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may need to be reconsidered because of the low
number of donor organs available. There have also
been some encouraging results in cystic fibrosis
patients who have received live donor single lobe
transplantation.

Antibiotics used in the treatment of chronic
bronchial suppuration

Beta lactams
All beta-lactam antibiotics (penicillins, cephalospo-
rins, carbapenems and monobactams) interfere
with the biosynthesis of the peptidoglycan structure
of the cell wall of actively dividing bacteria which
causes lysis. They bind to transpeptidase and car-
boxypeptidase enzymes called penicillin binding
proteins (PBPs), located beneath the cell wall
outside the cytoplasmic membrane, and interfere
with their function. Penicillins generally have a short
half-life. They are divided into groups depending on
their structure that have different spectra of activity
and pharmacological properties45,46.

Bacterial resistance to penicillins and other beta-
lactam antibiotics arises either due to release of
enzymes that break down the antibiotic, or due to
changes in the PBPs, or due to failure of the antibio-
tic to penetrate through the outer wall porin chan-
nels. Pneumococcal penicillin resistance occurs due
to alteration in PBPs. The most common group of
beta-lactamases produced by clinical isolates is the
plasmid-mediated TEM enzymes that exist in many
Enterobacteriaceae, H. influenzae and Neisseria
species. Development of new beta-lactam anti-
microbial agents during the past decades has
resulted in a number of drugs with increased, albeit
not total, resistance to beta-lactamases. Another
pharmacological approach has been the develop-
ment of beta-lactamase inhibitors that can be used
in combination with a beta-lactam drug to over-
come the beta-lactamase-mediated resistance47.
Clavulanic acid is currently combined with amoxy-
cillin as Augmentin and ticarcillin as Timentin.
Although it has a low level of antibacterial action
itself, clavulanate inhibits beta-lactamases of
numerous pathogenic gram-positive and gram-

negative bacteria by forming a stable inactive com-
plex, but does not inhibit the chromosomally medi-
ated enzymes produced by some Enterobacteriaceae
and P. aeruginosa. Sulbactam and tazobactam are
other beta-lactamase inhibitors used in combina-
tion with ampicillin and piperacillin, respectively.

Allergic reactions to penicillin and its synthetic
analogues are quite common (3–5% of general pop-
ulation), but true IgE-dependent anaphylaxis is rare.
Most anaphylactic responses follow the drug being
given parenterally, and there is no association with
atopy. Some patients who are allergic to penicillin
can tolerate the drug when given it again so sensiti-
zation may only be temporary. Confirmation of IgE-
related sensitization may be obtained by standard
skin prick testing. Almost all beta-lactam antibiotics
show some cross-sensitization, although it happens
infrequently with cephalosporins and quite rarely
with the new beta-lactam antibiotics such as aztreo-
nam and imipenem. Patients who have a strong
history of penicillin anaphylaxis and need penicillin
for a serious infection can be desensitized, but in
practice an alternative antibiotic can usually be
chosen48.

Cephalosporins are classified as first- (e.g. cephra-
dine, cephalexin), second- (e.g. cefaclor, cefuroxime),
third- (e.g. cefotaxime, ceftriaxone, ceftazidime) or
fourth-generation (e.g. cefepime) antibiotics. The
second-generation cephalosporins extended the
antibacterial spectrum of the first generation, not
only against Enterobacteriaceae, but also H. influen-
zae. The third and fourth generation are represented
by a very diverse group of potent antibiotics with a
broader spectrum and with much more stability
against beta-lactamase enzymes. Cephalosporins are
a remarkably safe class of antibiotic. Anaphylactic
reactions are very rare in spite of their structural sim-
ilarity to penicillin. Some cephalosporins are potent
inducers of chromosomally mediated beta-lacta-
mases and can cause resistance to many agents by
this mechanism. Linked to this inducibility is the
ability of the bacteria to undergo mutation to high-
level constitutive beta-lactamase production46.

Thienamycin was the first available antibiotic of
the new carbapenem class; it is co-administered
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with cilastatin, a specific inhibitor of the enzyme
dehydropeptidase-1 (DHP-1), which prevents rapid
renal metabolism of thienamycin. The combination,
thienamycin plus cilastatin, is called imipenem and
has very good activity against all categories of path-
ogenic bacteria. Meropenem is a broad spectrum
carbapenem that is stable in the presence of DHP-1
and does not, therefore, require co-administration
with an inhibitor. Meropenem is preferred to imipe-
nem because it is generally more active against
Enterobacteriaceae, it is given by an 8 hourly dosage
schedule rather than 6 hourly that is usual for imip-
enem, and it has less central nervous system side
effects. Several oral carbapenems are in develop-
ment.

Aztreonam is the first synthetic monobactam and
has a narrow spectrum of action. It has a high affin-
ity for PBP-3 of susceptible gram-negative bacteria
(including P. aeruginosa), but does not bind to the
essential PBPs of gram-positive and anaerobic
bacteria. Because aztreonam lacks the bicyclic
nucleus of the penicillins and cephalosporins, cross-
reactivity is rare. Superinfections by gram-positive
organisms, especially enterococci and staphylo-
cocci, have occurred in patients treated with aztreo-
nam alone.

Macrolides
Macrolides are so called because they possess a
macrocyclic lactone nucleus. They inhibit protein
synthesis of susceptible organisms by reversible
binding to the 50S ribosomal subunit. A number of
14-, 15-, and 16-membered macrolides have been
synthesized in recent years with the goal of overcom-
ing some of the problems of the older erythromycin
agents, such as variable activity against H. influen-
zae, gastrointestinal side effects, and the need to
administer the drug four times a day. Erythromycin
inhibits most hemolytic streptococci and M. catar-
rhalis. It also inhibits the atypical bacterial species
Mycoplasma pneumoniae, Legionella pneumophila,
and chlamydia species including Chlamydia pneu-
moniae, that are resistant to beta lactams. Activity
against anaerobic species is extremely variable49.
Macrolides have anti-inflammatory properties

which are independent of their antibiotic action.
This has led to investigation of their wider use in
bronchiectasis (see later).

Resistance to macrolides can be either chromoso-
mal or plasmid mediated, and can be inducible or
constitutively expressed. The biochemical basis is by
methylation of adenine residues, which prevents
binding of erythromycin to the binding site.
Resistance of S. pneumoniae had remained low in
most countries until recent years, but the multiply
resistant (including penicillin) strains first described
in South Africa are becoming much more common
in some countries, particularly in Spain and the
USA50. Resistance of M. pneumoniae and L. pneu-
moniae has not been noted. Bacterial strains resist-
ant to erythromycin are usually resistant to the
newer macrolides. Clarithromycin is a derivative of
erythromycin with an alkylated hydroxyl group at
C6. It has improved activity against legionella and
chlamydia, but similar activity to erythromycin for
H. influenzae. However, its 14-OH metabolite is also
active against H. influenzae, and since the effects of
the parent antibiotic and the metabolite are additive
the overall action is superior. Clarithromycin is
rapidly absorbed from the gastrointestinal tract and
prolonged half-lives of the parent compound and
the 14-OH metabolite allows twice daily dosing51.

Azithromycin is the prototype of the semisyn-
thetic macrolides called the azalides. This antibiotic
has remarkable pharmacokinetics in that it rapidly
penetrates into tissues and the highest concentra-
tions are found in the intracellular environment.
This might be an advantage when treating intracel-
lular pathogens such as Legionella and Chlamydia,
but clinical evidence is lacking. High tissue concen-
trations persist for up to 5 days after a single oral
dose. Azithromycin need only be administered once
daily and because of the long tissue half-life it has
been recommended to be given for only 3 days to
treat infective bronchitis52. Ketolides are semisyn-
thetic derivatives of the 14-membered ring macro-
lides. They are active against multiresistant
penicillin/macrolide resistant pneumococci, and
have good activity against other bacterial species
causing lower respiratory tract infections including
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atypical species. They may also retain the anti-
inflammatory properties described with macrolide
antibiotics.

Because they are more potent and have improved
pharmacokinetics the newer macrolides can be
taken less frequently at lower dosage and, therefore,
have a much improved gastrointestinal side effect
profile. Macrolides may result in alteration of
hepatic enzyme systems and may therefore interact
with many drugs including theophylline. The new
macrolides are important antibiotics in the treat-
ment of non-tuberculous mycobacteria infections.
The interaction with rifabutin, an antibiotic com-
monly used to treat mycobacterial infections, is
important to be aware of because of the increased
risk of uveitis.

Quinolones
Uniquely among antimicrobials in clinical use, the
primary bacterial targets of fluoroquinolones are
enzymes involved in the replication of DNA53,54.
They interfere with DNA replication, segregation of
bacterial chromosomes, transcription, and other
cellular processes. In general, second generation
quinolones, e.g. ciprofloxacin and levofloxacin have
good activity against most Enterobacteriaceae, fas-
tidious gram-negative bacilli including H. influen-
zae, and gram-negative cocci such as M. catarrhalis.
Ciprofloxacin is the most active against P. aeruginosa
and provides the only oral option for treatment of
infection by this bacterium. Second generation qui-
nolones have good activity against S. aureus, but are
less active against streptococci and enterococci, and
have minimal activity against anaerobes. They are
active in vitro against Chlamydia, Mycoplasma, and
Legionella species, and have some activity against
mycobacterial species53. Absorption is reduced by
administration with antacids containing divalent
cations and iron-containing preparations. Side
effects include cytochrome P450 interactions, e.g.
delayed theophylline clearance, phototoxicity and
central nervous system problems including convul-
sions. Two mechanisms of quinolone resistance
have been identified: alteration in the target DNA

enzymes and an efflux pump. Only chromosomal-
mediated quinolone resistance has been found so
far, and single-step mutation to high-level resistance
is very rare, but high-level resistance can be selected
by serial exposure of bacteria to increasing drug con-
centrations. In certain clinical settings, the emer-
gence of resistance has been problematic, and P.
aeruginosa and S.aureus have been particularly
troublesome54.

Temafloxacin was a new third-generation quino-
lone antibiotic with improved activity against S.
pneumoniae. However, this antibiotic had to be
withdrawn soon after launch as a result of serious
adverse reactions which included severe hypogly-
caemia, hepatic dysfunction, haemolytic anaemia
and renal dysfunction, requiring dialysis in some
instances, anaphylaxis and death. Subsequently,
several other third-generation quinolones with
improved gram-positive activity have been with-
drawn or their use severely restricted because of side
effects, e.g. trovafloxacin (eosinophilic hepatitis),
grepafloxacin (cardiac arrhythmias) and sparfloxa-
cin (photosensitivity). However, other third genera-
tion quinolones, e.g. moxifloxacin and gatifloxacin
have been released and have not had these prob-
lems. They all have the advantage of improved gram-
positive activity, and are active against penicillin-
resistant pneumococcal strains. They will be much
better suited than ciprofloxacin to the treatment of
community-acquired respiratory infections, but
concern has been expressed that widespread use
may lead to an increase in levels of resistance partic-
ularly in the pneumococcus54.

Tetracyclines
Tetracyclines are broad-spectrum oral antibiotics
that work by binding to the bacterial 30S ribosomal
subunit and inhibiting protein synthesis. Their use
has been limited by emergence of resistance in res-
piratory pathogens, but since their popularity
declined, levels of resistance have fallen. The semi-
synthetic newer tetracyclines such as doxycycline
and minocycline have advantages in that they have
a much longer half-life in serum which allows once
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daily dosage. Plasmids impart resistance by coding
for proteins that interfere with active transport
through the cytoplasmic membrane. Tetracyclines
pose a special danger to pregnant women because
fatal reactions due to hepatotoxicity have occurred.
With the exception of doxycycline, which is excreted
in the faeces largely as an inactive conjugate and
minocycline, they increase uremia in patients with
chronic renal failure. They cause brown discoloura-
tion of the teeth and may retard growth of bone in
the human foetus and in children49.

Chloramphenicol
Chloramphenicol inhibits bacterial protein synthe-
sis by binding to the 50S ribosomal subunit. The
antibiotic is well absorbed, penetrates into tissues,
and has good activity against common respiratory
pathogens such as H. influenzae and S. pneumoniae
and many anaerobic bacteria. However, its use is
severely curtailed by its potential to cause bone
marrow toxicity. This occurs in two forms, first dose-
related bone marrow suppression, which usually
begins 5 to 7 days after initiation of treatment and is
reversible, and second, idiosyncratic aplastic
anemia, which is very rare and unrelated to dose.
Resistance to chloramphenicol occurs via plasmid-
mediated acetylation, which prevents binding to the
ribosome49. Chloramphenicol is sometimes used
empirically to treat chronic bronchial suppuration
when other oral agents have failed. The reason for
the response that is sometimes seen is unclear, but
may be due to its activity against H.influenzae or
anaerobes.

Trimethoprim-sulfamethoxazole
This antibiotic combination acts synergistically by
inhibiting sequential steps in the bacterial pathway
generating folate cofactors that function as one
carbon donors in the synthesis of nucleic acids. The
commonest mechanism of trimethoprim resistance
is plasmid mediated and involves dihydrofolate
reductase with reduced affinity for trimethoprim. It is
not recommended for infants under 2 months of age
because of the risk of kernicterus, or for pregnant or

lactating women. Use has declined because of bacte-
rial resistance and also serious side effects. Although
these are not common, the sulfonamide component
can lead to hypersensitivity reactions such as rash,
vasculitis, erythema nodosum, erythema multi-
forme, and Stevens–Johnson syndrome55.

Aminoglycosides
The spectrum of activity is broad, and aminoglyco-
sides are particularly active against aerobic gram-
negative rods. They are usually used in combination
with a beta-lactam to treat chronic bronchial suppu-
ration or nosocomial infections. Aminoglycosides
act at the ribosomal level to inhibit bacterial protein
synthesis, and as they are not absorbed from the
intestines can only be given parenterally. Their bac-
tericidal effect is very much concentration depen-
dent, and peak concentrations in serum correlate
with clinical and bacteriological response, while low
concentrations have little efficacy, but still accumu-
late and therefore increase the risk of toxicity. For
this reason, aminoglycosides may be given as a once
daily infusion over 30 minutes, clearance being
checked by a single trough level just before the next
dose. Otherwise they are given 8 hourly and the
dosage and frequency of administration adjusted
individually from peak and trough serum measure-
ments.

Resistance to aminoglycosides can result from
alterations in cellular permeability or the ribosomal
target, but most commonly is due to enzymes that
modify aminoglycoside structure (e.g. acetylation,
adenylation or phosphorylation), which may be
carried on plasmids, transposons or the chromo-
some. The toxicity of aminoglycosides is based on
accumulation and the major side effects involve the
kidney and ear. Reduced glomerular filtration and
proteinuria both usually show gradual recovery after
discontinuation of therapy. Cochlear ototoxicity is
caused by permanent degeneration of hair cells in
the organ of Corti, starting in the high-pitch region
of the basilar membrane. Vestibular damage also
occurs, but because the patient can compensate for
this disturbance it is usually less serious56.
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Oxazolidones and streptogramins

These are new antibiotics which inhibit protein syn-
thesis. They are active against multiresistant gram-
positive cocci including methicillin-resistant S.
aureus.

Antibiotic treatment of chronic bronchial
suppuration

General principles
The outcome of antibiotic therapy depends mainly
on the severity of the bronchiectasis. When bron-
chiectasis is mild to moderate, antibiotics can erad-
icate the infection and the lung defences may keep
the airways sterile or bacterial numbers low for a
prolonged period. An external event, such as a viral
infection, may then precipitate an exacerbation
which is associated with an increase in bacterial
numbers. When lung damage is more severe, the
bronchial tree is usually chronically infected and the
patient’s symptoms may gradually return over
several weeks, or sometimes more quickly, after
stopping an antibiotic. In these different circum-
stances antibiotics may be needed only during
infective exacerbations associated with a change in
sputum production, breathlessness and malaise, or
continuously if relapse is rapid. Chronic inflamma-
tion may lead to disease progression, and antibiotic
therapy can theoretically prevent this by decreasing
the bacterial load and so reducing the level of
inflammation57,58. However, long term studies to
determine whether antibiotics are successful in pre-
venting deterioration in lung function or increase in
the extent of bronchiectasis have not been per-
formed, except in cystic fibrosis patients where
disease progression is more rapid59. Unfortunately,
there have been very few antibiotic trials carried out
in patients with chronic bronchial suppuration. In a
recent review of the non-cystic fibrosis literature few
published studies were identified60–65. These studies
of small groups of patients have not provided any
clear guidance about choice of antibiotic. Therefore,
one has to rely on general principles to provide a
logical approach to antibiotic treatment.

The choice of antibiotic is influenced by the high
frequency of �-lactamase production by strains of
M. catarrhalis and H. influenzae, the presence or
absence of P. aeruginosa which is usually resistant to
all oral antibiotics except ciprofloxacin, and by phar-
macokinetic characteristics of antibiotics. The effi-
cacy of an antibiotic is probably related to the
concentration of antibiotic at the site of infection in
the lung and the sensitivity of the bacterium. The site
of infection in chronic bronchial suppuration is the
airway lumen where bacteria are present in large
numbers, often 109/ml of sputum or higher, and they
are adherent to the respiratory mucosa and asso-
ciated with secretions. The concentration of antibio-
tic in the lung may be markedly different from that
observed in serum as there are significant barriers to
the penetration of the antibiotic66,67. In the presence
of inflammation, the partitioning of antibiotics in
tissue compartments may be altered due to
increased membrane permeability. Thus for drugs
such as beta-lactams that do not cross membranes
easily, penetration increases in the presence of
inflammation. Conversely, during resolution anti-
biotic concentrations at the site of infection may fall,
which at least theoretically could allow bacterial per-
sistence and predispose to relapse. However, the
situation is complicated because infection, particu-
larly if it is chronic, may change tissue anatomy and
physiology in various ways. For example, blood flow
to the site of infection may be increased due to vaso-
dilatation, or conversely may be reduced by poor
blood supply to damaged and scarred airways. It has
also been reasoned that antibiotics which penetrate
well into cells, such as the quinolones, might be
carried into the lumen within neutrophils. The
secretions themselves also provide a barrier, as may
the alginate substance which is secreted by mucoid
pseudomonas strains and forms a gel layer around
colonies, because most antibiotics do not pass into
these sites easily.

Two important pharmacokinetic parameters have
been defined. First, the peak concentration of the
antibiotic at the site of infection compared to the
sensitivity of the bacterium for the antibiotic.
Second, the time after an antibiotic is administered
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that the concentration of the antibiotic at the site of
infection exceeds the concentration required to
inhibit the bacterium. The two parameters are com-
bined by plotting a curve of antibiotic concentration
against time and calculating the area under the
curve which exceeds the inhibitory concentration
for the bacterium. The larger the value the more
effective the antibiotic is likely to be (Fig. 15.4).
Although the concentrations of antibiotic at the site
of infection are most relevant, they are difficult to
obtain from the lung, and despite the reservations
explained above serum concentrations are often
used. Antibiotics vary in their ability to penetrate
into the bronchial mucosa as well as in their activity
against different species. In general beta lactams
and aminoglycosides penetrate less well into the res-
piratory mucosa than macrolides, azalides and qui-
nolones which gives the latter antibiotic classes an
advantage in the treatment of chronic bronchial
suppuration68–71.

Damaged airways, high bacterial numbers and

plentiful secretions in bronchiectasis makes it diffi-
cult to achieve a high concentration of antibiotic at
the site of infection. The length of the course of anti-
biotics may need to be longer, and the dosage given
higher, than is usual for bronchial infections in
chronic bronchitis or community acquired pneu-
monia where the host defences are more intact and
bacterial numbers are less. A patient’s general well-
being and the volume and colour of their sputum
can be used to empirically judge the length of the
course of treatment. Lung function may also
improve, but this is not always the case60. If patients
are severely unwell at presentation, or do not
respond to oral antibiotics, then intravenous anti-
biotics are required. These achieve much higher
concentrations in serum which is reflected at the site
of infection, and particularly for treatment of P. aeru-
ginosa most preparations only have an intravenous
formulation. They should be commenced in hospi-
tal where supportive treatment (e.g. physiotherapy)
can also be given. Increasingly, patients are being
taught to administer their own intravenous antibio-
tics, so that once they are improving their stay in
hospital can be shortened by completing the course
of treatment at home. The fall in the level of the
blood inflammatory markers (neutrophil count,
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C-reactive protein and ESR) can also be used to
judge response to intravenous treatment34.

Oral antibiotic treatment
The following clinical parameters can be used to
decide whether a patient is well enough to receive
oral antibiotics as an outpatient: general well-being;
lack of significant pyrexia (�38 °C might indicate
that pneumonia is present); spirometry (compared
to values obtained when the patient is well); oxygen
saturations; lack of consolidation on the chest radio-
graph; level of home support. The presence of chest
pain which would limit coughing and physiotherapy
is an important reason to admit to hospital, because
this can lead to a rapid deterioration in the patient’s
condition.

The choice of antibiotic may be guided by previous
sputum bacteriology and antibiotic sensitivity, par-
ticularly the presence or absence of P. aeruginosa.
The lack of clinical trial data means that choice is
influenced by personal experience. In the absence of
P. aeruginosa high dose amoxycillin (1 gram three
times daily up to a dose of three grams twice daily for
7 to 14 days), amoxycillin/clavulanate (625 mg three
times daily for 7 to 14 days), azithromycin (500 mg
once daily for 3 to 6 days), doxycycline (100 mg or 200
mg once daily for 7 to 14 days) and ciprofloxacin (750
mg twice daily for 7 to 14 days) are our antibiotics of
choice. We do not tend to use oral cephalosporins
because of poor activity against H.influenzae (e.g.
cephalexin and cefaclor) or poor absorption after
oral administration (e.g. cefuroxime axetil and cefix-
ime). We do not use clarithromycin because of data
from chronic bronchitis trials showing persistence of
H.influenzae after treatment72.

The commonest mistakes are to underdose or to
stop antibiotic treatment too quickly. Underdosing
leads to subinhibitory concentrations of antibiotic
at the site of infection which in turn leads to persis-
tence of the infection and promotes development of
antibiotic resistance; and stopping antibiotic treat-
ment before the exacerbation has fully resolved
leads to persistent inflammation and can result in a
rapid relapse. In chronic bronchitis a short course of
antibiotics is usually successful because the host

defences are relatively intact and can facilitate clear-
ance of the infection, but this is not the case in bron-
chiectasis.

In the presence of P. aeruginosa only quinolone
antibiotics are active and ciprofloxacin is the anti-
biotic of choice. Unfortunately repeated courses of
ciprofloxacin lead to stepwise development of resis-
tance if they are given too frequently. Patients with P.
aeruginosa infection may respond to oral antibiotics
that have no activity against P. aeruginosa. We have
had success using azithromycin 500 mg once daily
for 6 days. This unexpected outcome may be due to
spontaneous recovery, the benefit of adjunct treat-
ment, e.g. physiotherapy or corticosteroids, success-
ful treatment of coinfection with a sensitive species,
or due to the anti-inflammatory properties of the
macrolide antibiotic.

Intravenous antibiotic treatment
In the absence of P. aeruginosa we usually use a
second- (e.g. cefuroxime 750 mg or 1.5 g three times
daily) or third- (e.g. ceftriaxone 1 g or 2 g once daily)
generation cephalosporin. Ceftriaxone is preferred
to cefotaxime because it is given once instead of
three times daily, which reduces the nursing time
and is important if the patient is to complete the
course of treatment at home. Amoxycillin/clavula-
nate would be an acceptable alternative, but may be
less well tolerated.

In the presence of P. aeruginosa the antibiotic
options are shown in Table 15.4. The choice may be
made on the basis of the most recent sensitivity
results. There seems to be a poor correlation
between in vitro antibiotic susceptibility testing and
in vivo antibiotic efficacy. This may be partly
explained by bacterial population dynamics where
resistant strains are a small subpopulation of the
total bacterial load. Another explanation is that
some antibiotics can inhibit bacterial production of
virulence factors despite in vitro resistance73. A
semi-synthetic penicillin (e.g. piperacillin) or third-
generation cephalosporin with pseudomonas activ-
ity (e.g. ceftazidime) is usually used, most often in
combination with an aminoglycoside antibiotic.
There are several reports showing synergism
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between beta-lactams and aminoglycosides against
P. aeruginosa, but these results have been produced
in animal models or in clinical studies of pneumo-
nia, e.g. in neutropenic patients when there is a like-
lihood of bacteremia74. Therefore, the benefit of
using an aminoglycoside for chronic bronchial sup-
puration involving P. aeruginosa has to be balanced
against the side effects of this class of antibiotic.
Monobactams, e.g. aztreonam, carbapenems, e.g.
meropenem and antibiotic combinations with a
beta lactamase inhibitor, e.g. piperacillin/tazobac-
tam have increased the antibiotic options available
to treat P. aeruginosa infection. However, infection
by multi-resistant strains still occurs, particularly in
patients with severe bronchiectasis who have
required multiple courses of intravenous antibiotics.
In these circumstances P. aeruginosa usually retains

sensitivity to colistin sulphomethate, which has to
be used intravenously with caution because of
nephrotoxicity and neurotoxicity75.

The course of intravenous antibiotics should be
continued for 7 to 14 days. The aim of treatment is to
reduce the bacterial load in the bronchial tree to low
numbers, leading to a reduction in the level of
inflammation and recovery of host defences such as
mucus clearance which are impaired during the
exacerbation by increased mucus viscosity, bron-
chospasm and epithelial damage. An early switch to
oral therapy as the patient improves, which would
be appropriate in an acute community acquired
pneumonia, should not be made in chronic bron-
chial suppuration, particularly when using beta
lactam antibiotics, because their pharmacokinetics
will mean that reduced concentrations of antibiotic
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Table 15.4. Intravenous antibiotics used in the treatment of Pseudomonas aeruginosa

Antibiotic Usual adult dosage Comment

Azlocillin 5 g 8 hourly Ureidopenicillina. Withdrawn by manufacturers

Piperacillin 4 g 8 hourly Ureidopenicillina. Not used in cystic fibrosis due to incidence of allergic reactions. Also

available with the beta lactamase inhibitor tazobactam as Tazocin given 4.5 g 8 hourly

Ticarcillin 5 g 6 or 8 hourly Caboxypenicillina. Not available in all countries, but is available with the beta lactamase

inhibitor clavulanic acid as Timentin given 3.2 g 6 or 8 hourly

Ceftazidime 2 g 8 hourly Third-generation cephalosporin

Aztreonam 2 g 8 hourly Monobactam. No gram-positive activity therefore should be given in combination

Meropenem 1 g 8 hourly Carbapenem. Simpler formulation, better pharmacokinetics and fewer side effects than

imipenem with cilastatin

Gentamicin 2 to 5 mg/kg daily Aminoglycoside. Given in combination with one of above antibiotics. Side effects of oto- 

in divided doses and nephro-toxicity are dose related. Excretion via kidney so dosage and frequency 

8 hourlyb require adjustment in renal failure. Other aminoglycosides are available, e.g. tobramycin

Amikacin 15 mg/kg daily in Aminoglycoside. Stable to many of bacterial enzymes that inactivate other 

divided doses 8 aminoglycosides.

or 12 hourlyb

Notes:
a Sodium content of these antibiotics may cause hypernatraemia/fluid overload.
b Monitor peak (1 hour after injection) and trough (just before dose) levels after third dose, and subsequently after dosage

adjustment if this result is abnormal or there are concerns about accumulation. Aminoglycosides can also be given once daily as

a single infusion over 30 minutes which has several advantages including efficacy since this is related to peak serum level,

reduced risk of toxicity, and that it is only necessary to monitor a single trough level taken just before the next dose. Expert advice

should be sought on dosage.



reach the site of infection, and this may result in
incomplete resolution of the infection and early
relapse.

Prophylactic antibiotics
Patients who quickly relapse following intravenous
treatment may be considered for long-term prophy-
lactic antibiotics. This decision should only be taken
after careful consideration and when other aspects
of management have been optimized. There is jus-
tifiable concern that this approach promotes anti-
biotic resistance, or infection by more resistant
species, e.g. P. aeruginosa, or that there may be
side effects from the treatment. Three different
approaches have been used: oral antibiotics63,76,
inhaled antibiotics given as an isotonic solution via
a nebulizer61,65,77,78, and regular pulsed courses of
intravenous antibiotics79.

Because the concentration of antibiotics at the
site of infection in the airway is important, the idea
of delivering high concentrations of antibiotic
directly onto the mucosa by inhalation is appealing.
A number of regimens are used, including beta-
lactams, aminoglycosides and colistin sulpho-
methate, either singly or in combination. At the
moment only colistin sulphomethate has a licence
for this route of administration, and a formulation of
tobramycin is being investigated in clinical trials.
Most experience of nebulized antibiotics has been
gained in cystic fibrosis where they have been used
to treat P. aeruginosa. Benefit has been demon-
strated in terms of improved well-being and lung
function, and reduced frequency of exacerbations
and hospital admissions77. Nebulized gentamicin
reduced airway inflammation and mucus secretion
in bronchiectasis, and there was some improvement
in lung function and exercise tolerance78. Nebulized
antibiotics are best given in a prophylactic manner
to delay relapse following a course of intravenous
treatment, and they are less effective during acute
exacerbations, probably because they are deposited
in the central airways due to obstruction of smaller
airways by secretions and bronchospasm80. The
antibiotic should be delivered by a suitable air com-
pressor and nebulizer device to allow effective dis-

persal through the bronchial tree, with a one way
valve system and an outlet so that exhaled antibio-
tics can be discharged via a window, preventing
exposure of family or other patients to the antibiotic.
Nebulized antibiotics are most commonly used in
patients with chronic P. aeruginosa infection and we
usually prefer colistin sulphomethate because resis-
tance is rare and it is not an antibiotic we commonly
use via other routes of administration. Some
patients experience bronchospasm which can be
severe enough to exclude this approach, and treat-
ment should be commenced in hospital. Another
antibiotic can be tried empirically if bronchospasm
occurs. Peak flows and spirometry should be
recorded before and after the first dose and for
several days as in some cases the onset of broncho-
spasm is delayed.

Similar benefits to nebulized antibiotics have
been demonstrated with regular oral antibiotics63,76.
This approach is limited by the patient’s tolerance of
the antibiotic (particularly gastrointestinal side
effects) or development of resistance. Sometimes a
number of different antibiotics are rotated to try to
avoid these problems. Regular pulsed courses of
intravenous antibiotics have been advocated in
cystic fibrosis and clinical benefits have been
claimed79. The course of intravenous antibiotics is
given before full relapse has occurred, so maintain-
ing suppression of the bacterial load in the lung, and
thus keeping the level of inflammation under
control. We have used a similar protocol in severe
bronchiectasis. The length of time between the
courses of antibiotics can be tailored to the particu-
lar patient’s history, but 4 to 8 weeks is commonly
chosen. This period can be increased as the patient’s
condition improves, and in some cases we have been
able to revert to a conventional ‘on demand’ antibio-
tic policy. We have found improvement in patients’
quality of life using this approach, but in a recent
prospective randomized study of cystic fibrosis
patients carried out by the British Thoracic Society,
regular elective treatment was compared to sympto-
matic treatment; patients in the symptomatic group
receive a mean of 3 antibiotic treatments each year
and the elective group 4, and there were no signifi-
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cant differences in changes in lung function and sur-
vival over 3 years 81.

Macrolide antibiotics
Diffuse panbronchiolitis is a condition of unknown
aetiology described in Japanese patients82. There is
chronic inflammation which is initially located pre-
dominantly in the respiratory bronchioles, but in
advanced cases bronchiectasis develops. Con-
tinuous erythromycin is commonly used to treat
these patients, even when there is chronic bronchial
infection involving P. aeruginosa83. Several recent
experimental observations might explain the unex-
pected benefits that have been reported, and justify
further clinical studies in a wider bronchiectasis
population. Erythromycin reduces exotoxin produc-
tion by P. aeruginosa at concentrations which do not
affect bacterial growth73. Macrolides suppress
biofilm mode of bacterial growth, which otherwise
gives bacteria some protection against neutrophil
phagocytosis84. Macrolides also have anti-inflam-
matory actions such as inhibition of neutrophil
chemotaxis85 and generation of reactive oxygen
species86, and are also inhibitors of mucus secretion
in vitro87. Roxithromycin, a new semisynthetic
macrolide, decreased airway hyperresponsiveness
to methacholine challenge in a group of children
with bronchiectasis88.

We have used prolonged courses of erythromy-
cin, clarithromycin or azithromycin in patients with
chronic bronchial suppuration including those
chronically infected with P. aeruginosa. Benefits in
some patients have included decreased sputum
production, improved lung function and reduced
frequency of infective exacerbations. Azithromycin
has the advantage of once daily dosage, and its
peculiar pharmacokinetics of persisting in lung
tissue has enabled us to use an intermittent dosage
regimen, e.g. alternate days following a 6-day
‘loading’ course of treatment, which reduces the
incidence of gastrointestinal and other side effects.
Some patients have complained of tinnitus and/or
reduced hearing after several months’ treatment
and patients should be warned to stop the antibio-
tic if this occurs. Liver function tests should also be

monitored. The number of patients that we have
treated in this way is small, and the long-term use of
macrolide antibiotics has not been the subject of a
controlled trial.

Benefits of an antibiotic policy designed to
minimize chronic bronchial suppuration
In the ‘vicious circle’ illustrated in Fig. 15.1 persistent
bacterial infection causes lung damage by stimulat-
ing chronic inflammation, and this leads to progres-
sion of the bronchiectasis and deterioration in lung
function. Furthermore, we have shown that the fre-
quency of infective exacerbations and chronic
inflammation are both associated with a poor
quality of life27,34. Antibiotics suppress inflammation
by decreasing the bacterial load, and it could be
argued that they should be given in whatever
volume and frequency is required to achieve this
aim. However, there may be several drawbacks to
such an approach both in terms of side effects
involving the patients themselves, e.g. antibiotic-
induced colitis, and with respect to antibiotic resis-
tance in the patient and the species overall.
Superinfections may also occur during long-term
antibiotic treatment, and the resident chronic infec-
tion may be driven towards a more antibiotic-resist-
ant species, e.g. P. aeruginosa.

The level of inflammation generated by bacterial
infection may not just be related to bacterial load.
Different bacterial species34, and even the strain
involved15, attract variable inflammatory responses.
There may also be genetic differences on the host
side in the response to infection. The marked differ-
ence in the rates of disease progression between
cystic fibrosis and bronchiectasis suggests that the
‘vicious circle’ described above is accelerated in
cystic fibrosis. This has been ascribed to abnormal
ion transport causing impaired mucociliary clear-
ance resulting in a greater bacterial load, but recent
experimental results have suggested a different
explanation. The cystic fibrosis mouse is a powerful
model to investigate basic mechanisms. Experi-
mental mice homozygous for the cystic fibrosis
gene, that have been raised in pathogen-free condi-
tions, have greater numbers of lymphocytes in the
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airway submucosa compared with wild-type litter-
mates89. This suggests that possibly there is an exag-
gerated immune response in cystic fibrosis. In a
second study cystic fibrosis mice had a higher mor-
tality than their normal littermates in a P. aeruginosa
bronchopneumonia model which used bacteria
embedded in agar beads to set up a chronic infec-
tion. The agar beads prevent the mucociliary system
clearing bacteria in both groups of mice, so should
exclude this aspect of the cystic fibrosis condition
contributing to the result. Bacterial counts in the
lungs were the same in the two groups and the
excess mortality in the cystic fibrosis mice was asso-
ciated with increased levels of inflammatory media-
tors in the lungs90. These results suggest that the
basic defect in cystic fibrosis may in some way cause
an exaggerated inflammatory response which
increases tissue damage. The possibility that some
cases of idiopathic bronchiectasis who progress
rapidly might be explained in a similar way deserves
further investigation.

Future developments

The pharmaceutical industry will continue to
produce new antibiotics with increased potency
against resistant strains, but bacteria with their
rapid generation time are always likely to stay one
step ahead. Several studies are investigating whether
vaccines might benefit susceptible patients, but the
number of species that are involved in chronic bron-
chial suppuration may limit this approach, and once
established infection persists in chronic bronchial
suppuration despite an exuberant antibody
response which suggests that this strategy would
only be successful as a preventative measure10.
Indeed, one might expect that vaccination might
lead to a deterioration in the presence of chronic
infection by enhancing inflammation.

Improvements in our management of chronic
bronchial suppuration are most likely to arise from a
better understanding of the basic mechanisms
involved in idiopathic ‘modern’ bronchiectasis. We
need to understand the host defence abnormalities
that permit infection to become established, and the
factors which govern the level of the inflammatory

response. Presently the discovery of better ways of
reducing lung damage by controlling the chronic
inflammatory response and drugs that are effective
in enhancing mucus clearance seem to be the two
most fruitful areas for new drug development.
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Introduction

Respiratory failure remains the most common cause
of death in people with cystic fibrosis (CF). The
median survival has increased, however, from 14
years in 1969, to 28 years in 19901. This dramatic
improvement in health has arisen primarily through
effective treatment of the characteristic respiratory
infections, but also through greatly improved man-
agement of nutrition. Even in the absence of any
innovative treatment for the lungs it is predicted that
the median survival for babies born in the early
1990s will be 40 years. The advent of therapies aimed
at the basic defect in CF will have the greatest benefit
for those with the least pre-existing lung damage but
such therapies remain in investigative stages.
Aggressive management of respiratory infections
will remain the mainstay of treatment for minimis-
ing CF lung disease for the foreseeable future. The
pulmonary damage in CF seems to arise from a two-
stage process. First, there is a predisposition to res-
piratory tract infection with certain bacteria coupled
with the inability to eradicate this infection, and sec-
ondly an escalating inflammatory response. It is
thought that this intense inflammation causes ulti-
mately more of the progressive lung damage than
the inciting organisms.

Cystic fibrosis was identified as an autosomal
recessive condition in 1952. The gene was traced to
the long arm of chromosome 7 in 1985, and 4 years
later the full sequence of its 250 Kbp structure was
determined2–4. The product of this gene is a trans-
membrane protein of the adenosine triphosphate

(ATP)-binding cassette family, and is present at the
luminal surface of epithelial cells, and in other sites
such as intracellular organelles. In health this gene
product, or cystic fibrosis transmembrane conduc-
tance regulator (CFTR), is thought to have a number
of functions that primarily influence ion and water
movement, and thence ultimately the composition
of secretions in the lumina of the various tissues
affected. Following identification of the CF gene
CFTR was shown to be a chloride channel regulated
by cyclic adenosine monophosphate (AMP) medi-
ated protein kinase A phosphorylation5,6. Impaired
outward ion movement through the mutated CFTR
chloride channel is associated with an inability to
secrete liquid into the lumen. CFTR also appears to
have a regulatory function on other ion transport
systems, and in CF there is excessive (amiloride sen-
sitive) reabsorption of salt and water. Over 900
mutations in the CF gene have been identified so far,
although many of them are extremely rare
(http://genet.sickkids.on.ca/cftr/). Debate contin-
ues about the exact composition of the altered secre-
tions, and the mechanism by which the CF airway is
predisposed to infection with certain micro-organ-
isms is also not fully elucidated. The CF lung appears
structurally normal at birth, but is peculiarly suscep-
tible to infection with a number of pathogens, many
of which do not usually colonize healthy lungs. No
specific abnormality of the humoral immune system
has been identified and this is supported by the lack
of infections that develop in non-pulmonary CF
tissues. The secretions are thought to be rendered
more viscous by inadequate hydration, which has
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direct adverse effects on mucociliary clearance. It
has also been postulated that abnormal CFTR func-
tion results in a high salt concentration in ESL,
which in turn inactivates local antibacterial sub-
stances such as beta defensin 17. This theory,
however, is controversial8. Defective acidification
within intracellular organelles results in decreased
sialylation of glycoproteins9. Increased expression of
asialoGM1 residues on the surface of respiratory
epithelial cells in CF has been shown to be asso-
ciated with increased binding of Pseudomonas aeru-
ginosa pili and Staphylococcus aureus to those
cells10,11. Other work has suggested that normal
CFTR itself acts as a cellular receptor for the binding,
endocytosis, and clearance of Pseudomonas aerugi-
nosa from the airway, and that the increase in
Pseudomonas aeruginosa adherence in CF is there-
fore a direct result of the presence of defective
CFTR12. Staphylococcus aureus is one of the first bac-
teria that infect the CF lung. Once this organism has
entered the airways, stripping of fibronectin is
thought to expose additional bacterial receptor sites.
Initial infection with Pseudomonas aeruginosa is
usually silent. Subsequent transformation of this
organism to a mucoid phenotype is almost invari-
able and associated with more rapid deterioration in
lung function13.

An intense inflammatory response is stimulated
within the lungs but, even with appropriate antibio-
tic therapy, is usually unable to eradicate the infec-
tion. A massive infiltration of neutrophils into the
lungs follows the release of chemoattractants such
as IL-8, tumour necrosis factor-� (TNF�) and leuko-
trienes14,15. The granulocytes release proteases and
oxidants that directly contribute to structural
damage of the airways. In particular, neutrophil
elastase destroys opsonins such as IgG and C3bi in
the airway lumen and opsonin receptors such as
CR1 on phagocytes. It also further stimulates the
release of neutrophil chemoattractants, promotes
hypertrophy and hyperplasia of mucus glands and
causes structural damage to the airways16. Decaying
neutrophils also release large quantities of DNA that
contribute to airway obstruction by increasing the
viscoelasticity of CF airway secretions17. Continuing

infection and inflammation develop into a vicious
cycle that causes extensive tissue damage. Without
treatment, progressive pulmonary destruction
ensues with widespread cystic and bronchiectatic
change and ultimately insufficient functioning res-
piratory units to maintain adequate gaseous
exchange. Without lung transplantation the patient
dies from type II respiratory failure. There are diffi-
culties conducting clinical research in CF due to the
relative rarity of the condition, great variability in
phenotype and many confounding variables that
can influence outcome. Also, the current improved
management has led to a slow rate of progression of
lung disease such that clinical studies need to be
conducted over many years to detect any change.
Many studies involve relatively small numbers of
patients and results must be interpreted with some
caution.

There is, however, good evidence to suggest that
the uncontrolled inflammatory response to infec-
tion within the lung begins early in the course of
lung disease. A number of studies have demon-
strated the presence of pathogens in bronchoalveo-
lar lavage (BAL) samples taken from the lower
respiratory tract of infants and older children with
no clinical evidence of infection18,19. The detection
of large numbers of neutrophils, and high levels of
interleukin-8 and neutrophil elastase in the BAL
fluid from the same patients indicate that this is not
a benign colonization, rather an active, pathological
process. These same studies also demonstrated
inflammation within the respiratory lumina of some
patients, in the absence of any positive bacterial or
viral culture. It was suggested that inflammation
may precede initial colonization, and it was specu-
lated that the basic defect somehow directly contrib-
utes to the exaggerated inflammatory response19,20.
More recently, however, there has been evidence
that has led to the conclusion that inflammation
occurs primarily in response to infection and that
the inflammatory response can be successful ini-
tially in eradicating infection21,22. Until stategies for
correcting the basic defect become the norm early in
life, anti-inflammatory and anti-infective drugs will
remain the mainstays of treatment.
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Anti-inflammatory drugs

Corticosteroids

It has long been hypothesized that therapies aimed
at diminishing the inflammatory response might
have a beneficial impact on the course of the
disease. Daily corticosteroids for 3 weeks in patients
with stable but severe airway obstruction, however,
showed no significant improvement in lung func-
tion23. The effects of long-term, alternate day, oral
corticosteroids were first investigated in the early
1980s24. A further, 4 year, study 10 years later com-
pared 2 mg/kg, and 1 mg/kg, of alternate day pred-
nisolone with placebo and both demonstrated
beneficial effects on pulmonary function and nutri-
tion. A high incidence of growth retardation, glucose
intolerance and cataracts required the premature
termination of the higher dose arm in the latter
study. Even the use of lower dose corticosteroids was
associated with significant side effects, particularly
when the drug was given for more than 24 months.
Two weeks of daily prednisolone, followed by 10
weeks of alternate day steroids was associated,
however, with an improvement in lung function and
a decline in serum cytokine and immunoglobulin
levels25. The use of corticosteroids for an intermedi-
ate duration, for instance in association with infec-
tive exacerbations, may prove the most effective
course. The use of inhaled corticosteroids has been
under investigation, as the side effects would poten-
tially be minimized. Two studies have failed to dem-
onstrate any benefit on pulmonary function or
inflammatory markers in sputum26,27, but other
work has shown a beneficial effect28. It is suggested
that, as the penetration of inhaled steroid into
viscous, purulent secretions is poor, the dose of
steroid required to inhibit neutrophil migration can
only be achieved systemically or by using very high
doses via the inhaled route. A beneficial effect of
inhaled steroids may only be achieved if they are
commenced soon after diagnosis through newborn
screening when inflammation is likely to be at its
least.

Non-steroidal anti-inflammatory drugs (NSAIDs)

High dose ibuprofen has been shown to inhibit neu-
trophil migration, adherence, swelling, aggregation
and release of lysosomal contents29. A 4-year ran-
domized, double blind, placebo-controlled study of
high dose ibuprofen (20–30 mg/kg twice daily) has
been shown to slow the progression of CF lung
disease, particularly in children with mild lung
disease30. No significant side effects were reported,
but concern about side effects remains and this
treatment is not in widespread use in this country (it
seems more popular in the US). Plasma monitoring
of ibuprofen levels is recommended to ensure that a
therapeutic concentration of 50–100 �g/ml is
achieved. There is no strong evidence to support its
use in adults with moderate to severe lung disease
(FEV1 	60% predicted), particularly in view of the
increased risk of haemoptysis and other complica-
tions. Piroxicam, another NSAID, decreased in a
dose-related fashion pulmonary polymorphonu-
clear leukocyte recruitment, and subsequent peri-
vascular and peribronchial infiltration. A
double-blind, placebo-controlled trial over a 12–19-
month period demonstrated fewer hospitalizations
and less deterioration in lung function in the group
treated with piroxicam31.

Antiproteases

The effects of proteases from bacteria and neu-
trophil elastase (NE), are normally balanced by nat-
urally occurring antiproteases such as secretory
leukoprotease inhibitor (SLPI) and �1-antitrypsin. In
CF the release of a large amount of NE into the lung
overwhelms these antiproteases, enhances mucus
secretion and directly injures airway tissue. NE also
acts as a chemoattractant for other neutrophils by
up-regulating production of Il-8, and interferes with
opsonization by degrading immunoglobulins and
other associated proteins. A recombinant form of
SLPI has been developed and early work has shown
it has potential for minimizing the effects of inflam-
mation by two mechanisms. First it suppressed res-
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piratory epithelial neutrophil elastase and Il-8 levels
in CF patients32. In vitro and animal work has also
shown that it increases levels of reduced glutathione
(GSH), a naturally occurring antioxidant33,34. There
are indications that SLPI also has local antimicrobial
activity, with effects on viruses, bacteria and fungi35.
This apparent multiple action makes it an attractive
therapeutic option. Alpha 1-antitrypsin derived
from pooled human serum (Prolastin) has been
available since 1988 and has been administered by
inhalation. Animal studies of chronic Pseudomonas
aeruginosa lung infection have found that aerosol-
ized Prolastin significantly decreased elastase activ-
ity, lung neutrophil counts and bacterial colony
counts36. An early study in 12 CF patients given aero-
solized alpha 1 anti-trypsin showed that neutrophil
elastase in respiratory epithelial lining fluid (ELF)
was suppressed, and also that the inhibitory effect of
cystic fibrosis ELF on Pseudomonas killing by neu-
trophils was reversed37. The risks of blood-borne
infections from Prolastin will be abolished with the
advent of alpha 1 anti-trypsin produced from either
transgenic sheep or as a recombinant human
protein. It has been suggested that the combination
of SLPI with alpha 1 antitrypsin could have comple-
mentary effects38.

Antioxidants

Oxidative stress arises within the lung when the pro-
duction of reactive oxygen species (ROS), or free rad-
icals, exceeds the neutralizing capacity of available
antioxidant defences. The lung has a range of antiox-
idant defences that help to maintain a balanced
redox status. These antioxidants are present in the
intracellular, vascular and extracellular respiratory
tract lining fluid (RTLF) compartments. Free radicals
are normally transformed into less reactive species
by local antioxidants such as scavenging molecules,
and enzyme systems such as superoxide dismutase
(SOD) and the glutathione redox cycle. Non-
enzymatic antioxidants include vitamins A, E and C,
and reduced glutathione (GSH). GSH is an efficient
intracellular and extracellular scavenger of oxygen

radicals and is the major local antioxidant in the
lung, being present at high concentration in normal
epithelial lining fluid39. Also, oxidants can inactivate
antiproteases and proteases can inactivate antioxi-
dants, which further perpetuates the inflammatory
process. A number of studies have shown plasma
antioxidant depletion and increased free radical
production by inflammatory cells in CF. In particu-
lar, low levels of GSH have been found in RTLF and
plasma in CF and attributed to the high levels of free
radicals 40. Recently, however, it has been suggested
that low glutathione in RTLF is a direct result of
impaired transport of this molecule through CFTR41.
Whatever the mechanism of depletion, there is
potential for improving local antioxidant status with
the use of aerosolized GSH41. Oral supplementation
of fat-soluble vitamins is routine in most CF clinics
and supranormal levels of vitamin E are often
encouraged. Vitamin A is used more cautiously in
view of its potential hepatotoxicity. It is not usual to
give additional vitamin C. One uncontrolled study
has suggested there may be attenuation of pulmo-
nary inflammation when the diet is supplemented
with the vitamin A precursor beta-carotene42.

Interleukin-10

Interleukin (IL)-10 is an important regulator of the
inflammatory response, in part through inhibition
of production of TNF-alpha, IL-1beta, IL-6 and IL-8.
A preliminary study detected significantly less
soluble IL-10 in the epithelial lining fluid of CF
patients compared to controls43. They also con-
cluded that there was down-regulation of IL-10 pro-
duction from bronchial epithelial cells in CF and
that this deficiency may be as important as the
increase in proinflammatory cytokines in the exces-
sive inflammatory response. Later work from the
same group showed increased lung inflammation
and more systemic morbidity in IL-10 knockout
mice with chronic endobronchial Pseudomonas
aeruginosa infection44. These changes were to some
extent reversed when the mice were treated with IL-
10.
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Heparin

Heparin is a naturally occurring proteoglycan
released from pulmonary mast cells and has a wide
range of biological properties. It has an inhibitory
effect on the heparinase enzyme secreted by T cells
that, in turn, contributes to inhibition of neutrophil
influx and T-cell trafficking across vascular endothe-
lium45. A preliminary, uncontrolled study in six CF
patients chronically infected with Burkholderia
cepacia demonstrated a significant reduction in
sputum and serum IL-6 and IL-8 after 1 week of neb-
ulized heparin46. There was also a subjective
improvement in ease of sputum expectoration and a
trend towards thinner sputum. It was postulated
that the latter effects were due to changes in the
electrostatic properties of mucin molecules conse-
quent on the negative charge of heparin.

Macrolides

The anti-inflammatory effects of macrolide antibio-
tics in respiratory diseases have received increasing
attention over the last few years. Diffuse panbron-
chiolitis (DPB) is a disease seen predominantly in
Japan and, like CF, is characterized by persistent pul-
monary infection with mucoid Pseudomonas aeru-
ginosa and neutrophil infiltration47. A dramatic
improvement in survival in DPB was demonstrated
with the long term use of low dose erythromycin48.
Isolated reports of the clinical benefit of macrolides
in CF followed49,50. The benefit occurs below the
minimum inhibitory concentration of the drug for
Pseudomonas aeruginosa. The mechanism of action
is unclear but may involve the influence of macro-
lides on a number of inflammatory pathways. The
inhibition of neutrophil chemotaxis and chemotac-
tic activity, suppression of neutrophil oxidant burst,
accelerated neutrophil apoptosis, reduced
Pseudomonas aeruginosa adherence, a decrease in
mucus hypersecretion by airway cells and interfer-
ence with Pseudomonas aeruginosa biofilm forma-
tion have all been suggested51. It has also been
suggested that macrolides exert their anti-inflam-
matory effect in CF through the up-regulation of a P-

glycoprotein called multidrug-resistant-associated
protein that transports various compounds out of
cells52. Multidrug-resistant-associated protein is
homologous to CFTR and the two proteins can com-
plement each other. Several double-blind, placebo-
controlled trials are in progress.

Pentoxifylline

Pentoxifylline, a xanthine derivative, suppresses
TNF-alpha production and is probably one of the
mechanisms by which it modulates neutrophil
activity. It also has antioxidant activity through scav-
enging of hydroxyl radicals. A double-blind placebo-
controlled trial of pentoxifylline given for 6 months
in CF patients showed some beneficial effects on
sputum elastase concentrations, forced vital capac-
ity and frequency of respiratory infective exacerba-
tions in the treatment group compared to placebo53.

Fatty acid supplementation

Many studies since the 1960s have demonstrated an
abnormal fatty acid profile in CF plasma, consistent
with a relative deficiency of essential fatty acids. The
deficiencies were most marked in pancreatic insuffi-
cient patients and were thought to contribute to the
predisposition of CF patients to infection. The fatty
acid composition of plasma in CF does not com-
pletely resemble that of a dietary deficiency and it is
considered to be a primary defect, rather than the
result of fat malabsorption54,55. Increased eicosatrie-
noic acid (ETA), and decreased linoleic acid and
docosahexaenoic acid (DHA) levels are seen in
plasma of patients with CF55. Arachidonic acid, and
its inflammatory mediators, normally increases in
response to infection. A deficiency of DHA leads to
abnormal membrane fluidity and membrane
trafficking as well as a compensatory increased pro-
duction of arachidonic acid via the n-6 pathway.
This, in turn, increases the balance towards inflam-
mation. A number of studies have shown that fatty
acid supplements improve, but do not normalize,
the abnormal biochemical profile. Fish oil prepara-
tions containing the omega-3 fatty acids eicosapen-
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taenoic acid (EPA) and DHA appear to have anti-
inflammatory properties. They inhibit leukotriene
B4 release from neutrophils and reduce IL-1 and
TNFalpha production. Studies are under way to
investigate the benefit on membrane fluidity and
arachidonic acid metabolism by supplementation
with high dose DHA alone because it appears to
compete with EPA in these pathways56.

Deoxyribonuclease (DNase)

Improved clearance of thick secretions from the
airways may have an indirect but beneficial effect on
inflammation. The 1950s saw the first attempts at
reducing the tenacity of viscous infected sputum by
using bovine DNase to break up long strands of DNA
released from dead neutrophils. The studies were
halted because of adverse reactions, in particular
anaphylaxis and marked bronchospasm. The advent
of a recombinant human DNase led to a number of
trials, culminating in a large phase III randomized,
double-blind study that compared placebo with
once or twice daily nebulized rhDNase57. The study
demonstrated improvement in lung function in the
groups treated with rhDNase of an approximately
6% increase in FEV1 from baseline, and around 30%
reduction in age-adjusted risk of pulmonary exacer-
bations in both treated groups, compared to
placebo. The differences in the once and twice daily
treated groups were small, so a once daily regime is
recommended. The study population consisted
largely of older, sicker patients and a longer open
study period has shown that treated patients still
experience a decline in lung function. A recent study
has looked at the effects of early intervention with
DNase in children aged 6–10 years with mild lung
disease (forced vital capacity greater than 85% of
that predicted). A preliminary report indicated that,
over a 2-year period, those treated with DNase had a
3% predicted treatment benefit in FEV1 and a 34%
reduction in the risk of an infective exacerbation,
compared to placebo58. The high cost of this treat-
ment (around £8000 per year) has led to variable
usage worldwide. In the UK, guidelines have been
introduced in many areas for the use of DNase, with

improvement in FEV1 and other clinical indicators
being used to determine whether it should be con-
tinued in the long term. Those patients with declin-
ing lung function, an increasing need for parenteral
antibiotics and sticky sputum that is difficult to clear
are most likely to benefit. Clinical experience has
shown that there is a wide range of response from
individual patients. There is some evidence that
alternate day dosing is as effective as daily use in the
long term, which will significantly reduce costs59. In
practice, most patients do not want to spend unnec-
essary time in their already busy day administering
a treatment that they perceive has little benefit.
There has been some concern that treatment with
rhDNase increases proteolytic activity within the
bronchial lumen as a result of the release of neu-
trophil elastase and cathepsin G from complexes
with antiproteases or DNA. Study results, however,
have been conflicting60,61. Whatever the mechanism,
the high levels of elastase in the lungs in all studies
has led to the conclusion that combination therapy
with an inhaled antiprotease may be more effective
in reducing the inflammatory load62.

Nebulized hypertonic saline enhances muco-
ciliary clearance, improves hydration and reduces
viscosity of mucus63. Hypertonic saline improves
lung function in some studies, although compara-
tive studies indicate a greater benefit from DNase64.
As with DNase, the response to treatment is very var-
iable between patients and individual assessment is
recommended.

Leukotriene receptor antagonists

Leukotrienes (LTs) are potent proinflammatory
mediators and are products of the 5-lipoxygenase
metabolic pathway from arachidonic acid. LTB4 is a
potent neutrophil chemotactic and chemokinetic
agent, and the cysteinyl leukotrienes (LTC4, LTD4

and LTE4) cause increased mucus production, leu-
kocyte chemotaxis, bronchoconstriction and
increased vascular permeability. Elevated levels of
LTs, capable of exerting significant biological effects,
have been previously found in CF sputum65. A
number of approaches to antileukotriene therapy
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are possible. Agents that block their production by
inhibition of the action of 5-lipoxygenase enzyme, or
antagonize receptors for the molecules have been
developed, originally for use in asthma. They may
have greatest effect in atopic CF patients who have
been shown to produce higher levels of leuko-
trienes66. Also, a short-term study of dietary supple-
mentation of omega-3 fatty acids was associated
with increased levels of eicosapentaenoic acid and
docosahexaenoic acid, with concomitant reduction
in serum levels of LTB4

67. There has been little work
reported so far of attempts to modulate the effects of
excessive leukotriene production in CF.

Treatment of infection

Pulmonary infection is the major cause of morbidity
as well as mortality in CF. Ultimately infection results
from defective mucociliary clearance of inhaled bac-
teria.Thereisarelativelysmallrangeofcommonbac-
terial pathogens.The four most important organisms
are Staphylococcus aureus, Haemophilus influenzae,
Pseudomonas aeruginosa and Burkholderia cepacia.
S.aureus and H.influenzae are usually the first patho-
gens to be encountered in childhood. P. aeruginosa
may be cultured intermittently at first but eventually
mutates to a mucoid form, which is impossible to
eradicate so that chronic infection ensues. B. cepacia
is highly transmissible and also produces chronic
infection. Other organisms now recognized as CF
pathogens such as Stenotrophomonas maltophilia
and non-tuberculous mycobacteria are cultured less
frequently at present, but may become increasingly
important in the future. Although more than one
pathogen may be cultured from the same sputum the
regular isolation of a particular organism has prog-
nostic implications. On the US CF Foundation data-
base, the median survival for patients with chronic
infection with P. aeruginosa was 28 years and with B.
cepacia was 16 years, but for those with neither infec-
tion it was 39 years68.

Clearly different organisms demand treatment
with different antibiotics, which can be delivered in
different ways. Antibiotics may be given orally, intra-

venously or nebulized. Table 16.1 lists some of the
antibiotics in common usage. The choice of antibio-
tic should be guided by sputum culture and sensitiv-
ities. A number of general principles distinguish
antibiotic therapy in CF from treatment elsewhere.
They will be described briefly before discussing a
number of specific issues in the drug treatment for
infection in CF.

General principles

Better and more aggressive use of antibiotics are
among the major factors associated with the
improved median survival of CF patients in recent
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Table 16.1. Commonly used antibiotics in CF

Target

pathogen Oral agents Intravenous agents

S. aureus Flucloxacillin Flucloxacillin

Co-amoxiclav Gentamicin

Erythromycin, Cefuroxime

clarithromycin

Clindamycin

Fucidin

Rifampicin

Doxycycline

Cefuroxime,

cephalexin

H. influenzae Amoxycillin, Cefuroxime

co-amoxiclav Co-amoxiclav, 

Cefaclor, amoxycillin

cefuroxime

Erythromycin,

clarithromycin

Doxycycline

P. aeruginosa Ciprofloxacin Ceftazidime

Azithromycin Tobramycin,

gentamicin,

amikacin

Meropenem,

imipenem/cilastin

Aztreonam

Ticarcillin/clavulanic

acid



years69. The main indications for antibiotics in CF
are:
• prophylaxis against specific infection
• positive routine sputum culture without symp-

toms
• increased respiratory symptoms which may be

associated with initial viral respiratory infection
• acute respiratory infective exacerbations
• suppression of chronic infection

In general, antibiotics are given in higher doses for
longer periods in CF patients than non-CF individu-
als. Reasons cited for the inadequacy of ordinary
treatment regimes in CF have included altered phar-
macokinetics, poor sputum penetration, inactiva-
tion of antibiotics by CF sputum, idiosyncratic
bacterial behaviour (such as the development of
mucoidity by P. aeruginosa) and the need to target
mixed bacterial populations70. Altered pharmaco-
kinetics in CF have been explained by increased
renal clearance of antibiotics and a relatively greater
volume of distribution71. This has been shown for
aminoglycosides72 and �-lactams73 but not for fluo-
roquinolones74. One study showed much greater
enhancement of non-renal than renal clearance of
cloxacillin in CF patients75. However, more recently
it has been argued that many older studies would
have contained relatively malnourished patients
with increased lean body mass, into which amino-
glycosides and �-lactam are primarily distributed. If
volume of distribution is corrected for lean body
mass instead of total weight values, CF and non-CF
are similar76. However, regardless of the explanation
most antibiotics still need to be given in higher
dosage to achieve a therapeutic effect in CF
patients71.

Antistaphylococcal prophylaxis

S. aureus was cultured from bronchoalveolar lavage
in 40% of CF infants during the first 3 months of life
in an Australian prospective cross-sectional study18.
Importantly more than a third were symptom free.
Many centres give continuous antistaphylococcal
prophylaxis for at least the first 2–3 years of life, some
give lifelong prophylaxis, and others give treatment

when clinically indicated77. The clinical effective-
ness of the latter policy would clearly be affected by
the regularity of bacterial surveillance.

A systematic review of 13 trials of antistaphylococ-
cal therapy concluded that treatment frequently
cleared the sputum of S. aureus and that young chil-
dren are likely to benefit from prophylaxis78. The
latter conclusion was largely based on the only pub-
lished randomized placebo-controlled trial of con-
tinuous flucloxacillin, which was given for 2 years
after diagnosis on a neonatal screening pro-
gramme79. Infants on prophylaxis had less cough,
fewer S. aureus isolates, fewer hospital admissions
that were of shorter duration, and less need for addi-
tional antibiotic courses. Their lung function after 1
year, however, was no different to control infants80.
The most recent Cochrane Review of prophylactic
antibiotics for CF81 considered trials of at least 1 year
of continuous treatment. Data from only two
unpublished studies in addition to the Weaver et al.
study were eligible for the analysis giving a total of
177 patients aged 0–7 years. Prophylaxis from early
infancy up to three years was thought to be of
benefit, but no conclusions could be drawn for older
children and adults, or for extending treatment
beyond 3 years. Nor could any rigorous assessment
of adverse effect of antistaphylococcal prophylaxis
be made.

Generation of resistant organisms by prophylactic
use of antibiotics is always a concern. Although
there is a lack of data from randomized trials, resis-
tance seems less likely with flucloxacillin than with
cephalosporins or macrolides82 and widespread
methicillin resistance has not been the experience of
centres using flucloxacillin prophylactically83.
Nevertheless the overall prevalence of methicillin-
resistant S. aureus is increasing in some centres 84.

Perhaps of greater concern is whether antistaphy-
lococcal prophylaxis predisposes to acquisition of P.
aeruginosa infection. Although not published in a
peer reviewed journal, a large US CF Foundation
multicentre controlled trial of giving prophylactic
cephalexin or placebo for 5–7 years to newly diag-
nosed CF infants showed no advantage of prophy-
laxis over placebo apart from reduced cultures of S.
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aureus. However, 25% of the cephalexin group com-
pared to 13% of the placebo group cultured P. aeru-
ginosa85. However, the majority of centres using
antistaphylococcal prophylaxis would choose a
penicillinase-resistant penicillin rather than a ceph-
alosporin. On the European Registry for CF, German
patients on continuous antistaphylococcal therapy
were noted to have higher rates of P. aeruginosa
acquisition than patients on intermittent or ‘no’
therapy86. It is difficult to draw firm conclusions
from such observations and a randomized trial
would be needed.

In summary so far, antistaphylococcal prophy-
laxis has only been shown to be of clinical benefit in
CF during the first 2–3 years of life. Concerns about
resistance generation and predisposing to P. aerugi-
nosa acquisition have yet to be substantiated with
the commonly used antibiotics such as flucloxacil-
lin.

Antibiotics for H. influenzae infection

H. influenzae is cultured more frequently in CF chil-
dren than age-matched asthmatic controls87. In this
study the isolation rate was significantly higher
during chest exacerbations suggesting that it was a
pathogen. The true prevalence of H. influenzae
infections in CF is probably underestimated
because of the difficulty in culturing the organism in
the presence of P. aeruginosa88. However, 30% of
sputa from 55 consecutive patients attending an
adult CF clinic cultured non-typeable H. influenzae
in a study designed specifically to look for this
organism89. Under-recognition of H. influenzae
infection in CF may help to explain why patients
who only appear to culture P. aeruginosa can some-
times respond to a �-lactam without activity against
the latter90. H. influenzae cultured from CF sputa is
usually ampicillin-sensitive91. Suitable alternatives
are given in Table 16.1.

Kaiser et al.92 assessed the efficacy of coamoxiclav
in 300 non-CF patients with common colds (aged
16–64 years) and found a significant benefit in 61
patients who cultured H. influenzae, Moraxella
catarrhalis or Streptococcus pneumoniae from

nasopharyngeal aspirates. Upper respiratory tract
infections are not commoner in CF patients than
healthy controls but do cause significant respiratory
deterioration and predispose to secondary bacterial
infection93. Many would recommend CF patients to
start an anti-H. influenzae antibiotic, such as amoxy-
cillin, at the onset of a cold pending the result of
sputum culture unless they are chronically infected
with P. aeruginosa83.

Oral treatment for P. aeruginosa infection

The quinolones are the only specifically anti-
pseudomonal agents that can be given orally. (The
recently recognized role of macrolides in chronic P.
aeruginosa infection in CF is discussed in the section
of this chapter dealing with anti-inflammatory ther-
apies.) Ciprofloxacin is the quinolone that has most
widespread use in CF94, although ofloxacin appears
to be equally efficacious95. The important place of
ciprofloxacin therapy in conjunction with nebulized
colistin for preventing or delaying chronic infection
with P. aeruginosa is discussed in the ensuing section
on nebulized antibiotics.

The advantages of oral over intravenous therapy
with regard to convenience and reduced cost are
obvious. Ten days’ treatment with oral ciprofloxacin
in adult CF patients with acute infective exacerba-
tions was found to be as good as intravenous azlocil-
lin and gentamicin in one small, randomized trial96.
However, the Danish clinic compared their conven-
tional 3-monthly intravenous antibiotic regime
(using an aminoglycoside and �-lactam) in CF
patients colonized with P. aeruginosa with 2 weeks of
ciprofloxacin for two consecutive 3-monthly cycles.
They found that conventional treatment was signifi-
cantly better than quinolone treatment especially in
the most seriously ill patients97. Indeed, a 1-year ran-
domized placebo-controlled trial of 3-monthly oral
ciprofloxacin for 10 days in adult CF patients did not
show any significant improvement in FEV1 or in the
need for intravenous antibiotics in the treatment
group. More ominously, a rise in the median MIC to
ciprofloxacin was seen in P. aeruginosa cultured
from the treatment group98.
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The rapid development of resistance to ciproflox-
acin is a concern. In one study with 29 adult CF
patients who all had sensitive strains of P. aeruginosa
initially, 45% had resistant isolates after 14 days’
treatment with ciprofloxacin in spite of clinical
improvement99. Furthermore, ciprofloxacin has
been shown to select imipenem-resistant variants of
P. aeruginosa in vitro100, suggesting a potential risk of
resistance to agents in addition to quinolones from
indiscriminate use.

Quinolones are very safe antibiotics with rare gas-
trointestinal and central nervous system side effects.
The adverse effect most likely to be encountered is
photosensitivity to sunlight101, which can be coun-
tered using sun block. Reports of quinolone-
associated arthropathy and damage to growing
cartilage in beagle puppies have delayed official rec-
ommendation for the use of ciprofloxacin in chil-
dren. However, ciprofloxacin has been used in
children with CF on a compassionate basis for years
with a similar safety profile to adults102. A review of
the cumulated published findings of quinolone use
in over 7000 children and adults concluded that con-
cerns over chondrotoxicity were unfounded103.
There is, however, still little published data on use in
children below the age of 5 years94.

Inhaled antipseudomonal antibiotics

Less than 20% of the serum concentration of �-
lactam agents104 and 12% of the serum level of
aminoglycosides may be found in the sputum105.
Delivering antibiotics directly to the site of infection
in cystic fibrosis by inhalation is therefore an attrac-
tive option. It theoretically enables much higher
sputum concentrations than could be achieved by
maximal non-toxic doses given by the intravenous
route. Obstructed CF airways may, however, result in
uneven distribution of antibiotic through the lungs.
Mainly antipseudomonal antibiotics have been
given by inhalation and this has generally been by
nebulization. The efficiency of drug delivery by neb-
ulization is notoriously variable and many factors
including the device, the drug and the patient will
affect the small proportion of the original dose that

is ultimately deposited in the airways106. There have
been three main areas where nebulized antibiotics
have been employed in CF:
• chronic suppressive therapy in stable patients

with chronic P. aeruginosa infection
• prevention or delay of chronic infection with P.

aeruginosa
• adjunct therapy for pulmonary infective exacerba-

tions

Chronic suppressive therapy
The first randomized double-blind trial of inhaled
antibiotics in CF was performed in 1981107. A cross-
over design was used to compare nebulized genta-
micin and carbenicillin with placebo over a year in
20 adult patients with chronic P. aeruginosa coloni-
zation. Mean FEV1 and FVC and subjective symptom
scores were significantly better during active treat-
ment than when taking placebo.

There followed a number of studies using different
nebulized antibiotics, including colistin, gentami-
cin, tobramycin and ceftazidime most of which
reported some clinical benefit108. The trials were rel-
atively small and it is difficult to draw any general
conclusions from them because differing antibio-
tics, doses, durations of treatment, nebulizer
devices, measures of response, etc. were used.
Nevertheless, a 1996 meta-analysis of five random-
ized trials concluded that continuous nebulized
antipseudomonal antibiotics reduced pulmonary
exacerbations and respiratory pseudomonal load
and improved lung function109. There was a trend
towards increased resistance of cultured P. aerugi-
nosa. A subsequent Cochrane review of nebulized
antibiotics in CF110 included 758 patients from ten
randomized trials and concluded that lung function
was better in the treated groups. Three of the trials
(581 patients) enabled an analysis of hospital admis-
sions, which were reduced in treated groups. Only
two trials (591 patients) could be analysed for addi-
tional antibiotic requirement, which was also
reduced by continuous nebulized antibiotics. Again,
nebulized antibiotics were associated with
increased bacterial resistance but not with renal or
auditory toxicity. This meta-analysis was heavily
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influenced by a single trial that contributed 68% of
the patients.

This was a multicentre double-blind placebo-con-
trolled trial of intermittent nebulized tobramycin
with a treatment period of 24 weeks. Over 500 CF
patients were recruited with a mean age of 21 years111.
Patients were monitored over three consecutive 8-
week cycles comprising nebulized tobramycin or
placebo for 4 weeks followed by 4 weeks off nebulized
treatment. This was a phase III study that followed a
much smaller earlier study with a higher dose of
tobramycin, which demonstrated efficacy and
safety112. In the 24-week study, the dose of tobramy-
cin was reduced to 300 mg twice daily and it was given
in 5 ml instead of 30 ml. The monthly on/off design
was chosen as animal studies had shown histological
resolution of any toxic changes after a month, there
was some evidence that therapeutic effect persisted
after stopping the nebulized drug, it was likely to
encourage compliance, and it attempted to lessen
the emergence of resistant strains of P. aeruginosa.
Patients on nebulized tobramycin showed a signifi-
cant improvement in lung function within 2 weeks of
starting which was maintained. At 20 weeks the mean
FEV1 was still 10% above baseline while patients on
placebo had fallen to 2% below baseline at the equiv-
alent time.The density of P.aeruginosa in the sputum
was dramatically decreased in the tobramycin group,
although this effect decreased with each successive
treatment cycle. Patients on tobramycin were less
likely to require hospitalization or intravenous anti-
biotics than those on placebo. Ototoxicity, nephro-
toxicity and accumulation of drug in the serum were
not seen.

Patients who elected to receive tobramycin in an
open-label extension to the study maintained FEV1

above baseline, but the effect diminished with time
to 4.7% above baseline at 92 weeks113. A subanalysis
of teenagers (aged 13–17 years) in the study revealed
that the mean weight gain at the end of the 24-week
randomized trial was 2.3 kg for those on tobramycin
but only 1.0 kg for those on placebo114. Placebo
patients who elected to go on to intermittent nebu-
lized tobramycin in the open-label study subse-
quently showed an impressive catch-up in weight.

In summary, long-term treatment with nebulized
antipseudomonal antibiotics appears to prevent
clinical deterioration in CF patients with chronic P.
aeruginosa infection and is generally safe.
Increasing bacterial resistance associated with
regular tobramycin use, but not with colistin115, may
be a concern but does not appear to affect clinical
efficacy.

Prevention or delay of chronic infection with P.
aeruginosa
End-stage lung disease in CF is, most often, primar-
ily related to chronic infection with P. aeruginosa (at
least three positive cultures over a minimum of 6
months, with at least a month between cultures and
signs of infection94). A period of intermittent coloni-
zation94, which averaged 12 months in one series116,
usually precedes chronic infection. The prophylactic
use of antipseudomonal antibiotics to prevent initial
colonization with P. aeruginosa has not been
studied, although other prophylactic strategies have
future potential. However, once initial colonization
is recognized, there may be a window of opportunity
for eradicating the organism before mucoid change
and increased sputum volume make it impossible.

In an open 27-month trial, 26 consecutive Danish
CF children who had cultured P. aeruginosa but
never received antipseudomonal therapy previ-
ously, were randomized to receive nebulized colistin
and oral ciprofloxacin for 3 weeks whenever they
cultured P. aeruginosa on routine monthly sputum
cultures117. During the trial 7 (58%) of the untreated
but only 2 (14%) of the treated children developed
chronic P. aeruginosa infection. A placebo-
controlled double-blind randomized study of con-
tinuous nebulized tobramycin for a year after first
isolation of P. aeruginosa suggested that this too
could prevent or delay chronic infection118.

The Danish clinic subsequently adopted a three-
step protocol for first isolation of P. aeruginosa in
1989. Initially nebulized colistin (1 megaunit twice
daily) and oral ciprofloxacin was given for 3 weeks. If
P. aeruginosa were cultured again a higher dose of
nebulized colistin (2 megaunits thrice daily) would
be given with ciprofloxacin for 3 weeks. If cultured a
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third time within 6 months the higher dose colistin
and ciprofloxacin would be given for 3 months. They
compared 48 patients treated with this aggressive
protocol with 43 historic controls. Chronic infection
after 3 years occurred in only 16% of the treated
patients compared to 72% of controls. They con-
cluded that 3 months’ was more effective than 3
weeks’ treatment119. The use of historic controls is
always open to criticism, but they argued that there
were no other significant treatment policy differ-
ences between the comparative periods. The magni-
tude of the differences would certainly complicate
ethical considerations for a randomized-controlled
trial. Furthermore, aggressive treatment of initial P.
aeruginosa colonization is cited as one of the
primary reasons that the Danish clinic were unique
in actually managing to decrease the incidence of
chronic P. aeruginosa infection from 16% to 2%120.

Adjunct therapy for acute exacerbations
A number of small studies have been performed to
assess the benefit of giving a drug by nebulizer in
addition to the intravenous route to treat acute res-
piratory exacerbations. The drugs have included
carbenicillin121, tobramycin in conjunction with IV
ticarcillin and tobramycin122 and amikacin in con-
junction with IV ceftazidime and amikacin123. None
showed any additional benefit. This may have been
due to inadequate power of the studies to show a
difference. However, the practice cannot be recom-
mended on the current evidence.

Intravenous antipseudomonal antibiotics

Although intravenous (IV) antibiotics may be neces-
sary to treat infection with any of the CF pathogens
they are most commonly given for P. aeruginosa
infection. IV antibiotics are used:
• for acute respiratory exacerbations
• after failure of oral treatment (e.g. to improve chest

symptoms or eradicate P. aeruginosa after first iso-
lation)

• for routine 3-monthly maintenance therapy
Acute respiratory exacerbations may be asso-

ciated with symptoms such as increased cough,

sputum and breathlessness and reduced exercise
tolerance and appetite, and signs such as increase in
respiratory distress and added sounds, reduction in
lung function and weight, fever and new chest X-ray
infiltrates124. They are normally treated with IV anti-
biotics for at least two weeks94 as objective measures
of improvement usually only start to occur towards
the end of the first week.

Monotherapy vs. combination therapy
A number of small studies have suggested that
monotherapy with ceftazidime may be effective
treatment125,126. The recent Cochrane review of
single vs. combination IV antibiotics was inconclu-
sive127. However, most centres would use a combina-
tion of two antibiotics 77 to reduce the risk of resistant
P. aeruginosa strains emerging. Indeed, a recent
report of an outbreak of a ceftazidime-resistant epi-
demic strain of P. aeruginosa in a clinic where ceftaz-
idime monotherapy used to be practised cautions
against antipseudomonal monotherapy128.

There is also good evidence of synergy between
antibiotics used in combination against P. aerugi-
nosa in vitro that may occur even when there is resis-
tance to one of the combination129. This occurs
particularly when combining an aminoglycoside
with a �-lactam (which have different modes of
action) and this is the recommended clinical combi-
nation94. Some of the commonly used antibiotics are
listed in Table 16.1. No one combination will be uni-
versally superior to another and the choice is made
primarily according to susceptibility testing on
sputum culture but also to history of allergic
responses, ease of administration, cost, etc.

Optimal aminoglycoside dosing
The relatively increased dose requirement by weight
in CF is readily demonstrated with the aminoglyco-
sides130. Repeated high dose courses clearly pose the
risk of aminoglycoside (vestibular-auditory and
renal) toxicity. Renal toxicity can be manifested by
hypomagnesemia in the absence of a rise in creati-
nine due to renal magnesium wasting131. The con-
centration-dependent killing demonstrated by
aminoglycosides and the fact that toxicity is related
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to trough serum levels, have led to the use of once
daily aminoglycoside dosing.

A meta-analysis of 21 randomized trials in non-CF
patients concluded that once daily dosing was as
effective as multiple dosing, had a lower risk of
toxcity and no greater risk of ototoxicity132. However,
the data in CF is limited. Giving 12-hourly tobramy-
cin to CF adults may be less toxic but as effective as
8-hourly dosing133. One randomized trial of 22 CF
children and adolescents concluded that, in combi-
nation with ceftazidime, once daily was as effective
and safe as thrice daily tobramycin134 but this and
other data may simply have inadequate power135.
Although large multicentred trials are in progress in
the UK and USA to determine the optimal aminogly-
coside dosing, many centres already use once daily
dosing particularly with home IV therapy where the
increased convenience to the patient is consider-
able.

Allergic reactions
Most allergic reactions to IV antibiotics in CF
patients involve the �-lactams. Piperacillin has been
particularly associated with adverse reactions in
CF136 and is not recommended for routine use.
Anaphylaxis can occur and patients on home IV
treatment should always receive at least the first
dose in hospital as a precaution83. However, serum
sickness-like drug fever and rash are the commonest
allergic manifestations. A retrospective analysis of
reactions in a large US centre gave a mean time to
onset of drug-induced fever or rash of 9.1 days137. In
addition to piperacillin the highest frequency of
allergic reactions occurred with another acylamino-
penicillin, mezlocillin and imipenem/cilastin. In
patients who have developed reactions to ceftazi-
dime, successful desensitization using a continuous
infusion regimen starting at very low dose and grad-
ually increasing has been described138. There have
also been case reports of desensitization of patients
with tobramycin hypersensitivity139.

Elective vs. symptomatic therapy
There are two approaches to the use of IV antibiotics
in CF patients with chronic P. aeruginosa infection.

One is to give courses of IV antibiotics only when
there is evidence of clinical deterioration. The other
is to give regular courses usually every 3 months in
an attempt to prevent clinical deterioration and lung
damage69. The former was the policy in the
Copenhagen clinic before 1976 but thereafter the
latter approach was adopted. The annual mortality
in these patients was 10–20% before and fell to 1–2%
after the change in policy140. The 5-year survival
increased from 54% to 82%69. However, this was a
retrospective comparison and this may not have
been the only significant intervention associated
with the improvement.

The only randomized trial comparing elective IV
antibiotics to IV therapy when symptomatic in 60
adult CF patients did not show any advantages of
either policy141. However, this may have been
because the average number of IV courses in the
symptomatic group (3) was not far off that for the
elective group (4). Thus although a recent Cochrane
review142 highlighted the need for an adequately
powered multicentre trial, the two policies may
approximate to the same thing as the threshold for
elective IV antibiotics continues to diminish.

Intravenous colistin
Colistin-resistant P. aeruginosa is extremely unusual
even after years of continuous nebulized colistin
treatment115. Concerns over potential nephrotoxic-
ity and neurotoxicity have limited intravenous colis-
tin usage. However, IV colistin by slow infusion has
been used in adult CF centres in the UK for several
years with success143,144. More recently, bolus IV col-
istin administration has been found to be safe145.

Treatment for other infections

Burkholderia cepacia complex
Chronic infection with Burkholderia cepacia in CF
has been a recognized problem since the early
1980s146. The consequences vary from no additional
symptoms, to decline in lung function and respira-
tory exacerbations similar to those with P. aerugi-
nosa, to fatal rapidly progressive ‘cepacia syndrome’.

There are no randomized trials of antibiotic treat-
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ment regimes. Respiratory exacerbations are treated
according to in vitro sensitivities where possible. B.
cepacia is typically resistant to colistin and amino-
glycosides147. However, aminoglycosides may still
act synergistically in combination with other anti-
biotics. In one in vitro study of 119 B. cepacia iso-
lates, triple antibiotic combinations were more
likely to be bactericidal than double combinations
or single antibiotics148. Triple combinations of
tobramycin, meropenem and another antibiotic
such as ceftazidime were most effective in this
series. Orally, combinations of ciprofloxacin, rifam-
picin, chloramphenicol and minocycline have been
used149. First isolates of B. cepacia are usually treated
aggressively as with P. aeruginosa. Nebulized anti-
biotics (e.g. ceftazidime or ticarcillin) are also com-
monly given to treat chronic infection, although
currently, there is no evidence from clinical trials to
support this practice.

Methicillin-resistant Staphylococcus aureus
(MRSA)
The increasing prevalence of MRSA in the general
population has been reflected in CF patients84.
Methicillin resistance restricts the choice of antibio-
tic for treating respiratory infections, necessitates
increased social isolation and may contraindicate
lung transplantation, but does not appear otherwise
to increase respiratory morbidity or mortality in
adult CF patients84. In CF children, acquisition of
MRSA may have a negative impact on growth but not
on respiratory function150.

Distinguishing between colonization of the nose
and throat, and true lung infection with MRSA can
sometimes be difficult. Identification of MRSA from
the nose, throat or skin should be followed by topical
eradication measures using standard regimens151.
For acute respiratory exacerbations a glycopeptide
such as teicoplanin or vancomycin should be
included in the intravenous antibiotic regime83,
although some strains of MRSA are also sensitive to
aminoglycosides. Oral agents such as fusidic acid,
rifampicin, trimethoprim and sometimes quino-
lones and tetracycline can be useful for less severe
infections, but are better used in combination than

as single agents to reduce emergence of resis-
tance151. Aerosolized aminoglycosides and even
vancomycin have been used in chronic MRSA infec-
tion in CF152.

Stenotrophomonas maltophilia
S. maltophilia is another organism that has been
cultured with increasing frequency from CF sputa153.
It is still not clear whether to regard it as a CF patho-
gen. One US study found that CF patients colonized
with S. maltophilia had poorer growth and lung
function than age matched controls and that treat-
ment with long-term antibiotics and days of i.v. anti-
biotic therapy were significant risk factors for
acquisition of the organism154. This does not, of
course, answer whether S. maltophilia is a cause or
simply a marker of poorer clinical outcome. While
new data is awaited, most would reserve treatment
against this organism for clinical deterioration
without any other obvious cause83.

S. maltophilia is a highly resistant organism155 and
most antipseudomonal antibiotics including colis-
tin are ineffective. The organism is often sensitive to
co-trimoxazole and sometimes to monocycline, co-
amoxiclav, ticarcillin/clavulanate or astreonam83.

Non-tuberculous mycobacteria
A number of reasons have been cited for the increas-
ing frequency with which non-tuberculous myco-
bacteria (NTB) are being cultured from CF sputum.
These include more active searching, better culture
techniques, increasing prevalence in the general
population and greater likelihood of exposure due to
increasing survival156. Meeting the ATS criteria for
NTM infection157 in CF is usually difficult because
‘other reasonable causes of the disease’ cannot often
be excluded unequivocally. Although most CF
patients who regularly culture NTM may be colo-
nized with little clinical impact158, some patients
undoubtedly have true infection requiring treat-
ment159.

Treatment of NTM infection in CF patients may be
complicated by the need to use higher drug doses
than in non-CF patients160. There may also be
unusual resistance patterns due to previous multiple
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antibiotic use, and difficulty in assessing a true ther-
apeutic effect because of susceptibility of other
pathogens to the same drugs156. A variety of NTM
have been isolated from CF sputum158.
Unfortunately, the one that is most likely to be asso-
ciated with progressive lung disease is M. abscessus
(formerly M. chelonae subspecies abscessus)157

which is notoriously difficult to treat. M. abscessus is
often only sensitive to the newer macrolides (clarith-
romycin and azithromycin) and the parenteral anti-
biotics amikacin, cefoxitin and imipenem157.
Continuous intravenous therapy for 6 months may
produce clinical improvement but fail to eradicate
the organism and prevent relapses159 and treatment
is often continued for one year or longer.

Some future anti-infective strategies

Vaccines against Pseudomonas aeruginosa
Immunization against P. aeruginosa is an obvious
strategy to prevent chronic colonization and infec-
tion. Boosting an antibody response to P. aeruginosa
may prevent bacterial attachment, neutralize toxic
bacterial products and enhance bacterial killing
through opsonization and the activation of comple-
ment. However, an enhanced inflammatory
response to P. aeruginosa that is ineffective is also
potentially detrimental161. Indeed, naturally
acquired hypergammaglobulinemia is a poor prog-
nostic indicator in CF162.

There has only been one pseudorandomized trial
of a P. aeruginosa vaccine that has been published to
date. This used a polyvalent pseudomonas vaccine (a
freeze-dried blended extract of 16 serotypes) and
concluded that immunization did not reduce P. aeru-
ginosa colonization or confer a clinical advantage163.
However, there were only 34 children in the study.

Phase I studies of a flagella vaccine IMMUNO in
healthy subjects showed that it was well tolerated
and gave rise to persistently high antibody levels not
only in the blood but in the secretory immune
system of the airways164. A Phase III multicentre ran-
domized placebo-controlled study involving 400 CF
patients who were not colonized with P. aeruginosa
was begun in 1998.

Naturally produced antilipopolysaccharide (LPS)
antibodies to P. aeruginosa in CF patients have
low affinity and are non-opsonic. However, those
produced following immunization with an O-
polysaccharide toxin A conjugate vaccine had high
affinity and promoted opsonophagocytic killing of P.
aeruginosa165. There also appeared to be a lower rate
of P. aeruginosa infection amongst a small number
of immunized CF subjects compared to matched
retrospective controls165. A large (330 patients)
multicentre Phase III randomized placebo-
controlled trial is also in progress with this vaccine.

There may also be a place for passive immuniza-
tion to prevent P. aeruginosa infection166. There have
been promising reports of the effectiveness of
nightly gargling with an extract containing chicken
derived antibodies (IgY) to P. aeruginosa and Phase
II and III studies have been planned167.

New antimicrobials
The prevention and treatment of lung infection will
remain a mainstay of CF treatment in patients even
with the advent of gene therapy. Gene therapy
attempts to avoid the vicious cycle of infection,
inflammation and lung damage. It is therefore likely
to be most effective in patients prior to the onset of
widespread irreversible lung damage. The patient
with CF alive today is unlikely to come into such a
category without aggressive anti-infective therapy.
Developing new antimicrobials with activity partic-
ularly against resistant P. aeruginosa and the emerg-
ing pathogens, more effective antibiotic treatment
protocols, better methods of delivery, etc. all have
high priority in CF drug research.

A catechol-containing monobactam called PA-
1806 (formerly BMS-180680) has excellent in vitro
activity against gram-negative bacteria including P.
aeruginosa, B. cepacia and S. maltophilia168. It enters
the bacteria through iron transport mechanisms
and inhibits cell wall synthesis. Phase I trials deliver-
ing the drug by nebulizer to CF patients are under-
way.

Taurolidine, which is used as an antiseptic perito-
neal lavage solution, has good activity against B.
cepacia. A small double-blind placebo-controlled
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crossover trial in CF patients colonized with B.
cepacia gave disappointing results169. However, the
authors have subsequently suggested that reformu-
lation of taurolidine and its derivatives would
increase the concentration that could be delivered
and may improve efficacy170.

Agents that prevent adherence of P. aeruginosa to
respiratory tract epithelial cells would have poten-
tial for use in CF. Dextran and other neutral polysac-
charides have been shown to have this effect in
vitro171. Pneumonia after intranasal innoculation of
P. aeruginosa in mice was significantly reduced by
prior administration of aerosolized dextran172.
Dextran also has the additional benefit of reducing
viscoelasticity of CF sputum in vitro173. One mecha-
nism that may enhance P. aeruginosa adherence to
CF respiratory epithelium is increased numbers of
asialoglycolipid receptors. Adherence of P. aerugi-
nosa to CF nasal epithelial cells in vitro can be sig-
nificantly reduced in the presence of polyclonal
antiasialoGM1 antibody, which may have potential
in vivo application174.

Manipulation of airway surface liquid (ASL) may
provide another antimicrobial strategy in CF. Xylitol
can decrease ASL salt concentration which may
enhance natural antimicrobial factors such as
human �-defensins, lactoferrin, and lysozyme.
Intranasal xylitol spray has been shown to reduce the
number of nasal coagulase-negative Staphylococcus
compared to saline control in healthy volunteers in a
double-blind randomized crossover study175.
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Part IV

Pulmonary vascular diseases





Introduction

Primary disorders of the pulmonary vasculature are
decidedly uncommon. However, secondary involve-
ment of pulmonary blood vessels is very common,
being a feature or a complication of many cardiac,
pulmonary and other medical conditions. Although
we understand more about diseases of the pulmo-
nary blood vessels than just a few decades ago, there
is still much less known about the pulmonary vessels
than about the systemic blood vessels. However, the
presence of similar types of cells in both systemic
and pulmonary vessels and a limited range of path-
ological responses to injury permit students of both
to learn from each other.

In this chapter, we will review our understanding
of the pathogenesis and pathophysiology of pulmo-
nary vascular disease (PVD). PVD may be primary
(idiopathic) or secondary to an underlying medical
disorder, especially of the heart and lungs. We will
focus on one particular entity, primary pulmonary
hypertension (PPH) as a prototypical human
example of PVD. Although there is much overlap
between proposed mechanisms of pulmonary vas-
cular injury in PPH and in secondary PVD, signifi-
cant clinical and biological heterogeneity exists.
Thus, wherever possible, hypothesized mechanisms
will be presented with representative, supporting
data from studies of patients with PPH. When no
such data exist, we will present data from other clin-
ical disorders of PVD, e.g. congenital heart disease
(CHD)-associated pulmonary arterial hypertension

(PAH), as well as from studies using various animal
models of PVD.

General mechanisms of pulmonary arterial
hypertension

A prerequisite to understanding the pathogenesis of
PAH, and having a logical approach to the clinical
problem is a knowledge of the various mechanisms
that can raise pulmonary artery pressure (PPA)
and/or pulmonary vascular resistance (PVR). These
mechanisms include: (i) vasoconstriction, (ii) intra-
vascular thrombosis, (iii) proliferation (or thicken-
ing) of the media or intima, (iv) loss of cross
sectional surface area of the pulmonary vascular
bed, and (v) increase in pulmonary blood flow. The
latter two mechanisms are important in the patho-
genesis of secondary PAH (SPH) such as occurs in
severe emphysema (with destruction of lung paren-
chyma) or CHD with left to right shunts and
increased pulmonary blood flow. To a greater or
lesser degree, the first three mechanisms may play a
role in the pathogenesis of PPH. An early hypothesis
was that PPH progressed from a vasoconstrictive
component to a fixed obstruction of the pulmonary
vascular bed. It is now widely held that vasoconstric-
tion is less important, and chronic pulmonary vas-
cular thrombosis, remodelling and inflammation
are more important in the pathogenesis of PVD.
Thus, the following discussion will reflect this evolv-
ing thinking by focusing on the latter mechanisms.
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It is important to note that a variety of seemingly
diverse stimuli (such as portal hypertension, shear
stress, viral infection and drugs) all lead to the same
plexogenic pulmonary arteriolar lesions. Most
investigators agree that some genetic predisposition
is needed for the development of severe, progressive
PAH following exposure to an inciting stimulus. The
progressive vascular remodelling leads to increased
endothelial shear stress which, in turn, leads to more
remodelling. It remains unclear precisely what (if
any) link exists between endothelial cell prolifera-
tion and pulmonary vasoconstriction.

Although many cells and soluble components
in the vessel wall probably contribute to the
pathogenesis of PVD, a critical, central role of the
endothelium is incontrovertible. Alterations and
dysfunction of endothelial cells are common, unify-
ing features of different PVD, and of the various
pathogenetic mechanisms that contribute to such
disease. Thus, endothelial dysfunction will serve as a
common thread through our discussion of the path-
ogenesis of PVD.

Pulmonary vasoconstriction

For many years investigators subscribed to the
concept that active vasoconstriction was the key
mechanism in the pathogenesis of PPH1. This
concept was supported by early observations that
administration of vasodilators resulted in a lowering
of PPA in this disease2,3. Further, the observation that
resistance vessels in the lungs of these patients had
medial hypertrophy was interpreted as evidence
supporting vasoconstriction4.

Despite the fact that pulmonary vascular smooth
muscle constriction contributes to the pathogenesis
of PPH, most investigators now feel that, while active
pulmonary vasoconstriction is present in some
patients with PPH, it is unlikely to be the initiating
mechanism. Although there is no truly representa-
tive model of PPH, the monocrotaline rat model has
been extensively used to examine the pathogenesis
of the disease. Four weeks following injection into
the animal, there is pulmonary hypertension and

medial hypertrophy of the pulmonary vessels.
Importantly, preceding this hypertrophy, there is
proliferation and increased metabolic activity of the
endothelial cell (EC) layer5. Results such as these
have shifted current thinking to the concept that
medial hypertrophy is a consequence of endothelial
dysfunction and that there may be abnormal control
of the endothelium over pulmonary vascular smooth
muscle. Nevertheless, pulmonary vasoconstriction is
contributory to the increase in pulmonary vascular
resistance (PVR) characteristic of PPH. Vascular tone
(pulmonary or systemic) in vivo is likely a conse-
quence of a complex balance between competing
vasoconstrictor and vasodilator mediators.

A variety of mediators have been implicated in the
alteration of pulmonary vascular tone in PPH.
Examples are the vasoactive metabolites of arachi-
donic acid, prostacyclin (PGI2) and thromboxane A2
(TxA2). PGI2 is synthesized by endothelial cells via
PGI2 synthase and is both a potent inhibitor of
platelet aggregation and a vasodilator. TxA2, synthe-
sized predominantly by platelets and macrophages
is a potent vasoconstrictor which has a very short
circulating half-life (30 s). There is abundant evi-
dence that there is endothelial dysfunction and
altered eicosanoid synthesis in patients with PAH.
Rich et al.6 reported decreased serum levels of 6-
keto-PGF1�

(the stable metabolite of prostacyclin) in
patients with PPH. Subsequently Badesch and
coworkers7 demonstrated decreased PGI2 produc-
tion by pulmonary vascular endothelial cells
obtained from animals with PAH secondary to hypo-
baric hypoxic exposure. This work has been elab-
orated on by Christman and colleagues8 who
evaluated patients with both PPH and SPH and
found increased urinary excretion of TxA2 metabo-
lites in all patients with pulmonary hypertension,
regardless of whether it was primary or secondary
disease. Further, there was also a decreased urinary
excretion of PGI2 metabolites, in patients with all
forms of PAH. These data suggest that, in PAH, there
is an imbalance in vasodilator and vasoconstrictor
eicosanoids derived from either circulating platelets
or pulmonary vascular cells. Supporting this
hypothesis, Rabinovitch et al. have demonstrated
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that increasing endothelial prostacyclin release pre-
vents hypoxic PAH9 and Geraci et al. have reported
that pulmonary prostacyclin synthase overexpres-
sion in mice prevents the development of hypoxic
PAH10.

Another circulating vasoactive mediator that may
be important in the pathogenesis of PAH is sero-
tonin. Serotonin is known to be a pulmonary vaso-
constrictor, perhaps to an even greater degree than
hypoxia11. Further, plasma serotonin levels are
increased in patients with PPH (see below)12. It is at
least partly through inhibition of serotonin uptake
that the appetite suppressants fenfluramine and
dexfenfluramine may lead to PPH in susceptible
individuals.

Two other important vasoactive mediators pro-
duced by the pulmonary vascular endothelium are
the vasodilator nitric oxide (NO) and the vasocon-
strictor endothelin-1 (ET-1). ET-1 receptors include
ETA receptors located predominantly on smooth
muscle cells (which mediate vasoconstriction) and
ETB receptors which are mainly on endothelial cells
(and mediate vasodilation). An increase in ET-1 has
been demonstrated in experimental PAH13. In
patients with PPH, increased plasma levels of ET-1
and increased pulmonary vascular ET-1 immuno-
reactivity have been reported14,15. Further, blockade
of ETA receptors, or the use of ETB receptor agonists
improves PPA in animal models of PAH secondary to
increased pulmonary flow or increased left atrial
pressure16,17.

The role of NO in the pathogenesis of PAH has
been the subject of many investigations. It is gener-
ally thought that release of the endogenous vasodi-
lator NO contributes to the normal low resting tone
of the pulmonary circulation. This is supported by
the observation that inhibition of nitric oxide syn-
thase (NOS) in humans (with L-NMMA) causes both
an increase in PPA and PVR18. Further, mice that have
the eNOS gene deleted have PAH19. Whether eNOS
expression is increased or decreased in many differ-
ent models of SPH is controversial20–22. Similarly, in
patients with PPH there is conflicting data on pul-
monary vascular ecNOS expression, with evidence
both for decreased expression and increased expres-

sion23–25. Nevertheless, the collected evidence sup-
ports the concept that an imbalance between vaso-
constrictor and vasodilator mediators may play a
fundamental role in the vasoconstrictive compo-
nent of PAH.

In addition to an imbalance in the production of
vasodilator and vasoconstrictor mediators leading
to PAH, it is possible that there is inherent abnormal
vasoreactivity of the pulmonary circulation in some
patients. For example, consistent with an underlying
endothelial dysfunction in patients with PPH, there
is loss of endothelium-dependent relaxation to ace-
tylcholine and substance-P in vivo26–28. Abnormal
vasoreactivity may be a consequence of a perinatal
insult29. Alternatively, there may be genetic suscep-
tibility to the development of PAH (and increased
vasoreactivity) as suggested by the observation that
5–10% of cases of PPH have a familial predisposition
(see below).

In addition to endothelial dysfunction contribut-
ing to abnormal pulmonary vascular reactivity, there
may be defects in the pulmonary vascular smooth
muscle itself. A potential mechanism that may con-
tribute to vasoconstriction in patients with PPH is
down-regulation or absence of voltage-gated potas-
sium (Kv) channels. Thus, inhibition of Kv channels
in pulmonary artery smooth muscle cells, for
example by hypoxia30, or dexfenfluramine31 causes
pulmonary vasconstriction. Consistent with Kv
channels being important in the pathophysiology of
the disease, it has been reported that isolated
smooth muscle cells (SMC) from pulmonary arteries
of patients with PPH are relatively depolarized (less
negative resting membrane potential, EM) and have
an attenuated response to 4-aminopyridine, a
blocker of Kv channels32. Moreover, the more depo-
larized EM results in a higher resting intracytoplas-
mic calcium concentration, which may promote
vasoconstriction. This group has gone on to describe
decreased SMC mRNA levels of the pore-forming Kv
� 1.5 subunit, suggesting that a genetic defect in SMC
Kv expression contributes to PPH in some patients33.

In summary, several abnormalities in endothelial
function, SMC function, and in the balance of circu-
lating vasoconstrictor and vasodilator mediators
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clearly contribute to enhanced pulmonary vasocon-
striction in PPH. Although this vasoconstriction is
no longer believed to be the major factor in the path-
ogenesis of PAH, it clearly contributes to the eleva-
tion of PPA and PVR in most patients with PAH.

Pulmonary vascular thrombosis and thrombotic
arteriopathy

Introduction

Among its critical roles in the regulation of many
vascular homeostatic processes, the endothelium
regulates the interaction of the vascular wall with
both cellular components, e.g. platelets, and soluble
components, e.g. coagulation proteins, of the blood.
Thus, in the presence of endothelial dysfunction,
pulmonary vascular thrombosis may contribute to
the pathogenesis of PVD, and especially PPH. This
could be a result of either pulmonary emboli from
distant sources, or active in situ pulmonary vascular
thrombosis. Furthermore, this concept has
advanced our understanding of the pathogenesis of
PAH in recognizing that other factors could contrib-
ute to the increase in PVR besides just pulmonary
vasoconstriction. As discussed below, collected evi-
dence from pathological specimens, studies of
blood coagulation parameters, and clinical observa-
tions on the results of systemic anticoagulation
therapy in PPH strongly support a role for pulmo-
nary vascular thrombosis in the pathogenesis and
pathophysiology of PVD.

Pathological evidence

Pulmonary vascular thrombosis and thrombotic
arteriopathy are among the most common patho-
logical findings in PVD, and especially PPH34–36.
Thrombotic lesions are most commonly recognized
as non-laminar, eccentric intimal fibrotic lesions,
suggesting chronic organization of a previous
thrombotic event. Occasionally, complete vascular
obliteration by pulmonary vascular thrombosis may
be seen, with evidence of organization as well as re-

canalization of the organized thrombus. When such
thrombotic lesions predominate in the pulmonary
vasculature, the term thrombotic arteriopathy may
be applied. Although such thrombotic lesions may
be seen in the pulmonary vasculature of individuals
without underlying cardiac or pulmonary disease,
these lesions are much more frequent in the pres-
ence of PAH, both PPH and SPH related to CHD or
chronic hypoxia37.

In two large case series describing the pulmonary
vascular pathology in patients with PPH, the preva-
lence of isolated thrombotic arteriopathy was
between 60 and 70%, although evidence for pulmo-
nary vascular thrombosis was also present in many
patients with the more classic plexogenic pulmo-
nary arteriopathy38,39. Similarly, a more recent
description of pulmonary vascular histopathology
in 48 patients from a PPH registry (Table 17.1)
showed isolated thrombotic arteriopathy in 40%,
and thrombotic lesions in other patients with plexo-
genic arteriopathy, yielding an overall prevalence of
thrombotic lesions of 58%40. In this study, the pres-
ence of chronic thrombotic arteriopathy did not
identify patients with regard to specific symptoma-
tology, age, presentation, functional class or family
history of PPH. However, these authors found a sig-
nificant difference in the severity of PAH, which was
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Table 17.1. Prevalence of isolated and combined
thrombotic and plexogenic arteriopathy in 48
patients with PPH 

Thrombotic Plexogenic

arteriopathy arteriopathy

n (%) n (%)

Only 1 type of pathological 19 (40) 20 (42)

lesion present

Both types of pathological 9 (19)

lesion present

Overall prevalence 28 (58) 29 (60)

Notes:

Adapted from data40.

Abbreviations: PPH, Primary pulmonary hypertension.



less severe in patients with thrombotic vs. plexo-
genic arteriopathy (Table 17.2). Moreover, these
differences in severity of PAH were reflected in better
survival in patients with thrombotic arteriopathy40.

Chronic thrombotic lesions have also been
described in PVD associated with exogenous toxins
(e.g. aminorex) and in the setting of PAH associated
with portal hypertension41. Given that organized
thrombotic lesions are not specific for PPH, they are
not thought to be an essential feature of this disease,
but rather a complication related to the severity and
duration of the pulmonary hypertensive vascular
state. In this regard, such thrombotic lesions are
quite unusual in children, but quite common in
adults with PAH; in fact a significant linear correla-
tion has been found between the prevalence of these
lesions and age (r�0.5, P	0.001)37. There was also a
significant correlation with the duration of clinical
disease in patients; multiple linear regression analy-
sis identified a relationship between the presence of
thrombotic lesions and both age (P�0.002) and
duration of illness (P�0.007)37. In grouping patients
according to the decade of their death (1940s to

1980s), there were no significant differences in the
prevalence of thrombotic lesions or in the apparent
contribution of the thrombotic arteriopathy to the
pathogenesis of PPH.

Thus, in summary, it is clear that chronic pulmo-
nary vascular thrombosis is present in many forms
of PAH including PPH.

Abnormalities of blood coagulation and
fibrinolysis

Blood coagulation is a complex process character-
ized by an interaction of the endothelial cell with
both soluble and cellular components of blood. The
latter consist predominantly of soluble plasma coag-
ulation proteins and both the intracellular compo-
nents and integral membrane components of
platelets. In the healthy state, a fine balance exists
between the tendency to thrombosis and prevention
of significant blood coagulation by both antithrom-
botic and fibrinolytic mechanisms. Disruption of
this balance, as for example with congenital defi-
ciencies of a single antithrombotic factor, e.g. anti-
thrombin-3 [AT-3], may be associated with
premature, recurrent and widespread vascular
thrombotic events.

The critical role of the vascular endothelium in the
regulation of this thrombotic–antithrombotic
balance has been recognized42. The endothelium
participates actively in the process of coagulation, as
it sustains the activation of factor X, facilitates new
formation of the prothrombinase complex (XAVA),
releases tissue factor which is critical in the activa-
tion of the extrinsic pathway of coagulation, and
produces and liberates Von Willebrand Factor (vWF),
which functions as an adhesive protein in the inter-
action of platelets with the vessel wall, as well as a
carrier for factor VIII42,43.

Endothelial cells not only facilitate the thrombotic
process, but also actively inhibit thrombosis and
promote fibrinolysis. The production and release of
NO and PGI2, two potent platelet aggregation inhib-
itors, is an important mechanism in the prevention
of thrombosis44. As well, the expression of thrombo-
modulin, a high affinity receptor for thrombin, on
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Table 17.2. Effect of underlying pathology of
pulmonary arteriopathy on severity of pulmonary
arterial hypertension and survival in patients with
PPH

Thrombotic Plexogenic

arteriopathy arteriopathy

(n�10) (n�20)

PVR (mmHg / l / min) 29�13a 44�22

Mean Ppa (mm Hg) 61�11 76�22

Median survival (days) 1070a 297

Notes:

Adapted from data40.

Data represents mean�SEM.

Abbreviations: PPH, Primary pulmonary hypertension; PVR,

pulmonary vascular resistance; Ppa, pulmonary artery

pressure.

Significance: a, P	0.05 for thrombotic vs. plexogenic

arteriopathy.



the surface of endothelial cells prevents the conver-
sion of fibrinogen to fibrin45. Endothelial cells are a
source of tissue plasminogen activator (t-PA), a key
activator of plasminogen (factor XIII) in the fibrino-
lytic cascade46. Of note, endothelial cells also syn-
thesize and release plasminogen activator
inhibitor-1 (PAI-1), an inhibitor of t-PA, highlighting
the role of the endothelium in regulating the balance
of prothrombotic and antithrombotic mediators
and cascades47.

The recognition of the critical role of the endothe-
lium in this balance between prothrombotic and
antithrombotic tendencies suggested that endothe-
lial dysfunction in the setting of PAH may contribute
to the pathogenesis of the pulmonary hypertensive
vascular disease state through abnormalities of the
blood coagulation and fibrinolytic systems. Thus,
active intravascular thrombosis may be present in
PPH. Plasma levels of fibrinopeptide A (FP-A), a
by-product and thus a marker of fibrin generation,
were elevated in all 31 PPH patients in one study, and
markedly so in 19/31 patients (61%)48. In another
report of a single patient with PPH, an actual gradi-
ent of FP-A was found across the lung suggestive of
pulmonary vascular-specific fibrin formation rather
than a generalized vascular prothrombotic state49.
Furthermore, in a family of patients with PPH and an
abnormal hemoglobin variant, elevated fibrinopep-
tide levels were also found50. These blood abnormal-
ities were associated with evidence of thrombotic
pulmonary arteriopathy on lung histology51.

Abnormalities of fibrinogen plasma levels and
metabolism have also been described in patients
with PPH. For example, a decreased half-life of
plasma fibrinogen was found in patients with PPH52.
However, fibrinogen levels were found to be higher
(P	0.01) in patients with PPH (n�25) or SPH secon-
dary to recurrent pulmonary thromboembolism (n
�11) in contrast to both control patients (n�28) and
patients with SPH due to CHD (n�12)53.
Furthermore, basal plasma levels of t-PA antigen, t-
PA activity and PAI-1 activity did not differ between
control and PAH patients. However, upper extremity
venous occlusion for 15 minutes, known to activate

the fibrinolytic system, was associated with a
blunted increase in the t-PA activity levels in patients
with PPH or SPH due to thromboembolism when
compared to control patients (P	0.03; Table 17.3).
In summary, an impaired fibrinolytic response to
stimulation, as well as a possible prothrombotic
state due to increased fibrinogen levels was demon-
strated in patients with PPH and SPH due to recur-
rent pulmonary thromboembolism. Similarly,
abnormalities of the fibrinolytic system, e.g.
increased PAI-1 levels, have been reported in the
basal state in patients with PPH compared to
control48,54–56. In one of these studies, the increased
PAI-1 levels in 12 patients with PPH were associated
with decreased plasma soluble thrombomodulin
and a prolonged euglobulin lysis time, a global in
vitro measure of fibrinolytic activity56. Lower fibrin-
olytic activity correlated with higher mean PPA (r�

0.41, P�0.003). In another study of 16 patients with
PPH, not only was plasma PAI-1 activity elevated,
but there was also a trans-pulmonary gradient with
higher arterial than mixed venous levels, suggesting
locally impaired fibrinolysis in the pulmonary vas-
cular bed55. Finally, 10% of patients with PPH in one
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Table 17.3. Fibrinolysis is impaired in patients
with PPH and SPH as evidenced by a lack of
increase in t-PA postvenous occlusion

Increased t-PA

postvenous

occlusion

n n (%)

PPH 25 11 (44)a

Thromboembolism-related SPH 11 5 (45)a

Healthy controls 28 24(86)

Notes:

Adapted from data53.

Abbreviations: PPH, Primary pulmonary hypertension; SPH,

secondary pulmonary hypertension; t-PA, tissue plasminogen

activator.

Significance: a, P	0.05 vs. healthy controls.



study had antibodies to fibrin-bound t-PA, suggest-
ing another possible mechanism for an impaired
fibrinolytic state73.

vWF is a protein synthesized and stored in endo-
thelial cells, megakaryocytes and platelets that is
essential in the interaction of platelets with endo-
thelial cells. Abnormalities have been described in
vWF levels and activity in patients with PPH55,57,58.
For example, measurement of vWF activity by an in
vitro ristocetin cofactor activity assay revealed an
elevated vWF activity relative to immunologically
measured vWF antigen levels in 6/6 patients with
PPH, and only mildly increased vWF activity in 2/17
patients with SPH due to CHD and 1/13 patients
with CHD without PAH57. In another study, baseline
levels of vWF activity were also found to be signifi-
cantly greater in both PPH and SPH patients than in
controls (Table 17.4)58. Moreover, PPH patients had
greater levels of vWF activity than SPH patients (P	

0.001). Enhanced endothelial secretion of vWF can
be stimulated by thrombin, fibrin, various cytokines,
complement, and increased shear stress in the

setting of PVD. vWF abnormalities in PPH are likely
a marker of endothelial injury or dysfunction rather
than platelet defects since the ristocetin cofactor
activity assay is done with normal platelets from
healthy blood donors.

Besides changes in activity, abnormalities in the
composition of vWF have also been noted (Table
17.4). vWF normally exists as a population of multi-
mers of a basic subunit, with an apparent molecular
weight of 1�106–20�106 D. Increased proteolytic
degradation of the main vWF subunit in PAH pro-
duces an abnormal vWF multimeric pattern, charac-
terized by an increased proportion of smaller vWF
multimers57–59. Furthermore, vWF activity levels and
the proportion of smaller vWF multimers were sig-
nificantly higher in PPH and SPH patients who died
during the first year of follow-up than in survivors. In
multivariate regression analysis, both a proportion
of smaller vWF multimers �68% and vWF activity
�220% were significantly associated with 1 year
mortality; each had an overall predictive value of
80% and were 95% specific, although only 67% and
44% sensitive, respectively. All four patients with
greater than 70% low molecular weight multimeric
forms died during the first year, and all four PPH
patients with vWF activity greater than 250% died
during the first year. It is of note that neither vWF
activity nor the proportion of low molecular weight
vWF multimers correlated with PPA, and neither PPA

or right atrial pressure were associated with survival
in these patients, most of whom received Coumadin
but not vasodilators58.

Inherited thrombophilic states

Deficiencies of several classic inhibitors of coagula-
tion, e.g. AT-3, and the presence of abnormal proco-
agulant factors, e.g. factor V Leiden, are well
recognized risk factors for pulmonary thromboem-
bolic disease. Overall, there is no evidence to suggest
an increased tendency to PAH in these thrombo-
philic states, or an increased prevalence of these
inherited disorders in patients with PPH60. For
example, a study of 42 Caucasian patients with PPH
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Table 17.4. Abnormalities in activity and
composition of vWF in patients with PPH and SPH

Proportion of

low-MW vWF

vWF activity multimers

n (%) (%)

PPH 11 231�89b,c 60�13b

SPH 19 122�48a 52�11b

Healthy control 87�23 35�12

normal range

Notes:

Adapted from data58.

Data represents mean�SD.

Abbreviations: vWF, von Willebrand factor; MW, molecular

weight; PPH, Primary pulmonary hypertension; SPH,

secondary pulmonary hypertension.

Significance: a, P	0.05 and b, P	0.001 vs. healthy controls;
c, P	0.001, PPH vs. SPH.



found that only one patient (2.4%) was heterozygous
for the single point mutation associated with factor
V Leiden, similar to the normal population preva-
lence of 3–4%61.

The presence of antibodies to the phospholipid
component of cell membranes is thought to be a
common cause of thrombophilia. This antiphos-
pholipid antibody (aPLa) syndrome may be either
primary (idiopathic), or more commonly seen in the
setting of connective tissue disorders such as sys-
temic lupus erythematosus (SLE) and is associated
with an increased tendency to both arterial and
venous thrombosis. PAH related to chronic, recur-
rent pulmonary vascular thromboembolic disease
has been well described in the aPLa syndrome.
However, the association between the aPLa syn-
drome and PAH appears uncommon. For example,
18 patients had pulmonary thromboembolic
disease in a cohort of 70 patients with aPLa syn-
drome; only 2 patients had developed PAH, in one of
whom PAH was idiopathic and resembled PPH62.
Furthermore, these same investigators described 24
patients with PAH in a SLE Clinic, 1 of whom had
idiopathic PAH associated with the aPLa syn-
drome63. Thus, in summary, although there appears
to be weak association, idiopathic PAH resembling
PPH is quite uncommon in the aPLa syndrome, and
PAH in this setting is usually related to pulmonary
thromboembolic disease.

Abnormalities of platelet function

Platelets are capable of releasing many vasoactive
substances that promote smooth muscle contrac-
tion and vasoconstriction (e.g. TxA2, serotonin), as
well as mitogenic factors stimulating proliferation of
smooth muscle cells, endothelial cells and fibro-
blasts, e.g. serotonin, PDGF, TGF-�. Thus, platelets
may contribute very significantly to the remodelling
of the pulmonary vasculature in PVD. In addition,
increased platelet aggregation would be expected
from the altered balance of vasoactive mediators in
PPH, i.e. the increase in TxA2 (pro-aggregatory) and
the decrease in PGI2 (anti-aggregatory)8.

Experimental models have implicated platelet

abnormalities in the thrombotic tendency of PAH.
For example, in the commonly used monocrotaline
model of PVD, vascular thrombi are often found in
the pulmonary vasculature64; moreover, the devel-
opment of monocrotaline-induced PAH in rats is
attenuated by experimentally induced thrombo-
cytopenia65. There are only a few clinical studies of
platelet function and activation in patients with
PPH. For example, as mentioned above, a case report
described thrombocytosis in a single patient with
PPH and evidence for increased pulmonary vascu-
lar-specific fibrin generation and platelet activa-
tion49. Moreover, since TxA2 production is
predominantly from platelets, the above-described
increase in the urinary metabolites of TxA2 in PPH vs.
SPH and control subjects is consistent with signifi-
cant platelet activation in PPH8. A study of patients
with moderately severe SPH (mean PPA 39–84
mmHg) due to various etiologies demonstrated cir-
culating platelet aggregates by scanning electron
microscopy in 7/12 patients vs. 1/6 controls66. In
addition, platelet activation was indicated by
increased plasma �-thromboglobulin levels in SPH
patients vs controls (P	0.025).

One of the key mechanisms for platelet involve-
ment in the pathogenesis of PVD may be the produc-
tion and release of serotonin, a vasoactive substance
with important effects on cell growth and prolifera-
tion. A family with a documented platelet serotonin
storage disorder, resulting in high plasma serotonin
levels, has been described in which one family
member developed PPH more than 20 years after the
identification of the platelet defect67. A similar
inherited platelet defect associated with increased
plasma serotonin levels in the Fawn-hooded rat is
associated with a genetically determined, idiopathic
form of PAH68,69. In 16 patients with PPH, marked
elevations of plasma serotonin were found in con-
trast to normal age and sex-matched control
patients (Table 17.5)12. Given that virtually all blood
serotonin is stored in platelets, these authors then
studied platelet serotonin levels, finding lower levels
in PPH patients vs. controls (Table 17.5). Moreover,
in vitro platelet stimulation studies demonstrated
greater serotonin release by platelets from PPH
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patients than from control patients in response to
epinephrine, ADP, and collagen (P	0.05 for each).
Finally, 6 of 16 subjects underwent heart-lung trans-
plantation; in these patients studied before and
350±30 days after transplantation, the abnormal
platelet and plasma serotonin concentrations were
not significantly affected by transplantation. In
summary, a platelet defect characterized by
increased serotonin release, associated with low
platelet serotonin levels and markedly increased
plasma levels, is a consistent finding in PPH that per-
sisted despite improved pulmonary vascular hemo-
dynamics following heart–lung transplantation.
This suggests a primary platelet defect rather than a
secondary abnormality related to the abnormal pul-
monary vascular hemodynamics in PPH.

Supportive evidence for coagulation factor and
platelet function abnormalities in PPH also comes
from studies looking at the long term response to
epoprostenol. Although this agent is a potent pul-
monary vasodilator, long-term benefit in severe PPH
has been shown even in patients without an acute
vasodilator response to epoprostenol70,71. For
example, plasma factor VIII levels and vWF antigen
levels were abnormally high in 24/26 (92%) and
18/25 (72%) adult patients with PPH, respectively72.
Both abnormalities were significantly less frequent
(29% and 16%, respectively) in 38 children with PPH.
Similarly, vWF activity was abnormally high (greater

than 120% normal) in 13/25 adult patients (52%),
but only 6/37 children (16%). Furthermore, ex vivo
platelet aggregation studies demonstrated
depressed responses in 87% of adults and 79% of
children. One year of continuous intravenous epo-
prostenol therapy was associated with significant
decreases in factor VIII levels, vWF antigens levels,
and vWF activity in both adults and children.
Platelet aggregation abnormalities had fully normal-
ized in 83% of adults and 80% of children following
long-term epoprostenol. Furthermore, hemody-
namic improvement was associated with improved
platelet function, as there were significant correla-
tions between the decrease in PPA and both the
improvement in platelet aggregation (P	0.005) and
the vWF activity: vWF antigen level ratio (P	0.01).

In summary, platelet abnormalities are not only
associated with PVD, but may contribute to the
pathogenesis of PPH. Chronic epoprostenol therapy
may be associated with improvements in platelet
function and severity of PVD. Whether the improve-
ment is dependent on vasodilation remains uncer-
tain, as there is no data available following chronic
vasodilator therapy, e.g. with calcium-channel
blockers (CCB).

Antibodies to fibrin-bound t-PA

In a study assessing the immunogenetic response to
fibrin-bound t-PA, 9% of adults (4/45) and 10% of
children (4/41) with PPH had antibodies to fibrin-
bound t-PA, compared to only 2.5% (1/40) children
with PAH due to congenital cardiac lesions73. In this
small minority of patients with antibodies to fibrin-
bound t-PA, there was a very high frequency (6/7,
86%, OR�14.4, P�0.05) of HLA-DQ7 compared to
29% in healthy control subjects. Furthermore, PPH
patients with antibodies to fibrin-bound t-PA com-
monly had a HLA amino acid epitope profile asso-
ciated with the aPLa syndrome. In summary,
HLA-DQ7 and antibodies to fibrin-bound t-PA
appear to define a small subset of both children and
adults with PPH with a possible pathogenetic simi-
larity to the aPLa syndrome.
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Table 17.5. Abnormalities in plasma and platelet
serotonin levels in patients with PPH

Plasma Platelet

n serotonin serotonin

(nM) (10 �18 mol / platelet)

PPH 16 30.1�9.2b 1.8�0.6a

Healthy control 0.6�0.1 3.2�0.2

normal range

Notes:

Adapted from data12.

Data represents mean�SEM.

Abbreviations: PPH, Primary pulmonary hypertension.

Significance: a, P	0.01 and b, P	0.001 vs. healthy controls.



Clinical studies of anticoagulation in PPH

Two clinical studies support the hypothesis that
ongoing pulmonary vascular thrombosis contrib-
utes to the pathogenesis and the progression of PVD
in PPH. The first is a retrospective review of 120
patients with PPH followed for an average of 14 years
between 1955 and 1977 at the Mayo Clinic38. In these
patients, many with severe PAH (mean PPA 64
mmHg), 57% had evidence for chronic organized
pulmonary vascular thromboses at autopsy. Overall
survival was quite poor with only 21% surviving 5
years, and in a multiple linear regression analysis,
one of the strongest, positive prognostic factors was
the use of systemic anticoagulation therapy
(P�0.01). The long-term effect of anticoagulation
has also been looked at in a prospective study,
although a non-randomized one in which systemic
anticoagulation was selectively prescribed for 35 of
64 patients with PPH in whom the perfusion lung
scan revealed non-uniform pulmonary blood flow74.
Survival was better in those treated with anticoagu-
lation than those not receiving anticoagulants
(P�0.025). The improvement in survival was espe-
cially apparent in patients not receiving CCB therapy
over the 5-year follow-up period because of a lack of
an acute CCB vasodilator response; 91, 62, and 47%
survival at 1, 3, and 5 years, respectively, with antico-
agulation vs. 52, 31, and 31%, respectively, without
anticoagulation. Although both clinical studies of
systemic anticoagulation in PPH are methodologi-
cally flawed, the apparent survival benefit has led to
widespread recommendation and clinical use of
anticoagulants in PPH.

In summary, several lines of evidence from many
studies suggest that abnormalities of blood coagula-
tion factors, antithrombotic factors and the fibrino-
lytic system contribute to a prothrombotic state in
patients with PPH. Nevertheless, there is some con-
troversy about the above described alterations of the
coagulation and fibrinolytic systems given some evi-
dence to the contrary. For example, in a methodo-
logically well-done small study that tried to
eliminate all sources of artifactual activation of
platelets and coagulation proteins, no significant

differences in markers of platelet activation (platelet
factor 4 and �-thromboglobulin), fibrin formation
(fibrinopeptide A), and fibrin dissolution (fibrino-
peptide BB1–42) were found in 10 patients with PPH
and 9 patients with SPH due to CHD75. It is clear that
the evidence in favour of alterations in the coagula-
tion and fibrinolytic systems in PPH is derived from
many small, often poorly controlled, non-definitive
studies. However, the weight of evidence supports
an important prevalence, pathogenetic significance
and biological relevance of ongoing pulmonary vas-
cular thrombosis in PPH.

A primary underlying disorder favouring throm-
bosis does not appear to be present in the majority
of patients with PPH. Rather, a thrombotic tendency
appears to be more a consequence of PVD both in
the setting of PPH as well as SPH. Whereas a throm-
botic tendency may be a marker of less severe
disease with a better prognosis, interruption of
ongoing thrombosis with effective anticoagulant
therapy appears to predict a better prognosis, espe-
cially for patients with more advanced or severe
disease not responsive to vasodilators.

Pulmonary vascular remodelling

Introduction

The lack of vasodilator response in many patients
with PPH suggests the presence of pulmonary vas-
cular abnormalities other than simply increased
vasomotor tone. Pathological studies have demon-
strated chronic alterations in the structure and
composition of the walls of the pulmonary arteries
(PAs), commonly referred to as remodelling. These
complex changes of SMC, EC and fibroblast pheno-
type and function, as well as ultrastructural and
functional matrix changes determine the func-
tional changes in pulmonary vascular tone, resis-
tance and reactivity that characterize chronic PAH.
The degree to which vasoconstriction and vascular
remodelling contribute to the increase in PVR
varies between disease states associated with PAH,
e.g. PPH vs. SPH due to chronic hypoxia, and
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between individuals with the same disease state, for
example, PPH.

Vessel wall structural changes

Detailed observations of pathological specimens
from patients with PPH have been instrumental in
demonstrating vascular wall remodelling, and in fur-
thering our thinking of the pathogenesis of PPH.
Abnormalities at all levels of the pulmonary circula-
tion have been described, involving all layers of the
blood vessel wall, and essentially all vascular cell
types. These alterations include SMC hyperplasia
and hypertrophy, neomuscularization of smaller
PAs, concentric intimal and subintimal fibrosis and
cellular proliferation, ultrastructural and functional
endothelial changes, matrix and adventitial changes,
as well as plexiform vascular lesions. All of these
changes significantly contribute to pulmonary vas-
cular luminal narrowing, decreased total pulmonary
vascular cross-sectional surface area, and increased
PVR. For example, in 19 PPH patients, the vessel wall
accounted for 63.5±11.8% of the cross-sectional area
of resistance vessels, compared to values of 15% or
less in normal subjects76. There are also physiological
implications of these vascular wall changes, includ-
ing decreased pulmonary vascular compliance and
altered pulmonary vascular reactivity.

Among the local changes in the pulmonary vascu-
lar wall in patients with PPH, the important pres-
ence of inflammatory cells and cytokines has
recently been recognized77–79. For example, moder-
ate-to-intense perivascular mononuclear (lympho-
cyte and macrophage) cell infiltration was seen in
7/10 cases of PPH characterized by plexogenic
lesions, with most inflammatory cells clustered
around dilatatory and plexiform lesions in muscular
PAs, infiltrating the adventitia and outer media77.
Moreover, intense expression of 5-lipoxygenase (5-
LO; role in production of proinflammatory leuko-
trienes) and 5-LO associated protein (FLAP; role in
control of gene expression and cell growth) have also
been described in EC of remodelled PAs and in peri-
vascular macrophages80. Based on animal models of
PAH, other cytokines that may play a role in pulmo-

nary vascular remodelling in human PVD include
IL-1, PAF, bFGF, as well as the vasoactive mediators
TxA2, angiotensin-II (AII), endothelin, and sero-
tonin. Indeed, elevated serum levels of the pro-
inflammatory cytokines IL-1� and IL-6 have been
reported in 29 patients with severe PPH79.

Proliferation and phenotypic alterations of EC and
SMC are controlled by a plethora of growth factors.
There is strong evidence to suggest that increased
expression and activity of several of these growth
factors contribute to the vascular remodelling in
PVD. For example, in the remodelled PAs of patients
with PPH, there is increased protein expression of
transforming growth factor (TGF)-� in medial
SMCs81, and PDGF-A (role in stimulating pro-
liferation of fibroblasts and SMC) in perivascular
macrophages82. Similarly, markedly increased
immunoreactivity for endothelin and angiotensin
converting enzyme (ACE) have been noted in the
PAs of patients with PPH undergoing transplant vs
healthy donor lungs; these observations are consis-
tent with a role for both endothelin and AII in vascu-
lar remodelling of PAs15,83. Among the growth
factors, the possible role of VEGF deserves special
consideration. VEGF is highly expressed in SMC and
in EC lining plexiform lesions in patients with PPH.
Given its important roles in angiogenesis, enhanced
endothelial permeability and monocyte adhesion to
EC, VEGF may contribute to pathophysiological vas-
cular remodelling78. However, there is also intriguing
animal data to suggest the opposite: VEGF-induced
angiogenesis and EC proliferation may actually be
compensatory in PAH. For example, antibody neu-
tralization of VEGF’s effects exacerbates PAH in
animal models of hypoxic and monocrotaline-
induced PVD, whereas exogenous recombinant
VEGF attenuates PAH84. Thus, EC proliferation and
plexiform lesions may actually be adaptive mecha-
nisms in response to PAH and pulmonary vascular
obliteration, rather than manifestations of the PVD
process77.

Abnormalities in EC structure and function are
likely central not only to initiation of PVD in some
patients, e.g. PPH, but to progression of disease in
the majority of patients with PAH, regardless of the
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underlying disease state, e.g. PPH or SPH. The
normal role of the endothelium in maintaining a low
resistance pulmonary circulation and an antithrom-
botic state has been discussed above. However, pos-
sibly even more important are the endothelium’s
anti-mitogenic effects on vascular wall SMCs and
fibroblasts, normally inhibiting excessive growth,
differentiation and metabolic activity of these cells.
As such, endothelial dysfunction is likely necessary
for the pulmonary vascular wall remodelling that
contributes to the pathogenesis of PVD. The endo-
thelium contributes to pulmonary vascular homeo-
stasis through several mechanisms. One of the most
important is the release of NO. As reviewed above,
NO has many roles in vascular homeostasis, includ-
ing pulmonary vasodilatation, and inhibition of
platelet aggregation and thrombosis. NO also has a
potent antimitotic effect on SMC and fibroblasts in
vitro85.

A deficiency of endogenous NO has been pro-
posed to contribute to the pathophysiology of
PAH86. Although this is an attractive hypothesis,
given the many pulmonary vascular homeostatic
effects of NO described above, it remains controver-
sial. Several lines of evidence support a deficiency of
NO. For example, decreased exhaled NO levels and
BAL levels of the oxidative metabolites of NO (NOx

–

�NO2
– �NO3

–) were found at bronchoscopy in PPH
patients vs controls (Table 17.6)87. Moreover, BAL

NOx- levels were inversely correlated with mean PAP
(r�-0.776, P�0.047). In another study, 9 patients
with PPH had a blunted exercise-induced increase
in exhaled NO excretion, despite similar levels at rest
as 20 control subjects (Table 17.7)88. Similarly, stimu-
lated NO release was attenuated in isolated perfused
lungs from PPH patients in contrast to unused
normal transplant donor lungs89.

As reviewed above, an intriguing study has sug-
gested decreased endothelial expression of eNOS in
the elastic and muscular PAs of PPH patients23.
Furthermore, these authors found an inverse corre-
lation between histological grade and immunohis-
tochemical staining intensity (r��0.787, P	

0.001). However, this has been challenged, as
increased eNOS expression has also been reported
in PA lesions in patients with PPH24,25. Unfor-
tunately, equally conflicting data on NOS expres-
sion has been reported in animal models of PAH;
whether cNOS expression is increased, decreased or
unchanged depends on the model, e.g. hypoxia vs.
monocrotaline, the animal species studied, and the
time point at which NOS expression is assessed after
injury90–93. Finally, recent work with eNOS genetic
knockout (-/-) mice showed pulmonary vascular
hyperresponsiveness to mild hypoxia, suggesting a
compensatory role for eNOS in at least chronic
hypoxic PAH, and a contributory role of NO defi-
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Table 17.6. Abnormalities in BAL nitrite/nitrate
levels and exhaled NO in patients with PPH

BAL NOx- Exhaled NO

n (�M) (ppb)

PPH 8 0.7�0.2a 2.8�0.9a

Healthy controls 8 3.3�1.1 8�1

Notes:

Adapted from data87.

Data represents mean�SEM.

Abbreviations: NO, nitric oxide; BAL, bronchoalveolar lavage;

PPH, Primary pulmonary hypertension; NOx-, nitrites/nitrates.

Significance: a, P	0.05 vs. healthy controls.

Table 17.7. Blunted increase in exhaled NO
excretion on exercise in patients with PPH

Exhaled NO excretion

(nl/min)

n Rest Exercise

PPH 9 142�84 155�81a

Healthy controls 20 117�45 268�85

Notes:

Adapted from data88.

Data represents mean�SEM.

Abbreviations: NO, nitric oxide; PPH, Primary pulmonary

hypertension.

Significance: a, P	0.001 vs. healthy controls.



ciency in this model94. It is our opinion that there is
strong evidence for an inadequate biological activ-
ity of endothelial-derived NO, in the setting of a
pulmonary vascular hypertensive state, regardless
of possible changes in actual endothelial NOS
expression.

In summary, it is possible that vascular wall
inflammation, cellular necrosis, and locally pro-
duced cytokines and growth factors contribute to the
above-described structural changes, although it
remains uncertain whether vessel wall inflammation
is a cause, or simply a result of PVD. It is intriguing
that anti-inflammatory therapy may have a role in
PVD. In this regard, a single case report describes a
young woman with pathological PPH and a 5-year
history of constitutional features and non-specific
laboratory evidence of an inflammatory process, e.g.
elevated ESR, fibrinogen, and AT-3 as well as hyper-
gammaglobulinemia; although she did not have an
acute vasodilator response, significant hemody-
namic improvement was seen after treatment with
low-dose methotrexate and prednisone for 1 year,
without anticoagulants or vasodilators95.

Smooth muscle changes

As discussed above, abnormal pulmonary vascular
SMC function may contribute to the enhanced vas-
oconstrictor state typical of PAH. Furthermore,
chronic histological and functional changes in these
SMCs are an important part of pulmonary vascular
remodelling in PAH96. Abnormalities in SMC growth
include hyperplasia and hypertrophy in large PAs, as
well as neomuscularization of normally poorly or
non-muscularized pulmonary blood vessels.
Pulmonary vascular SMC hyperplasia and hypertro-
phy are the most common histological findings in
patients with PAH97. SMC hyperplasia/hypertrophy
is the only pathological finding in many patients
dying with PPH, especially in children and younger
adults36. Neomuscularization is characterized by the
differentiation of SMC precursors into mature SMC,
and their migration into normally poorly muscular-
ized small PAs and non-muscular alveolar and pre-
capillary vessels97.

SMC growth and proliferation are controlled by a
complex network of many physical, chemical and
immune factors, both stimulatory and inhibitory.
SMC proliferation, hypertrophy and increased
matrix protein synthesis in the setting of PVD likely
occur in response to local and systemic mitogens,
local hypoxia, and mechanical stress. The various
stimuli likely act through a variety of intracellular
signalling pathways, including tyrosine kinases,
calcium fluxes and protein kinases. Increased SMC
responsiveness to such stimuli and such signalling
mechanisms is likely in the presence of extracellular
matrix degradation and disturbed homeostatic anti-
proliferative mechanisms such as endothelial-
derived NO and prostacyclin. Finally, SMC
responses likely depend upon regional phenotypic
heterogeneity as well as intrinsic, e.g. genetic or
acquired, SMC differences in the capacity to
respond96.

Histological changes occur in isolated SMC in
vitro, and thus presumably in pulmonary vascular
SMC in vivo, in response to various cell mitogens,
e.g. PDGF-A and -B. Intensive research is identifying
a role for an increasing number of such substances,
including ET-1, TxA2, and serotonin. For example,
increased levels of polyamines, known to have a
major regulatory role in cell growth and differentia-
tion, have been found in chronically hypoxic lungs98.
It has also been suggested that this enhanced
growth, proliferation, and maturation of SMC may
be related, in part, to chronic, active SMC contrac-
tion and resulting vasoconstriction. For example, in
chronic hypoxic models of PAH, SMC hyperpla-
sia/hypertrophy can be significantly attenuated by
prolonged vasodilator therapy with CCB. However, it
is clear that increased intracellular calcium may also
directly stimulate SMC growth and maturation,
independent of SMC contraction96.

A decline in the presence of anti-proliferative
factors is at least as important as an increased pres-
ence of the above mitogenic substances. Thus,
endothelial dysfunction with decreased elaboration
of NO and PGI2, two well-recognized, potent, endo-
genous antimitotic factors, likely contributes to a
local environment favouring SMC and fibroblast
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growth, proliferation and differentiation, leading to
vascular wall remodelling8. In summary, SMC alter-
ations contribute importantly to the pathogenesis of
PVD, both through chronic changes in the composi-
tion and function of the vascular wall, as well as
alterations in pulmonary vascular physiology.

Endothelial cell alterations

As is apparent from our discussion, the EC plays a
critical, central role in normal pulmonary vascular
function, and an equally important role in the
physiological and structural alterations that contrib-
ute to the pathophysiology of PVD. This hypothesis
is strongly supported by observations of altered
levels and expression of mediators derived from the
endothelium, as well as pathological descriptions of
EC changes, both with regard to ultrastructural
appearance and metabolic function8.

As described above in the relevant sections,
normal endothelial function is essential to the main-
tenance of a low-resistance, vasodilated pulmonary
circulation, to an anti-thrombotic nature of the
interaction of blood components with the vessel
wall, and to an anti-proliferative state of the cellular
components of the vessel wall. Disturbances in EC
function have been hypothesized based on observed
abnormalities in each of these systems in the pulmo-
nary vascular bed in the setting of PVD, e.g. a vaso-
constricted, prothrombotic state with evidence for
disturbed SMC and fibroblast growth and matura-
tion.

There exists great controversy surrounding the
nature of the endothelial defect in PVD. EC dysfunc-
tion occurs in response to physical factors, e.g.
stretch, biochemical factors, e.g. drugs such as ano-
rectic agents), and immune factors, e.g. infection
with the human immunodeficiency virus (HIV)96.
Moreover, regardless of the underlying etiology of
PVD, ongoing EC damage is a result of the disturbed
pulmonary vascular hemodynamics, e.g. increased
PPA, enhanced EC-platelet interaction, and local, in
situ thrombus formation. In this ‘vicious cycle’ of
PVD, EC damage then itself contributes to progres-

sion of the individual mechanistic features of PVD,
including abnormal pulmonary vasoconstriction,
thrombosis and vascular wall remodelling.

Alternatively, an intriguing hypothesis proposes
that EC dysfunction is a primary, basic abnormality
in at least some types of PVD, for example, PPH.
Thus, a congenital (inherited or prenatal) defect of
EC function may be a latent predisposition to PVD,
manifesting clinically either spontaneously as PPH
or as SPH following a postnatal insult. For example,
although an increased risk of PAH is well accepted
after exposure of humans to anorexigenic medica-
tion (e.g. dexfenfluramine), the overall risk is at most
1 in 10000 exposed individuals, suggesting some
underlying predisposition that is unmasked by the
exposure99,100. The nature of this putative basic EC
defect remains undefined, although active investi-
gation is pursuing a genetic etiology (see below).

An alternative hypothesis comes from a develop-
ing understanding of the pathogenesis of a classic
pathological pulmonary vascular lesion in patients
with PPH, the plexiform lesion. Plexiform lesions are
aneurysmal dilatations in the walls of predomi-
nantly muscular PAs, often at branch points, that
histologically consist of loose connective tissue and
a network of multiple, irregular, small, thin-walled
blood vessels formed by EC proliferation77. Although
initially described in PPH, they are recognized in
many other settings, including SPH associated with
connective tissue disorders, HIV infection, and cya-
notic CHD. Exciting recent work into the genetic
character of the ECs lining the multiple channels of
a plexiform lesion has indicated a monoclonal, e.g.
tumour-like, single cell origin, proliferation of EC101.
A similar monoclonality has been reported in plexi-
form lesions in patients with anorexigen-associated
PAH78. Thus, a somatic genetic defect in a growth-
regulatory gene element may underlie EC prolifera-
tion and dysfunction in a subset of patients with
PVD.

In summary, although basic, primary defects in
EC function remain under intense investigation, it is
clear that EC dysfunction, regardless of etiology,
contributes to the pathophysiology of PVD.
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Matrix and adventitial changes

Although pulmonary vascular remodelling is largely
characterized by cellular changes, alterations in the
composition of the extracellular matrix of the pul-
monary vascular wall have also been proposed102,103.
For example, histological studies reveal eccentric
intimal fibrotic lesions, as well as a lamellar pattern
of reduplication of elastic laminae and medial fibro-
sis40,97. Thus, pulmonary vascular wall fibrosis and
changes in elastin and collagen content appear to
contribute to the pathophysiology of PVD, including
disturbed pulmonary vascular hemodynamics104.
Furthermore, activation of matrix degrading
enzymes, e.g. elastase, matrix metalloproteinases,
can release mitogenically active growth factors,
which can then influence SMC and EC proliferation.

Many factors appear to contribute to vascular wall
extracellular matrix changes. Based on much work
in animal models of PAH, these factors include phys-
ical, biochemical, immunological and inflammatory
influences. With regard to physical factors, it is
widely held that the presence of abnormal pulmo-
nary vascular hemodynamics in PAH itself contrib-
utes to ongoing vascular remodelling and to the
propagation of PAH105. Both static transmural
mechanical stress related to increased PPA, as well as
dynamic shear stress related to disturbed pulmo-
nary vascular flow profiles probably contribute
importantly to matrix changes and vascular wall
remodelling. For example, it has been demonstrated
that acute cyclic stretch of PAs produced increased
collagen and elastin synthesis106. Furthermore, in
monocrotaline-exposed rats, pulmonary vascular
neointimal remodelling and PAH is limited unless
blood flow is also increased, either with contralateral
pneumonectomy or with subclavian-PA anastomo-
sis28,105. The vascular SMC and EC likely play central
roles in responding to, and modulating, these
various influences on the local matrix composition
and function102,106.

Although there is a paucity of human data on the
direct hemodynamic effects of extracellular matrix
changes, there is evidence of an important func-

tional correlate of this remodelling in animal models
of PAH. For example, treatment with the antifibrotic
agent, �-aminopropionitrile, is associated with less
structural changes, lower vascular wall matrix colla-
gen and elastin content, and attenuated pulmonary
vascular hemodynamic abnormalities following
chronic hypoxia in rats107. Similar results have been
reported with cis-hydroxyproline, an inhibitor of
collagen synthesis108.

In summary, pulmonary abnormalities other than
simply increased vasomotor tone contribute signifi-
cantly to pulmonary hypertension. Chronic remod-
elling of both cellular and matrix components of the
intima, media, and adventitia contribute to pulmo-
nary vascular luminal narrowing and also determine
the functional changes in pulmonary vascular tone
and reactivity. The pathogenesis of these changes
include roles for inflammatory cells and cytokines,
matrix breakdown, growth factors such as VEGF,
endothelial dysfunction and monoclonal prolifera-
tion, as well as smooth muscle cell growth and pro-
liferation.

Genetic contributions to pulmonary vascular
disease

Introduction

Based on active research over the past 20 years, it is
likely that there is a significant genetic component
to the pathogenesis of PAH in general, and specifi-
cally to PPH. Initial support for an underlying
genetic predisposition came from the earliest clini-
cal observations of PPH: (i) the absence of any incit-
ing event or toxic exposure in the majority of
patients, (ii) the not infrequent onset of disease in
childhood and young adulthood, and (iii) the iden-
tification of an increased familial risk of PPH,
although this was true only in a minority of patients.

Given the heterogeneity of clinical disease in
patients with PAH and PPH, it is unlikely that a single
genetic abnormality is the basis of disease in the
majority of patients. Hence, such disorders are
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probably polygenic. Several basic pathophysiologi-
cal defects have been identified in PPH, providing
clues to candidate genes and genetic defects. These
include abnormal platelet function, e.g. a disorder of
excessive serotonin release, abnormalities of SMC
KV channel function, and immunogenetic abnor-
malities related to aPLa, as described above.

Familial tendency of PPH

Although PPH is most frequently a sporadic, non-
familial disease, an increased risk in the twin siblings
of patients with PPH, as well as in other family
members, has been recognized for over 30
years109,110. Although only 5 to 10% of all cases of PPH
are thought to be familial, an intriguing report has
suggested that this might be an underestimate
because of an overlooked possibility of coancestry.
The family histories of 13 patients with apparently
sporadic PPH were extensively reviewed, leading to
the identification of coancestry in the families of two
of these patients (P�0.004)111.

It has been suggested that the clinical features and
mortality of familial PPH do not differ from sporadic
cases of PPH112,113. A wide range of survival in famil-
ial cases has been observed, from sudden death at
presentation to death 27 years after presentation.
However, the overall distribution of survival after
symptom onset was found to be virtually identical to
that previously reported for non-familial disease112.

The genetics of familial PPH remain controversial,
although features have been established. Although
some investigators have previously suggested X-
linked genetic transmission, two well reported
instances exclude this possibility; these include a
case of father-to-son transmission, as well as trans-
mission from a grandfather to a granddaughter
through an unaffected father112. As well, the involve-
ment of most or all members of a sibship in several
reported families has suggested that the gene may
be autosomally dominant. However, there is highly
variable penetrance in different families, explaining
in part one of the features of familial PPH, that is the
infrequent expression of the gene in some fami-
lies112,113. For example, in some families there are

large numbers of healthy relatives in each genera-
tion of affected siblings, and there are families in
which the gene appears to have been asymptomati-
cally transmitted over at least two generations
before being re-expressed as disease.

One of the most striking genetic aspects of PPH
appears to be a gender bias. The female to male pre-
dominance of disease has been reported between
2:1 and 10:1 in non-familial disease, and from 2:1 to
2.7:1 in familial disease112,113. There is a very signifi-
cant, skewed gender ratio at birth in the offspring of
individuals known to have the gene; 160/282 chil-
dren were female (57%, P	0.01) and 122 (43%) were
male113. Furthermore, out of 124 patients with the
gene for PPH, 72 of 84 females (86%) developed PPH,
whereas only 27 of 40 males (68%) developed PPH.
Through an intriguing set of calculations, these
authors suggested that the female-predominant
gender distribution of PPH may be due to selective
loss in utero of male embryos affected by PPH.

The observation has been repeatedly made that
PPH appears to manifest itself at an earlier age and
more severely in subsequent generations. This is the
phenomenon of genetic anticipation. For example,
in a thorough characterization of the genetic and
familial aspects of PPH in 124 individuals from 24
families, genetic anticipation was confirmed as the
age of death significantly decreased through three
successive generations from 46 ± 15 to 36 ± 13 to
24±11 years of age113. The phenomenon of genetic
anticipation supports a genetic contribution to
familial PPH, and further, suggests a possible molec-
ular basis for the genetic mutation. Genetic antici-
pation in the neurological conditions of the fragile X
syndrome and myotonic dystrophy is thought to be
due to the presence of increased numbers of short
tandem repeat (STR) sequences of 3 nucleotides.
STRs are associated with misaligned hybridization
during meiosis, leading to STR expansion in subse-
quent generations. A greater number of STR
sequences in sequential generations is associated
with a greater risk of impaired gene expression or
unstable transcripts or peptide products. It remains
unconfirmed whether STRs are the genetic basis of
familial PPH.
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Disease associations of PPH

Besides an increased risk of PPH in the family
members of affected individuals, associations
between PPH in families and various abnormal
hemoglobin variants have been described. For
example, PAH and a low oxygen affinity �-chain
variant hemoglobin, Hb Warsaw, appeared to coseg-
regate in a family50. Furthermore, two asymptomatic
family members with Hb Warsaw had evidence for
early PVD including slightly raised PPA in 1 individ-
ual, and an abnormal ventilation–perfusion scan in
another individual. A second family study described
a new, low oxygen affinity �-chain variant hemoglo-
bin, Hb Washtenaw. In this family, the index case had
severe PPH and the abnormal hemoglobin, and two
siblings with the abnormal hemoglobin were found
to have elevated PPA on exercise echocardiography
suggestive of early PPH114. Both of these reports have
suggested that one of the putative genes for familial
PPH may be located near the �-globin gene on
chromosome 11.

One of the most striking clinical observations in
patients with PPH has been an association with
autoimmune diseases such as the connective tissue
diseases, e.g. progressive systemic sclerosis, anti-
phospholipid antibody syndrome, and autoimmune
thyroiditis115–117. Even in the absence of an asso-
ciated autoimmune disease, patients with PPH often
express autoantibodies typical of the connective
tissue disorders, including antinuclear antibodies
(ANA), and rheumatoid factor (RF)115. Furthermore,
an association between PPH and specific immuno-
genetic markers on leukocytes, the human leukocyte
antigens (HLA) has been reported. For example, in a
detailed immunogenetic study of 3 families with
familial PPH, 8/15 members carrying the PPH gene
expressed HLA-DRw52 and 7/15 expressed HLA-
DR3,DRw52,DQw2118. Although immunoglobulin
isotype deficiencies were seen including IgA defi-
ciency and mild IgD deficiency, they were unusual,
being present in only one member of each family
who was DR3 positive. A fourth family was distin-
guished by the presence of both PPH and PAH asso-
ciated with CHD, as well as the presence of varying

autoantibodies and different HLA associations as
compared to the first three families. Thus, two clini-
cal subsets of familial PPH can be distinguished by
the presence or absence of autoantibodies, the asso-
ciation with autoimmune disorders, and different
HLA markers. As above, this suggests that a single
genetic defect is not the basis for familial PPH. It is
possible that at least one gene underlying familial
PPH may be found near the HLA locus on chromo-
some 6.

Genetic studies

The above clues have suggested a genetic basis for
the disease in at least some patients with PPH. Two
recent studies have used the powerful genetic tool of
linkage analysis to statistically identify the region of
the chromosome where the familial PPH gene locus
(PPH1) likely resides119,120. One of these studies used
microsatellite markers in a large family with PPH to
identify a candidate region, and confirmed the iden-
tified chromosome region in a second, ethnically
distinct family121. In calculating a lod (logarithm of
the odds ratio of likelihood of a gene being in a par-
ticular region of the chromosome) score, these
authors were able to exclude the hemoglobin �-
chain region on chromosome 11 as well as the HLA
region on chromosome 6 as potential sites of PPH1.
The final analysis with more closely spaced markers
localized PPH1 to a 27-cM region on chromosome
2q31–q32, with a maximal lod score of 3.87, indicat-
ing �1000 to 1 odds in favour of linkage in this
region. The other study of 6 ethnically homogeneous
families confirmed linkage of familial PPH to 2q with
a maximum lod score of 7.86120. Furthermore, these
authors suggested that a single, major gene might
account for all cases of familial PPH in Caucasian
patients of Western European or North American
descent.

Very recently, the gene that is associated with
familial PPH at this locus on chromosome 2 has
been identified as coding for the bone morpho-
genetic protein receptor II (BMPR2)122. This is a
member of the family of TGF-� type II receptors,
many of which have important roles in inhibiting
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cell proliferation and differentiation81. The five mis-
sense and termination mutations in BMPR2 result in
EC proliferating uncontrollably following injury.
This exciting work holds promise for relating the
genetic defect to the actual pathogenesis and
pathophysiology of PVD.

In summary, the above described important clini-
cal observations and investigations, the familial ten-
dency of PPH and association of PPH with abnormal
hemoglobin variants and autoimmune phenomena
have all suggested a possible genetic basis to PPH in
at least some patients. Extensive studies of multiple
families have confirmed an autosomally dominant
genetic disease with variable, but often high pene-
trance in various families, with a striking female
predilection based on what may be a greater loss of
affected males in utero.

Detailed linkage analysis of the entire chromo-
some, and subsequent molecular cloning have now
identified a single gene defect in BMPR2 that is asso-
ciated with familial PPH. Whether this tremendous
advance will help us in understanding the patho-
physiology of PVD, and more importantly either pre-
venting disease expression or perhaps treating PVD
more effectively and at an earlier stage remains to be
seen.

Conclusion

PVD has evolved from a clinical–physiological syn-
drome into a condition characterized by newly-
identified genetic mutations, multiple disease
associations, and a complex pathogenesis including
pulmonary vascular constriction, thrombosis,
remodelling and inflammation. Ongoing exciting
research and our developing understanding of this
complex pathogenesis and pathophysiology of PVD
hold great promise not only for better understand-
ing the biology of the pulmonary circulation, but
also for intervening to lessen the morbidity and
mortality of such conditions as PPH.
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Introduction

The normal pulmonary circulation is an adaptable
compliant system, allowing for large variations in
blood flow with relatively small changes in resis-
tance and pulmonary artery pressure. This flexibility
is gradually lost in the face of progressive vascular
damage due to an intrinsic disease process or a
recurrent acute insult, and results in pulmonary
hypertension.

The pathological changes were first described by
Romberg in 18911 in a patient with unexplained pul-
monary arteriosclerosis. In 1951, Dresdale et al.
coined the term primary pulmonary hypertension2

and widespread awareness of the disease came with
the epidemic of pulmonary hypertension, blamed
on the use of the appetite suppressant aminorex
fumarate, that swept Europe in 1967. It took almost
90 years for the first effective medical and surgical
treatment to become available, but in the past 10
years there have been dramatic improvements in
both quality of life and survival with the use of
calcium channel blockers and prostacyclin. This has
led to increasing recognition of the important role
that pulmonary vascular disease plays in many
disease processes, and renewed interest in early
diagnosis and intervention.

Definition and classification

Pulmonary hypertension is defined as a mean pul-
monary artery pressure of over 25 mmHg at rest or 30

mmHg during exercise3. It has traditionally been
classified as either primary or secondary after clini-
cal assessment (Table 18.1), but the realization that
the underlying pathological abnormalities in some
types of secondary disease were very similar to those
seen in primary pulmonary hypertension prompted
a new classification based on histology (Table 18.2).
This was proposed at the second World Health
Organization symposium held in Evian, France in
19984. However, the traditional classification will be
used throughout this chapter to avoid confusion,
since this has been used almost exclusively in the
recent literature.

Epidemiology

Primary pulmonary hypertension (PPH) is rare, with
an estimated incidence of one to two cases per
million people per year. It is commoner in women
(ratio 1.7:1), perhaps due to a lower survival rate of
male foetuses with the disease5, and the mean age at
the time of diagnosis is in the mid-30s. Untreated,
the prognosis is bleak with a 3-year survival of 48%
in one large series (NIH). The familial form of the
disease probably accounts for 6%6 and is indistin-
guishable clinically from the sporadic form7. It is
inherited in an autosomal dominant fashion, and
displays genetic anticipation5.

The overall incidence of secondary pulmonary
hypertension (SPH) is unknown, but has been esti-
mated at 0.5% to 53% depending upon the underly-
ing disorder (Table 18.3)8–10. Little is known about
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Table 18.1. Classical classification of pulmonary
hypertension

Primary pulmonary hypertension

(including Familial disease)

Secondary pulmonary hypertension

Connective tissue disease

Scleroderma/CREST syndrome

Mixed connective tissue disease

Overlap syndrome

Systemic lupus erythematosus

Chronic hypoxic lung disease

Chronic obstructive pulmonary disease

Sleep disordered breathing

Interstitial lung disease

Thromboembolic disease

Pulmonary thromboembolism

In situ thrombosis

Sickle cell disease

Congenital heart disease

Ventricular septal defect

Atrial septal defect

Left-sided heart disease

Valvular disease

Left ventricular failure

Drugs

Appetite suppressants

Amphetamines

-tryptophan

Cocaine

Portal hypertension

HIV

Other

Chronic high altitude

Neonatal lung disease

Pulmonary veno-occlusive disease

Sarcoidosis

Schistosomiasis

Table 18.2. New WHO classification of pulmonary
hypertension4 1998

1. Pulmonary arterial hypertension

1.1 Primary pulmonary hypertension

(a) Sporadic

(b) Familial

1.2 Related to:

(a) Collagen vascular disease

(b) Congenital systemic to pulmonary shunts

(c) Portal hypertension

(d) HIV infection

(e) Drugs/toxins

(1) Anorexigens

(2) Other

(f) Persistent pulmonary hypertension of the newborn

(g) Other

2. Pulmonary venous hypertension

2.1 Left-sided atrial or ventricular heart disease

2.2 Left-sided valvular heart disease

2.3 Extrinsic compression of central pulmonary veins

(a) Fibrosing mediastinitis

(b) Adenopathy/tumours

2.4 Pulmonary veno-occlusive disease

2.5 Other

3. Pulmonary hypertension associated with disorders of the

respiratory system and/or hypoxaemia

3.1 Chronic obstructive pulmonary disease

3.2 Interstitial lung disease

3.3 Sleep disordered breathing

3.4 Alveolar hypoventilation disorders

3.5 Chronic exposure to high altitude

3.6 Neonatal lung disease

3.7 Alveolar-capillary dysplasia

3.8 Other

4. Pulmonary hypertension due to chronic thrombotic

and/or embolic disease

4.1 Thromboembolic obstruction of proximal pulmonary

arteries

4.2 Obstruction of distal pulmonary arteries

(a) Pulmonary embolism (thrombus, tumour, OVA

and/or parasites, foreign material)

(b) In situ thrombosis

(c) Sickle cell disease



prognosis in different types of SPH, although the
outlook for connective tissue disease seems poor8.

Clinical assessment

History

Symptoms are not very helpful in the diagnosis of
pulmonary hypertension (Table 18.4). The com-
monest symptom is exercise intolerance due to
shortness of breath and tiredness, but the disorder
may have been present for years before medical

advice is sought. In retrospect, symptoms often pre-
dated presentation, but were explained away as
trivial or caused by concurrent disease.

Other symptoms occur later as pulmonary artery
pressures rise. Chest pain, when it occurs, is atypical
for cardiac disease. It is sharp, stabbing, can be
retrosternal or left sided, and often has no relation-
ship to exertion. It can be associated with palpita-
tions or a sensation of a pounding heartbeat. When
syncope occurs, it is a bad prognostic sign. It can be
due to postural hypotension, arrhythmias, or be
exercise induced. As the disease progresses right
heart failure develops with edema, worsening short-
ness of breath and tiredness, and eventually orthop-
nea. Another symptom frequently described by
patients with advanced disease is intractable dry
cough, the cause of which remains unclear.

When taking a history, attention should be paid to
symptoms of diseases known to predispose to pul-
monary hypertension. Ocular discomfort, a dry
mouth, dysphagia and arthritis suggest underly-
ing connective tissue disease, although Raynaud’s
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Table 18.2 (cont.)

5. Pulmonary hypertension due to disorders directly

affecting the pulmonary vasculature

5.1 Inflammatory

(a) Schistosomiasis

(b) Sarcoidosis

(c) Other

5.2 Pulmonary capillary hemangiomatosis

Functional assessmenta

A. Class I – Patients with pulmonary hypertension but

without resulting limitation of physical activity. Ordinary

physical activity does not cause undue dyspnea or fatigue,

chest pain or near syncope.

B. Class II – Patients with pulmonary hypertension resulting

in slight limitation of physical activity. They are

comfortable at rest. Ordinary physical activity causes

undue dyspnea or fatigue, chest pain or near syncope.

C. Class III – Patients with pulmonary hypertension resulting

in marked limitation of physical activity. They are

comfortable at rest. Less than ordinary activity causes

undue dyspnea or fatigue, chest pain or near syncope.

D. Class IV – Patients with pulmonary hypertension with

inablility to carry out any physical acitivity without

symptoms. These patients manifest signs of right heart

failure. Dyspnea and/or fatigue may even be present at

rest. Discomfort is increased by any physical activity.

a Modified after the New York Heart Association Functional

Classification.

Table 18.3. Estimated prevalence of secondary
pulmonary hypertension (SPH) in some disorders

Disease/condition SPH (%)

Connective tissue diseases 10

overall

CREST syndrome 	50

Mixed connective tissue 23–53

disease

Scleroderma 2.3–35%

Systemic lupus 0.5–14%

erythematosus

Rheumatoid arthritis/ Rare

Sjögren’s syndrome/

dermatomyositis

Chronic obstructive Unknown

pulmonary disease

Fibrosing lung disease Unknown

Portal hypertension ? 0.5–2

HIV infection ? 0.5–2

Use of anorectic agents ? 25 – 50 per million per year



phenomenon, which also occurs in PPH, is often the
only symptom at presentation. A personal or family
history of thromboembolic disease may be relevant.
Direct questions should be asked about risk factors
for pulmonary hypertension such as the use of ano-
rectic agents, recreational drug use or the possibility
of HIV infection. A history of exercise intolerance in
childhood may indicate congenital heart disease.
Chronic hypoxic lung disease is common, and a
small proportion will develop clinically significant
pulmonary hypertension.

Examination

There are no pathognomonic signs of pulmonary
hypertension, but there are a number of useful clin-
ical findings. There may be a right ventricular heave,
a third and/or a fourth heart sound, and widened
splitting of the second heart sound. Postural hypo-
tension is often present and the signs of right heart
failure develop as the disease progresses. Cyanosis is
common and may be the result of pulmonary vascu-
lar disease or related to the cause.

In addition to the above, there are also signs indi-
cating an underlying cause. Patients with connective
tissue disease may have cutaneous changes such as
telangiectasia, calcinosis and sclerodactyly. Finger
clubbing and end-inspiratory crackles suggest pul-

monary fibrosis. A fixed and widely split second
heart sound is heard in left to right shunt, and there
may be a mid-diastolic murmur in pulmonary
hypertension due to mitral stenosis. Signs of liver
disease raise the possibility of portopulmonary
hypertension and obesity may be causing chronic
ventilatory failure and/or obstructive sleep apnoea,
although the latter is probably not an independent
risk factor for pulmonary hypertension.

Investigation

There is a need for a reliable non-invasive method
for the diagnosis and assessment of pulmonary
hypertension. The advent of echocardiography
made the screening of small numbers of ‘at risk’
patients possible, but it is not suitable for larger-
scale screening since it is time consuming and
insensitive in certain patient groups, such as those
with chronic obstructive pulmonary disease or the
overweight.

Simple first line tests can be useful but are fre-
quently normal in ‘pulmonary arterial hypertension’
(WHO classification)4:

Chest radiography May show cardiomegaly and
prominent pulmonary arteries with peripheral
pruning. Right atrial enlargement may also be
seen.

Electrocardiography May show right heart strain
and right ventricular hypertrophy.

Pulmonary function tests Normal dynamic and
static lung volumes with disproportionately
reduced gas transfer factor reflecting reduced pul-
monary capillary blood volume.

Transthoracic echocardiography Can give an 
estimate of systolic pulmonary artery pressure
and cardiac output, as well as right heart chamber
size.

Ventilation/perfusion scan Normal ventilation
component with patchy loss of perfusion.

Arterial blood gases Hypoxemia (and hypocap-
nia).
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Table 18.4. Symptoms/signs of primary pulmonary
hypertension

Symptoms Signs

Exercise intolerance Cyanosis

Shortness of breath Right ventricular heave

Tiredness Third/fourth heart sound

Atypical chest pain Wide splitting of second heart sound

Palpitations Postural hypotension

Dizziness Edema

Syncope Raised jugular venous pressure

Dry cough

Orthopnea



Other useful investigations include:

Six-minute walk test Decrease in distance covered
with rapid rise in heart rate and fall in oxygen sat-
uration.

Cardiopulmonary exercise testing Characteristic
pattern of abnormalities including reduced work
capacity, maximum oxygen uptake (VO2) and
oxygen pulse (VO2/heart rate), and raised ventila-
tory equivalents for oxygen and carbon dioxide.

Magnetic resonance imaging (MRI) Useful for
non-invasive assessment of right ventricular
morphology and function. Can also study blood
flow patterns in pulmonary circulation.

Specific investigations to exclude underlying disor-
ders associated with pulmonary hypertension are
listed in Table 18.5.

Right heart catheterization

This is the definitive investigation for pulmonary
hypertension. Measurements are taken of right atrial
pressure, right ventricular systolic and end-diastolic
pressures, pulmonary artery pressure and pulmo-
nary artery occlusion pressure (wedge). Cardiac
output is usually measured by thermodilution as the
mean of three readings. If pulmonary artery pressure
is raised then an acute vasodilator assessment
should be done (see below).

If underlying congenital heart disease is sus-
pected, then an oxygen saturation run should be
performed. Blood samples are taken from superior
vena cava, high right atrium, mid right atrium, low
right atrium, inferior vena cava, right ventricle and
pulmonary artery, and oxygen saturation analysed.
A step-up in readings would indicate a left to right
shunt. A ventricular septal defect is usually diag-
nosed at echocardiography.

If the pulmonary artery pressure is normal, the
patient should be asked to perform exercise suffi-
cient to raise the heart rate, in order to investigate
the presence of exercise-induced pulmonary hyper-
tension. Three minutes of straight leg raising is
usually adequate. Further useful information can
also be obtained by ambulatory pulmonary artery
pressure monitoring with a micromanometer-
tipped catheter11, but this is not widely available.

The effect of oxygen on pulmonary artery pressure
and cardiac output should also be assessed, in par-
ticular where hypoxia is present and thought to be a
contributing factor. Oxygen is also a vasodilator in
this situation, reversing hypoxic pulmonary vaso-
constriction.

If ventilation/perfusion scanning suggested the
possibility of pulmonary thromboembolism, or if
there is high clinical suspicion, pulmonary angio-
graphy should be performed. This can usually be
performed safely in these patients, but should not be
undertaken lightly since it carries an increased risk
due to sudden rises in pressure in hypertensive non-
compliant vessels12. In our laboratory angiography
is performed by selective cannulation.
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Table 18.5. Specific investigations to detect
underlying disease associated with pulmonary
hypertension

Connective tissue High resolution computed 

disease tomographic scanning (HRCT)

Autoimmune studies

Inflammatory markers

Pulmonary Magnetic resonance angiography 

thromboembolic (MRA)

disease Computerized axial tomography

angiography (CTA)

Thrombophilia screen

Portal hypertension Hepatitis serology

Autoimmune studies

Abdominal ultrasonography

Endoscopy

Chronic hypoxic lung Sleep studies

disease

Congenital heart Transesophageal echocardiography

disease

Other Human immunodeficiency viral

serology (HIV)

Genetic studies



Acute vasodilator studies

If pulmonary artery pressures are raised, then an
acute vasodilator assessment should be performed.
A positive response is thought to be an accurate pre-
dictor of long-term vasodilator response, at least in
primary pulmonary hypertension13,14. Vasodilator
assessments should only be carried out in pulmo-
nary vascular units since they can be dangerous in
inexperienced hands. They are done in the cardiac
catheterization laboratory or in an intensive care
facility with continuous hemodynamic monitoring,
including pulmonary artery pressure, heart rate,
oxygen saturation, and invasive or frequent non-
invasive blood pressure measurement.

Which patients should be tested?

An acute vasodilator assessment should be done in
all patients with pulmonary hypertension who are
being considered for long-term vasodilator treat-
ment. In particular, those in whom exercise capacity
is preserved are more likely to have a positive
response15. However, there is an increased risk of
adverse events during testing in patients with right
heart failure especially if right atrial pressure
exceeds 20 mmHg or cardiac output is less than
2 l/min16,17. In the Experience from the NIH Registry
published in 1989, eight patients out of 163 devel-
oped hypotension requiring treatment during acute

testing, and two patients died18. They were found to
have higher right atrial pressures than the other
patients (15� 2 mmHg vs. 9�1 mmHg and P	0.05).

The proportion of patients with primary pulmo-
nary hypertension who respond to vasodilators is
less than 30%9,19, and the figure may be even lower
for some types of secondary pulmonary hyperten-
sion8.

Which vasodilator to use for an acute
assessment?

A number of vasodilators have been used for this
purpose including nitric oxide gas20,21, adeno-
sine22,23, prostacyclin21,24, and calcium channel
blockers16. The choice of drug depends upon local
experience, availability of delivery systems, and
rapidity of effect required (see Table 18.6).

Prostacyclin

Prostacyclin was the first acute vasodilator to be
tested in primary pulmonary hypertension24 and it is
now used as a long term treatment by continuous
intravenous infusion. It is a naturally occurring pros-
taglandin with a potent effect on vascular endothe-
lium. Its half-life of approximately 3 minutes means
that an acute assessment can be completed during
diagnostic catheterization, and any side effects
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Table 18.6. Vasodilators for acute vasodilator assessment

Mode of delivery Half-life Adverse effects Cost

Prostacyclin Intravenous 3 minutes Hypotension, nausea, jaw pain, abdominal pain, Very expensive

headache, flushing

Nitric oxide Inhaled 1–2 minutes None reported, but metabolites are toxic. Cheap, but needs

delivery system

Adenosine Intravenous 10 seconds Hypotension, bradycardia, heart block, bronchospasm, Expensive

chest pain, flushing, paresthesia, headache

Calcium Oral 2–4 hours Hypotension, bradycardia or tachycardia, heart block, Cheap

channel negatively inotropic, headaches, nausea and vomiting,

blockers dizziness, agitation



should resolve quickly after stopping the infusion.
There is a close correlation between prostacyclin
responsiveness and efficacy of treatment with
calcium channel blockers14,17.

The main disadvantages of prostacyclin as an
acute vasodilator are cost and availability. It also has
a relatively long half-life when compared to adeno-
sine and nitric oxide. Initial small studies found a
high proportion of patients reporting intolerable
side effects24 but this has not been confirmed by
larger studies.

Administration (acute)

Infusion should be started at 1 ng/kg/min and
increased by 1–2 ng/kg/min every 5–15 minutes
until a positive response is obtained or adverse
effects intervene, with a maximum dose in adults of
12 ng/kg/min14. Expected adverse effects are sys-
temic hypotension, nausea, headache, flushing,
abdominal pain and jaw pain, and should rapidly
resolve with a reduction in the infusion rate.

There is evidence that prostanoids can be given in
aerosolized form with a similar effect to nitric
oxide25.

Nitric oxide

In 1980 Furchgott and Zawadzki reported that an
intact endothelium was required for certain vasodi-
lators to be effective26. Endothelium-derived relax-
ing factor was isolated and later shown to be nitric
oxide27,28. It is produced in endothelial cells by the
enzyme nitric oxide synthase (NOS). It then leaves
the endothelium and binds to soluble guanylate
cyclase, stimulating production of cyclic 3,5-
monophosphate (cGMP) which triggers smooth
muscle relaxation.

Nitric oxide (NO) is an odourless, colourless gas. It
is an unstable radical and has a short half-life in the
presence of oxygen. It has been shown to be a potent
vasodilator in patients with pulmonary hyperten-
sion20,29,30 and was the first agent capable of selec-
tively reducing pulmonary artery pressure without

causing systemic hypotension because it is rapidly
taken up by hemoglobin31–33. It has similar effects to
calcium channel blockers and prostacyclin in
primary pulmonary hypertension20,29 and there is
evidence of a synergistic effect when tested in com-
bination with oxygen34. It has the advantages of
rapid onset and offset, with no significant acute
adverse effects, and it is cheap to produce. Its thera-
peutic use has been limited by the requirement for a
metered gas delivery system. This problem is com-
pounded by the fact that several of its metabolites
are toxic including nitrogen dioxide (NO2), necessi-
tating careful environmental monitoring.

Administration (acute)

NO is commercially available in cylinders either
pure or as a mixture with nitrogen. An example of a
delivery system is shown in Fig. 18.1. The gas is
entrained into the circuit proximally by a continu-
ous preset fresh gas flow of air. It is allowed to mix
before being sampled continuously by an NO con-
centration sensor downstream and then being deliv-
ered to the patient via a facemask or mouthpiece.
The one-way pressure-release valve allows expired
air to leave the system. The adequacy of total gas
flow can be assessed by movement of the reservoir
bag during breathing. There is as yet no agreed
testing protocol, but Sitbon et al. found a maximal
effect was obtained at concentrations of 10 ppm
given for 6–10 minutes29. There are no guidelines on
monitoring, but inspired NO, NO2 and oxygen
should be measured, as well as environmental NO2.
Scavenging of expired gas is probably unnecessary
for acute testing, on current evidence.

Adenosine

Adenosine has been shown to be a potent vasodila-
tor22, and acts by increasing intracellular cyclic AMP
in vascular smooth muscle. It also causes coronary
vasodilatation and reduces systemic vascular resis-
tance35. It has a very short half-life of approximately
10 seconds, which makes it a convenient and rapidly
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reversible agent for acute vasodilator testing. It is
also cheaper than prostacyclin, readily available,
and appears to have similar effects on pulmonary
hemodynamics in primary pulmonary hyperten-
sion36. In one study, some patients with no response
to nifedipine did respond to adenosine37, and it may
cause further vasodilatation in those already taking
high dose calcium channel blockers38.

Administration

Adenosine has been successfully infused both cen-
trally22 and peripherally36. The infusion should be
started at 50–100 �g/kg/min and increases at 2
minute intervals until a positive response is
obtained or side effects develop, up to a limit of 500
�g/kg/min37.

Adenosine is contraindicated in asthma and
should be used with caution in patients with signifi-
cant reversible airflow obstruction, since it may
cause wheezing and chest tightness. It is also a
potent blocker of conduction in the atrioventricular
node and should be avoided in those with second or
third degree heart block. Side effects include flush-
ing, chest pain, breathlessness, headache, tingling or
numbness of the extremities, hypotension and

bradycardia. All rapidly resolve when the infusion is
discontinued.

Calcium channel blockers

Calcium channel blockers cause vasodilatation by
reducing the influx of extracellular calcium into
muscle cells. They are a heterogeneous group of
compounds with varying half-lives and side effect
profiles, but the most commonly used drugs are
nifedipine and diltiazem. They are cheap and widely
available, and have been shown to be effective at
identifying patients who will respond to long term
vasodilator treatment16,39,40.

Unfortunately there are a number of disadvan-
tages to their use. Their relatively long half-lives
mean that assessments can take up to 12 hours to
complete, and high doses are often required39,40.
They are not selective for the pulmonary vascula-
ture, and can cause hypotension by systemic vaso-
dilatation. In addition, they are negatively inotropic,
especially verapamil which should be avoided41.
They have been known to delay conduction in the
atrioventricular node resulting in variable heart
block, and nifedipine may cause tachycardia.
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Fig. 18.1 Nitric oxide (NO) is entrained into the circuit proximally by a continuous flow of air at 15 litres/minute. It is allowed to mix

before being sampled by an NO concentration monitor downstream and then being delivered to the patient via a facemask or

mouthpiece. The one-way pressure relief valve allows expired air to leave the system and minimizes rebreathing. Inspired NO, NO2

and oxygen should be measured, as well as environmental NO2. Scavenging of expired gas is probably unnecessary during acute

testing.



Administration (acute)

In 1987, Rich and Kaufman described a method of
acutely assessing vasodilator response using incre-
mental doses of nifedipine and diltiazem16. After
diagnostic right heart catheterization and baseline
measurements, patients should be given hourly
doses of nifedipine 20 mg or diltiazem 60 mg until
either a positive response occurs or intolerable side
effects develop. Careful observation is needed, pref-
erably in a coronary care setting, with invasive sys-
temic and pulmonary hemodynamic monitoring. If
a positive response is achieved, the total cumulative
dose given should be halved and administered three
to four times per day.

As well as the problems already discussed, other
side effects include nausea, vomiting, dizziness and
agitation.

What is a positive vasodilator response?

There is still no agreement on the definition of a pos-
itive vasodilator response. Some investigators have
relied simply upon a reduction in calculated pulmo-
nary vascular resistance of between 20% and 50%4.
The main criticism of relying only upon resistance is
that marked changes can occur without there being
significant alterations in pulmonary artery pressure
and cardiac output, both of which have been shown
to be prognostic indicators4. Other investigators
have therefore required both a significant fall in pul-
monary artery pressure and a rise in cardiac output.
The situation is further complicated by the observa-
tion that prostacyclin and adenosine appear to have
a predominant effect on cardiac output36, whereas
calcium channel blockers have relatively more effect
on pulmonary artery pressure4,39. There is also evi-
dence of a negative effect on systemic oxygen deliv-
ery in some patients during acute vasodilator
treatment with an increase in ventilation-perfusion
mismatching, due to an effect on hypoxic pulmo-
nary vasoconstriction.

While the question was not answered at the recent
World Convention on Advances in the Management

of Primary Pulmonary Hypertension in France in
19984, a working definition of a 20% fall in pulmo-
nary artery pressure and a 20% rise in cardiac output
was used in designing a management algorithm.

Most of the reported experience with acute vaso-
dilator testing has been in patients with primary pul-
monary hypertension, and it is difficult to make
recommendations for secondary pulmonary hyper-
tension. It seems likely that the principles of assess-
ment and interpretation will be similar, although
more studies are needed to clarify the issue.

Long-term treatment: general principles

The aims of treatment in pulmonary hypertension
are twofold: to improve exercise tolerance and
thereby quality of life, and to prolong survival.
Although there has been some recent evidence that
the pathophysiological process can be reversed, the
disease is relentlessly progressive in the majority of
patients with no realistic prospect of a cure.

As will be seen, most of the studies of treatment
efficacy have looked at patients with primary pul-
monary hypertension, and there is relatively little
published information to guide therapy in secon-
dary forms of the disease. The recent reclassification
of some forms of secondary pulmonary hyperten-
sion into the same category as primary pulmonary
hypertension (see Table 18.2) raises the possibility
that these conditions will respond similarly to treat-
ment. This remains to be seen, but evidence is
mounting of important differences in outcome with
intravenous prostacyclin, particularly with regard to
adverse effects, in patients with connective tissue
disease and portopulmonary hypertension42,43.
Until firmer evidence is available, it seems reason-
able to apply the same management principles in
most forms of the disease (Fig. 18.2).

Vasodilators

The hypothesis that vasoconstriction plays a part
in the pathogenesis of pulmonary hypertension

Current treatment of pulmonary vascular diseases 483



naturally led to the use of vasodilators in the treat-
ment of pulmonary hypertension, and there have
been a number of studies with different vasodilators
over the past 20 years. The aim of treatment is to
reduce pulmonary artery pressure and increase
cardiac output, thereby reducing pulmonary vascu-
lar resistance and right ventricular afterload. In 1980
Rubin and Peter44 reported a 52% reduction in pul-
monary vascular resistance following hydralazine in
4 patients with primary pulmonary hypertension.
Since then a wide range of vasodilators have been
tried but there are still no prospective randomized
controlled trials of oral therapy, although a number
of uncontrolled studies39,40,45 have shown marked
improvements in pulmonary hemodynamics, exer-
cise tolerance and survival in carefully selected
patients.

The evidence for a role for vasodilators in secon-

dary pulmonary hypertension is weaker, although
vasoconstriction is thought to be involved in the
pathogenesis (see previous chapter). Many studies
of the effect of vasodilators on patients with pulmo-
nary hypertension due to hypoxic lung disease have
been performed, and the only drug that is consis-
tently beneficial is oxygen. The current consensus is
that there may be a role for a selective pulmonary
vasodilator in these patients46 and there is some evi-
dence that the newer calcium channel blockers may
be useful (see later). However, there is still contro-
versy about the advisability or necessity of treating
raised pulmonary artery pressures in this
context18,47,48 with some authors casting doubt over
the contribution of the pulmonary circulatory
changes to the pathophysiological process49,50. The
rise in pulmonary artery pressure in these patients is
mild, even in severe disease, and the annual change
seems to be less than 1 mmHg on average51,52.
However, several investigators have shown a correla-
tion between survival and pulmonary hemodynam-
ics53,54 and there is evidence that acute rises in
pressure take place during exercise, sleep and epi-
sodes of acute respiratory failure (see previous
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chapter). In pulmonary vascular disease related to
connective tissue disease, evidence is accumulating
of sustained benefit from both prostacyclin and
calcium channel blockers, but there is still no con-
sensus.

Choice of vasodilator for chronic therapy

All vasodilators have significant side effects that
limit their use, and can be life threatening in some
situations. Since there is no way of differentiating
responders from non-responders without formal
vasodilator testing, a vasodilator assessment should
always be carried out under controlled conditions
(as above). There is evidence that the acute response
to vasodilator challenge accurately identifies
patients who will benefit from long term treat-
ment13,14. In primary pulmonary hypertension,
treatment with calcium channel blockers is recom-
mended if there is a positive response. If there is no
response to an acute assessment then continuous
intravenous prostacyclin should be considered.
There is less consensus on treatment in secondary
pulmonary hypertension, but it seems reasonable to
apply the same criteria.

Calcium channel blockers

Background

These are the most widely used class of vasodilators
in pulmonary hypertension. They consist of a
number of different compounds, and were classified
by Opie in 198755. The dihydropyridines are the
group most widely studied and prescribed. They are
thought to act by binding to the slow membrane
channels of cardiac and vascular smooth muscle
cells thereby inhibiting the influx of extracellular
calcium and reducing muscle contraction.

Diltazem and nifedipine are the most commonly
used oral vasodilators for long term therapy
although newer drugs such as nicardipine and

amlodipine are now also being used9. Verapamil is
not recommended due to its significant negative
inotropic properties41.

Primary pulmonary hypertension

Calcium channel blockers were initially used in the
same doses as those used to treat systemic hyperten-
sion and angina but only had a small effect on pul-
monary artery pressure56,57. Since then a series of
important studies have shown a dramatic effect in
carefully selected patients treated with significantly
higher doses39,40,45.

In 1985 Rich et al.45 studied 23 patients with rela-
tively severe primary pulmonary hypertension.
Although vasodilator responders did have better
long-term survival overall, the results were disap-
pointing, with no relationship between drug treat-
ment and clinical outcome. This may have been due
to treatment with low drug doses or selection bias, in
that the mean survival for the study patients was sig-
nificantly shorter than the two to three year mean
survival of untreated patients reported at the time.
In addition, the definition of a favourable vasodila-
tor response used in this study did not require a drop
in pulmonary artery pressure, which may explain
the high proportion of responders found.

In 1987 Rich and Brundage reported on a series of
13 patients whom they assessed in a novel way40.
Thirteen consecutive patients with primary pulmo-
nary hypertension referred to the University of
Illinois were given consecutive hourly doses of either
diltiazem 60 mg or nifedipine 20 mg with serial inva-
sive measurements of hemodynamic variables.
Doses continued until a positive response was
obtained or side effects intervened, with a positive
response defined as both a reduction in pulmonary
vascular resistance of 50% and a fall in mean pulmo-
nary artery pressure of 33% (unlike the 1985 study).
When a positive response was achieved, the cumu-
lative effective dose was then given every 6 to 8 hours
over a 24-hour period to ensure that the effect was
sustained. Patients were then discharged on the
total daily dose received in divided doses, and all
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were given digoxin to counter possible negative
inotropic effects.

Eight individuals responded to acute challenge
and all reported improvement in NYHA functional
class. Five patients were studied after 1 year of treat-
ment and all were found to have an improvement in
their echocardiographic appearances and in the
electrocardiac manifestations of right ventricular
hypertrophy and in four patients there was sus-
tained hemodynamic improvement.

Rich et al. continued to assess all new referrals
with primary pulmonary hypertension with some
modifications of their protocol, including redefining
a favourable vasodilator response as a 20% decrease
in both pulmonary artery pressure and pulmonary
vascular resistance. In 1992, they published the
results of 64 patients assessed between 1/7/85 and
31/3/9139, and compared their survival with that of
patients enrolled in the National Institutes of Health
Registry (NIH) of primary pulmonary hyperten-
sion58. Thirteen ‘responders’ were treated with a
mean nifedipine dose of 172 mg (� 41 mg) and four
with a mean diltiazem dose of 720 mg (� 208 mg) for
up to 5 years.

The results were remarkable. They found a 5-year
survival of 94% (16 out of 17) in those treated with
calcium channel blockers as compared to 1-, 3-, and
5-year survival rates of 68%, 47% and 38%, respec-
tively, in the NIH registry cohort (Fig. 18.3). This
difference remained after accounting for concurrent
administration of diuretics and digoxin. Warfarin
treatment was associated with significantly better
survival, especially in the group of non-responders.

This was a landmark study, which was the first to
show that treatment could significantly improve
prognosis in carefully selected patients with pulmo-
nary hypertension. However, they noticed that the
overall survival of their cohort was no better than
that of the NIH patients, which raised the possibility
that those individuals who responded to acute treat-
ment were a subgroup with a better prognosis. In
addition, the proportion of responders was only
26%, lower than the 62% (8 out of 13) reported in the
1987 study.

Secondary pulmonary hypertension

There have been a number of case reports and small
studies but no large series looking at the effects of
calcium channel blockers in secondary pulmonary
hypertension. There is evidence, mainly through
case reports, of acute and long term improvement in
pulmonary hemodynamics in pulmonary vascular
disease associated with connective tissue disease8.
In 1991 Alpert et al.59 studied ten patients with a
mean pulmonary artery pressure of 42 mmHg, six of
whom had CREST syndrome, three mixed connec-
tive tissue disease and one systemic sclerosis. They
were given 10 mg of nifedipine orally at 90-minute
intervals until pulmonary vascular resistance fell to
normal levels, up to a maximum of 30 mg.

There was a significant fall in pulmonary artery
pressure and pulmonary vascular resistance in nine
out of ten patients, which was sustained in all six
patients in whom hemodynamic measurements
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were repeated, with subjective improvement in
dyspnea. There were no reported adverse reactions.
The authors hypothesized that the high response
rate may have been due the presence of only mild or
moderate pulmonary hypertension in the majority
of patients, perhaps reflecting less advanced disease
with reversible vasoconstriction, although three out
of four patients with severe pulmonary hyperten-
sion also improved. The long-term effects and bene-
fits of treating this group of patients with high doses
of calcium channel blockers remain unknown.

The majority of studies looking at the effect of
calcium channel blockers in pulmonary hyperten-
sion due to hypoxic lung disease have been acute
assessments, mainly on patients with relatively severe
irreversible chronic airflow obstruction, hypoxemia
and mild or moderate pulmonary hypertension46.
The results have been conflicting, with some investi-
gators showing an improvement in pulmonary hemo-
dynamics and evidence of reduced progression60, and
others demonstrating worsening gas exchange61,62,
the development of tolerance60,63 and an unaccept-
able incidence of side effects. The most recent study
was by Sajkov et al.64 who compared the effects of
amlodipine and felodipine on ten patients with mod-
erately severe irreversible airflow obstruction and an
average mean pulmonary artery pressure of 41
mmHg in an open blind crossover study. Patients
received increasing doses of one of the drugs (2.5, 5,
10 mg) with weekly increments for 3 weeks, followed
by a 1-week washout period before receiving the other
drug in similar fashion. Pulmonary hemodynamics
were measured by Doppler echocardiography after 1
week on each treatment dose. They found a signifi-
cant fall in pulmonary artery pressure with both drugs
at the 2.5 mg dose with no added benefit from higher
doses and no adverse effects on arterial oxygen
tension or calculated oxygen delivery. Unlike felodi-
pine, amlodipine was well tolerated, with signifi-
cantly fewer side effects. The effects on symptoms
and exercise tolerance were not reported.

Administration/adverse effects

Calcium channel blockers have potentially serious
side effects in this group of patients and should only

be prescribed to patients with a favourable acute
vasodilator study. The assessment process described
above for primary pulmonary hypertension is
clearly expensive and time consuming, and involves
considerable morbidity for the patient. Current
practice is usually for patients to start treatment on
a low dosage regime, such as 60 mg diltiazem twice
daily, under close non-invasive observation in hos-
pital. The dose can then be increased steadily on an
outpatient basis until adequate symptom relief is
obtained or adverse effects supervene.

These drugs are negatively inotropic and should
be avoided in patients with overt right ventricular
dysfunction18. They can also cause peripheral
oedema due to salt and water retention, which may
mask the development of right heart failure. They
are not selective vasodilators, and systemic hypo-
tension may occur, which can be refractory to treat-
ment. More usually they will cause dizziness due to
postural hypotension which can be troublesome.
Diltiazem may cause bradycardia or heart block by
inhibiting conduction through the atrioventricular
node. Nifedipine may cause tachycardia, and has
been reported to precipitate pulmonary edema65.

Prostacyclin

Background

Prostacyclin was discovered in 1976 66 and synthe-
sized as a sodium salt in 197767. It is a naturally
occurring prostaglandin produced by the arachi-
donic acid cascade, and primarily secreted by vascu-
lar endothelium68. It is involved in local homeostasis
and the regulation of vascular tone and is not a cir-
culating hormone69. It has a number of properties
which make it potentially useful. It is a potent pul-
monary and systemic vasodilator with a short half-
life. It inhibits platelet aggregation and adherence to
damaged vascular endothelium and has a similar
effect on white cells. It also has mild fibrinolytic
activity and a cytoprotective effect has been demon-
strated in ischaemic organs. It acts by increasing
intracellular levels of cyclic adenosine monophos-
phate and inhibiting smooth muscle contraction70.
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It was first marketed for clinical use in 1983 and
renamed epoprostenol (Flolan), but currently is only
licensed for use in the United Kingdom as an anti-
platelet aggregator in renal dialysis, although it is
licensed for use in primary pulmonary hypertension
in France, Spain and the United States. Its usefulness
has been limited by expense, a short half-life and the
need for it to be given intravenously.

Primary pulmonary hypertension

There is now strong evidence of a beneficial effect of
continuous intravenous prostacyclin with or
without a favourable acute vasodilator response71–8.
In 1982 Rubin et al demonstrated the vasodilator
properties of prostacyclin on the pulmonary circula-
tion in seven patients with primary pulmonary
hypertension24. Total pulmonary resistance fell by
more than 20% and there was a small but statistically
significant fall in mean pulmonary artery pressure;
however, four patients developed intolerable side
effects. The effects were rapid and dose dependent.

In 1984 Higenbottam et al. successfully used a
continuous intravenous infusion of prostacyclin to
restore a 27-year-old woman to independence after
being almost bedbound with severe progressive pul-
monary hypertension71. This case report led to a
study of ten patients referred for consideration for
heart–lung transplantation, all of whom had clinical
and hemodynamic evidence of worsening primary
pulmonary hypertension despite oral vasodilators72.
After obtaining baseline measurements, prostacy-
clin was infused peripherally in a dose of
2 ng/kg/min and increased by 1 ng/kg/min every 15
minutes until a 20% fall in pulmonary vascular resis-
tance or systemic arterial pressure was observed, or
side effects intervened. Long-term treatment was
then commenced at the maximal tolerated dose via
a tunnelled sterile cannula in the subclavian vein,
and patients were taught to manage the infusions at
home. All patients showed an initial improvement in
exercise performance during treatment, and all but
one noticed rapid subjective improvement. Side
effects were mild and transient, but there were three
episodes of septicaemia and three patients devel-

oped unexplained ascites. Patients coped reason-
ably well overall showing the feasibility of this mode
of treatment.

Rubin et al. published similar results in the first
prospective randomized trial of continuous intrave-
nous prostacyclin vs. conventional oral vasodilator
treatment (primarily calcium channel blockers)73.
Twenty-four patients with primary pulmonary
hypertension, who had been referred because they
were either unresponsive to or intolerant of vasodi-
lators, were studied. All underwent right heart cath-
eterization, and an incremental prostacyclin
infusion until systemic blood pressure fell by 40%,
heart rate rose by 40% or side effects intervened.
Eleven were randomized to receive prostacyclin,
and were given the hemodynamically optimal dose
determined during the incremental study. Twelve
were assigned to maximal conventional treatment
including oral vasodilators, if thought beneficial.
Right heart catheterization was repeated after 2
months of treatment.

After two months, the patients treated with pros-
tacyclin showed significant haemodynamic changes
from baseline, unlike the conventional therapy
group. The benefits of prostacyclin therapy were sus-
tained for up to 18 months, although they found that
the mean dose had to be doubled every 6 to 12
months. Adverse effects did not increase, suggesting
that this was partially due to tachyphylaxis and not
simply disease progression. The eighteen surviving
patients were then enrolled in a study of the long
term effects of prostacyclin and followed up for up to
6 years in some cases74. Despite a number of serious
complications, clinical and hemodynamic improve-
ments were maintained, and there was evidence of
improved survival when compared to historical con-
trols. This was in spite of the fact that several of these
patients has not displayed a positive response to the
initial acute testing.

The clearest evidence for the therapeutic effect of
prostacyclin in primary pulmonary hypertension
came in the first prospective, randomized, multicen-
tre open trial comparing the effects of continuous
intravenous prostacyclin plus conventional therapy
with conventional therapy alone75. Eighty-one
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patients underwent an acute prostacyclin assess-
ment using the same protocol as Rubin et al.73,
before being randomized into two treatment groups.
Right heart catheterization was repeated after 12
weeks.

There was a marked improvement in exercise
capacity in the 41 patients on prostacyclin and con-
ventional treatment as opposed to a reduction in the
40 patients on conventional treatment alone, with
improved quality of life indices. Mean pulmonary
artery pressure fell by 8% on average in the prosta-
cyclin group, and pulmonary vascular resistance
dropped by 21%. There were eight deaths during the
study, all from the conventional treatment only
group. Once again, no attempt was made to limit
treatment with prostacyclin to those patients with a
positive acute vasodilator response. This suggests
that the benefits of prostacyclin are not simply due
to vasodilation, although it is possible that a sub-
group of patients with a good acute response were
responsible for the overall improvement. There were
frequent minor side effects and four episodes of
catheter-related sepsis, as well as 26 episodes of mal-
function of the drug delivery system.

Interestingly, a later study76 has reported that the
mean reduction in pulmonary artery pressure over
the course of the period studied was greater than
that expected from an acute vasodilator study with
adenosine. In a group of 27 patients, all but one had
a greater long-term benefit from prostacyclin than
that predicted by adenosine, including seven
patients with no significant acute vasodilator
response. There is also evidence of right ventricular
and pulmonary vascular remodelling, and less
endothelial injury and platelet aggregation in these
patients77,78. These studies suggest an additional
effect of long-term prostacyclin, perhaps a reversal
of the histological disease process.

Secondary pulmonary hypertension

There have only been three sizeable series looking at
the long-term effects of continuous intravenous
prostacyclin in secondary pulmonary hyperten-
sion42,43,79. None of the studies had a control group,

and in one of them42 there were several major com-
plications, including severe sepsis and pulmonary
edema. In the first study, McLaughlin et al.79

reported on 33 patients with a mean pulmonary
artery pressure of 60 mmHg, all of whom were clas-
sified as New York Heart Association (NYHA) 3 or 4.
The causes of pulmonary hypertension were con-
nective tissue disease (14 patients), congenital heart
disease (7 patients), portopulmonary hypertension
(7 patients), thromboembolic disease (3 patients)
and sarcoidosis (2 patients). Patients with a favour-
able acute vasodilator response to adenosine were
excluded. All patients reported improved symptoms,
with a significant improvement in NYHA classifica-
tion and exercise time. At repeat right heart cathet-
erization after three to 28 months, mean pulmonary
artery pressure fell by 23%, pulmonary vascular
resistance fell by 50% and cardiac output rose by
62%. There were no significant differences when the
three largest subgroups were analysed separately,
suggesting that the severity of pulmonary hyperten-
sion may be more important than the underlying
cause. Minor side effects were common and there
were several episodes of local infection and sepsis.

Humbert et al. treated 17 patients with underlying
connective tissue disease with prostacyclin for 6
weeks42. All had severe pulmonary hypertension
unresponsive to oral vasodilators, with a mean pul-
monary artery pressure of 52 mmHg and none
responded favourably to acute vasodilator challenge
with nitric oxide. There was a significant improve-
ment in mean pulmonary artery pressure, cardiac
index, pulmonary vascular resistance and mixed
venous oxygen saturation at both 6 weeks and long-
term follow-up. However, seven patients died while
on treatment as a result of sepsis and disease pro-
gression.

The third series was by Krowka et al., who studied
the acute and long-term effects of continuous intra-
venous prostacyclin in portopulmonary hyperten-
sion43. They studied fifteen patients with advanced
liver disease and mean pulmonary artery pressure
over 35 mmHg. They confirmed the observation by
Kuo et al.80 that cardiac output is significantly higher
in this condition than other forms of pulmonary
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hypertension, and found an acute improvement in
pulmonary hemodynamics of similar magnitude to
that previously reported in studies of primary pul-
monary hypertension using equivalent doses of
prostacyclin. They went on to study the long term
effects of prostacyclin in ten patients over a mean of
8.7 months, and reported sustained improvement in
all of them with evidence of further benefit when
compared to the acute changes. Six of the ten
patients died during the course of the study, leading
the authors to postulate that intravenous prosta-
cyclin may exacerbate the consequences of
advanced liver disease, perhaps as a result of
increasing splenic blood flow and portal venous
congestion following a rise in cardiac output. It
remains unclear whether prostacyclin confers an
overall benefit in this group of patients.

A number of other studies have shown significant
improvement in hemodynamics in subjects with
secondary pulmonary hypertension, in response
to a short-term infusion of prostacyclin. These
include hypoxic lung disease81, congestive heart
failure82, congenital heart disease83, thromboem-
bolic disease81, and pulmonary fibrosis81. The long-
term effects of treatment are unknown.

Administration/adverse effects

Prostacyclin is manufactured as a powder in vials of
0.5 mg and 1.5 mg, and is reconstituted with a solu-
tion of pH 10.5. Patients need to be taught how to
manage their own infusion because the drug must
be stored at 2–8°C and used within 24 hours of
reconstitution. Additionally, its half life of about 3
minutes66 means that pumps need reloading quickly
with minimal interruption. The infusion site should
be kept sterile and medical advice sought as soon as
symptoms and signs of infection appear.

The drug should be delivered by continuous intra-
venous infusion into a large vein via a single lumen
indwelling central catheter, which should preferably
be tunnelled to minimize the risk of infection. Where
treatment cannot be deferred pending catheter
placement, the infusion can initially be started

peripherally. There is no general agreement on the
correct therapeutic dose. Usual practice is to start at
two nanograms per kilogram per minute and
increase in increments of two nanograms per kilo-
gram per minute until limited by side effects, which
include flushing, sweating, jaw pain, postural hypo-
tension, palpitations, nausea and diarrhea, head-
aches and skin rashes (Table 18.7)84. Almost all
patients will develop some adverse effects but they
often fade with time and the dose can be increased
further. The aim is to improve symptoms and objec-
tive measures of exercise tolerance. Prostacyclin is
contraindicated in pulmonary veno-occlusive
disease73 and pulmonary capillary hemangiomato-
sis85 due to reports of acute pulmonary edema.
There have also been reports of ascites72 that were
not confirmed by later studies.

All the studies of outpatient continuous intra-
venous prostacyclin have reported complications
due to drug delivery systems, either through failure
or contamination, and a number of deaths have
been reported. Clearly, this treatment is suitable for
selected patients only after appropriate training,
and is best managed by specialist centres.

Alternative delivery methods and prostacyclin
analogues

There has been interest recently in alternative
methods of delivering prostacyclin and its ana-
logues.
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Table 18.7. Side effects of prostacyclin

Flushing

Sweating

Jaw pain

Nausea

Vomiting

Postural hypotension

Palpitations

Headaches

Skin rashes



Beraprost, an orally active prostacyclin analogue
with a half-life of between 3 and 6 hours has given
promising results in seven patients with primary
and secondary pulmonary hypertension86. Mikhail
et al. compared the effects of nebulized prostacyclin
with intravenous prostacyclin and nitric oxide in an
acute vasodilator study of 12 patients with primary
and secondary pulmonary hypertension. They
found that nebulized prostacyclin gave the greatest
improvement in hemodynamics25.

Randomized placebo-controlled studies are cur-
rently in progress using nebulized iloprost and sub-
cutaneous prostacyclin analogue.

Oxygen

Background

Oxygen is a selective pulmonary vasodilator by
virtue of its effect on hypoxic pulmonary vasocon-
striction. Although Euler and Liljestrand first
described this reflex in 194687, the precise mecha-
nism has still not been elucidated. It is thought to be
involved in the development of pulmonary hyper-
tension in chronic hypoxic lung disease (see previ-
ous chapter).

Clinical studies

Oxygen treatment should be considered in all
patients with pulmonary hypertension who are
hypoxic at rest or desaturate with exercise. This is
most important in those with raised pulmonary
artery pressure as a result of chronic obstructive pul-
monary disease, in whom two large multicentre con-
trolled studies have shown a marked improvement
in disease progression and mortality with long term
oxygen therapy (15 to 17 hours/day). However, the
improvement in survival was not clearly linked to an
improvement in pulmonary haemodynamics. In the
NOTT trial88 there was a small decrease in pulmo-
nary vascular resistance in the continuous oxygen
therapy group compared to an increase in those

receiving only nocturnal oxygen, but improved sur-
vival was only seen in those with an initially low pul-
monary vascular resistance. In the British MRC
study89, mean pulmonary artery pressure increased
by approximately 3 mmHg annually in the control
group, whereas there was no change in the group
treated with oxygen for 15 hours per day, but there
was no direct link between pulmonary hemodynam-
ics and survival. Later studies have demonstrated a
fall in pulmonary artery pressure with oxygen
therapy90 and an association with improved survi-
val91; however, some authors have considered the
reduction in pulmonary artery pressure too small to
account for the reduced mortality.

There is no evidence for anything other than a pal-
liative role for oxygen in patients with primary pul-
monary hypertension and other causes of secondary
pulmonary hypertension. However, there is good
reason to believe that similar benefits may occur in
any chronic hypoxaemia state where hypoxic pul-
monary vasoconstriction may be contributing to
pulmonary artery pressure and right ventricular
afterload. Therefore many clinicians would advo-
cate prescribing long-term oxygen therapy in pul-
monary hypertension where there is persistent
hypoxia at rest. Those who become hypoxic with
exercise should have oxygen available for short-term
use.

Administration/adverse effects

The need for long-term oxygen therapy should be
assessed in the usual way in line with national guide-
lines, bearing in mind the risk where there are
smokers in the household. An oxygen concentrator
is usually more cost effective, and the dose required
should be reassessed at regular intervals.

Other vasodilators

A number of other oral vasodilators have been tried
in the past and found wanting (see Table 18.8). There
was particular interest in angiotensin-converting
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enzyme inhibitors initially but results were disap-
pointing.

Anticoagulation

Most authors agree that, in the absence of any
contraindications, all patients with significant pul-
monary hypertension should be given anticoagu-
lants to achieve an INR of 29,19.

In primary pulmonary hypertension, post
mortem studies have shown the presence of throm-
botic lesions with evidence of recanalization92, and
fresh intrapulmonary thrombus is frequently found
in patients after sudden death. In a retrospective
study, Fuster et al.93 reported evidence of improved
survival in those treated with anticoagulants. Rich
et al.39 demonstrated improved survival with war-
farin treatment after subgroup analysis of a pros-
pective study, in particular in those who did
not respond to treatment with calcium channel
blockers.

In secondary pulmonary hypertension the story is
less clear, although many of these patients are at
high risk of thromboembolism due to dilated right
heart chambers and a low cardiac output state,
venous insufficiency, secondary polycythemia, and
relative. In connective tissue disease, where there
may be antiphospholipid antibodies, there is some
evidence from pathological studies of similar throm-
botic lesions to those seen in primary pulmonary
hypertension8, but there are no studies of the effects
of anticoagulant treatment upon outcome. Patients
with pulmonary vascular disease due to proven or
suspected recurrent thromboembolism should
clearly be given anticoagulants. Where this is contra-

indicated, insertion of a caval filter should be con-
sidered.

Inotropic agents

Cardiac glycosides

Cardiac glycosides have been widely prescribed by
physicians treating pulmonary hypertension for
many years. Their benefit in left ventricular dysfunc-
tion has been demonstrated94, but there has been no
clear evidence of a long term effect in right ventric-
ular dysfunction. Some authors have advised
against their use in cor pulmonale95, while others
have recommended their use to counter the nega-
tive inotropic effects of high dose calcium channel
blockers in primary pulmonary hypertension40.

Several small controlled trials have failed to show
an improvement in haemodynamics and right ven-
tricular function with conventional doses of digoxin.
Brown et al. found no significant change in exercise
tolerance or right ventricular ejection fraction at rest
or during exercise in 12 patients with stable chronic
airflow obstruction96. Another study looking at 15
patients with severe chronic airflow obstruction
found an improvement in right ventricular ejection
fraction after 8 weeks of digoxin treatment, but only
in those individuals with a coexisting reduction in
left ventricular ejection fraction97. Aubier et al.
studied the effects of an intravenous infusion of
digoxin on eight artificially ventilated patients with
acute respiratory failure and chronic airflow
obstruction98. They had a mean pulmonary artery
pressure of 39 mmHg and normal cardiac output
measurements at baseline. There was a significant
improvement in diaphragmatic strength during
supramaximal electrical stimulation, but no change
in hemodynamics.

More recently, Rich et al. studied the effects of a
1 mg intravenous infusion on seventeen patients
with severe primary pulmonary hypertension and
normal left ventricular function99. Subjects had a
mean pulmonary artery pressure of 61 mmHg and a
mean cardiac output of 3.49 litres/minute and
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Table 18.8. Other vasodilators

Angiotensin-converting enzyme inhibitors

Hydralazine

Diazoxide

Isoproterenol

Intravenous nitroglycerin



served as their own controls. They found a 10% rise
in cardiac output with a similar rise in mean pulmo-
nary artery pressure and no change in pulmonary
vascular resistance. There was a reduction in circu-
lating norepinephrine and an unexpected rise in
atrial natriuretic peptide levels. There were no
adverse effects. There have been no studies to date
for the long term effects of digoxin in pulmonary
hypertension.

Beta agonists

Isoproterenol, a beta 2-adrenoceptor agonist, has
been shown to increase cardiac output in patients
with primary pulmonary hypertension with no
effect on pulmonary artery pressure, and therefore a
reduction in calculated pulmonary vascular resis-
tance100. It was initially thought to act as a vasodila-
tor, but its effects are probably more easily explained
by a direct inotropic effect. There is a theoretical risk
of inducing right ventricular ischaemia with beta
agonists by a chronotropic effect that has been
implicated in patients with congestive heart
failure101, although small uncontrolled studies have
shown sustained symptomatic benefit with sublin-
gual isoproterenol102.

Dopamine and dobutamine may be useful in the
event of acute deterioration of right ventricular
function, but insufficient evidence is available in
pulmonary hypertension to make any recommen-
dations.

Diuretics

Diuretics are useful in right heart failure due to pul-
monary hypertension, to reduce excessive right ven-
tricular preload and control edema. Their role is
probably purely palliative, with no evidence of a
beneficial effect on survival. However, they should
be administered with caution for a number of
reasons. First, patients with pulmonary hyperten-
sion depend upon a high filling pressure to maintain
right ventricular cardiac output, and it is safer to err

on the side of fluid overload than hypovolemia and
risk exacerbating postural hypotension.

Secondly, the presence and degree of edema is a
useful clinical sign of disease progression or
response to treatment. It is better to see edema
resolve following more intensive vasodilator therapy
than with the addition of a diuretic.

Thirdly, a diuresis may raise the haematocrit and
increase the risk of intravascular thrombosis in
patients already at increased risk of thromboembo-
lism.

If diuretics are prescribed or the dose modified,
patients should be carefully monitored and encour-
aged to weigh themselves at frequent intervals.

Antiarrhythmics

There have been no studies looking for a beneficial
effect on survival with the use of prophylactic antiar-
rhythmics in patients with pulmonary hypertension.
There is no evidence that calcium channel blockers
(see above) reduce the risk of life-threatening
rhythm disturbances, and no other antiarrhythmic
drugs have been widely prescribed.

Venesection

Venesection has been shown to improve exercise tol-
erance in polycythemic patients with chronic
obstructive pulmonary disease103. It has also been
shown to lower pulmonary artery pressure and pul-
monary vascular resistance and increase right ven-
tricular ejection fraction in this group of patients104.
It seems reasonable to expect similar benefits in all
those with polycythemia secondary to chronic
hypoxia.

Secondary pulmonary hypertension: specific
points and treatment summary

It is important that the underlying disease process is
treated at the same time, and this will often require
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joint management with other specialist services.
Good communication is essential, especially before
instituting prostacyclin therapy.

In the absence of contraindications, all patients
should probably be started on anticoagulant
therapy, although there is no evidence of benefit
except in pulmonary thromboembolic disease. It
seems likely that, where there is evidence of endo-
thelial damage, there will be increased risk of in situ
thrombosis, however the benefits of treating mild
pulmonary hypertension have yet to be established.

Long-term oxygen therapy should be given to all
those who are hypoxic at rest, and a cylinder of
oxygen to those who desaturate with exercise.

Venesection should be considered in those with
polycythaemia due to chronic hypoxia.

Connective tissue diseases

There is sufficient evidence of benefit from vasodila-
tors for prostacyclin42,79 and calcium channel block-
ers8,59 to be considered in all patients. Those on
immunosuppressive treatment may be at relatively
high risk of infection while on intravenous prosta-
cyclin although no link was found in the study by
Humbert et al.42. Some of these patients have dis-
abilities that may make management of a continu-
ous infusion difficult.

Pulmonary thromboembolic disease

The effects of calcium channel blockers are
unknown, but there is some evidence of a benefit
from prostacyclin, especially in distal thromboem-
blism79. The possibility of thromboendarterectomy
should always be considered (see later). If there is
evidence of proximal pulmonary arterial thrombosis
at perfusion scanning or angiography, a specialist
surgical opinion should be sought. CT and MR
angiography are also useful for excluding resectable
thrombus. A search should be made for the source of
thrombosis.

Chronic hypoxic lung disease

In spite of a number of studies, it remains unclear
whether calcium channel blockers have a beneficial
role to play in this group of patients46,60–64.
Nifedipine appears to be the most effective overall,
but a large prospective placebo-controlled trial will
be required to resolve the issue. There have been no
studies of the effects of prostacyclin. This is the only
group of patients with pulmonary hypertension
where oxygen has been shown to reduce disease
progression and prolong survival88–91.

Congenital heart disease

There is a theoretical risk of inducing right to left
shunting and thereby worsening hypoxaemia
with prostacyclin in patients with established
Eisenmenger’s syndrome, by preferential dilatation
of the systemic vasculature. There have been few
studies in this group of patients, but no adverse
effects have been reported, and there is evidence of
benefit with acute83 and long-term therapy79. The
effects of calcium channel blockers are unknown.

Pulmonary venous hypertension

A complete discussion on the management of pul-
monary hypertension due to heart failure and valve
disease is beyond the scope of this chapter. Calcium
channel blockers are negatively inotropic which
limits their usefulness. Although there is evidence of
an improvement in hemodynamics acutely with
prostacyclin in congestive heart failure82, one recent
study of long-term therapy was halted early due to
an increased mortality in the treatment arm, and
therefore this treatment cannot be recommended at
the present time. Short-term infusion of prosta-
cyclin has been reported to cause pulmonary edema
in pulmonary veno-occlusive disease because of
increased pulmonary perfusion in the presence of
downstream vascular obstruction73.
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Portopulmonary hypertension

Two recent studies have suggested a beneficial long-
term effect of prostacyclin on pulmonary haemody-
namics in these patients, although this may have
been at the expense of worsening liver disease43,80.
More studies are needed before recommendations
can be made. The effects of calcium channel block-
ers are unknown.

Human immunodeficiency virus infection (HIV)

There is increasing awareness that HIV infection
predisposes towards the development of pulmonary
hypertension, perhaps due to a direct effect of the
virus on the pulmonary vasculature105,106. It is one of
the commonest causes of the disease in France but
at the time of writing there was only one case iden-
tified in the UK. All patients with unexplained pul-
monary hypertension should be screened for HIV
infection after appropriate counselling.

The long-term effects of calcium channel blockers
are unknown, and the infection risk from an indwell-
ing catheter for continuous intravenous prosta-
cyclin would be unacceptable.

Surgical options

There are three surgical options currently available
at a number of specialist centres for patients with
pulmonary hypertension. The most recent develop-
ment has been the success of pulmonary throm-
boendarterectomy in carefully selected patients

Transplant

The first heart–lung transplantation was performed
in a patient with primary pulmonary hyperten-
sion107, and this was the standard treatment for
severe pulmonary hypertension until the advent of
effective medical therapy in the past 15 years.

Nowadays, it is very much a treatment of last resort
and should always be preceded by a trial of medical
therapy. Survival rates are better than those of
medical therapy for patients unresponsive to vaso-
dilators, but slightly worse than medical therapy for
those with a positive vasodilator response, with 1
year and 3 year survival rates of 70% and 47%,
respectively108. There is little difference between
single, double and heart/lung transplantation19.
Early complications include acute graft rejection
and infection, and the main late complication is
chronic rejection (bronchiolitis obliterans syn-
drome) which occurs in between 35% and 50% of
recipients. The timing of referral to a transplant
centre is a difficult issue, and the shortage of organ
donors is the principal rate-limiting step.

Atrial septostomy

Atrial septostomy appears to have a useful role in the
management of patients with severe progressive
pulmonary vascular disease after the failure of
medical therapy, and in whom the atrial septum is
intact. The natural history of pulmonary hyperten-
sion is rising pulmonary artery pressure, falling
cardiac output and progressive right heart failure.
Right atrial pressure correlates better than other
hemodynamic indices with survival and there is evi-
dence that primary pulmonary hypertension
patients with a patent foramen ovale have better
survival rates than those without109. The rationale for
atrial septostomy is to artificially create a right to left
shunt thereby increasing cardiac output and sys-
temic oxygen delivery, and reducing right atrial pres-
sure.

Rich and Lam first used this approach in 1983, and
since then several investigators have reported a ben-
eficial effect on pulmonary hemodynamics110–113. In
1998, the World Symposium on Primary Pulmonary
Hypertension published guidelines after reviewing
the evidence, and a suggested therapeutic algorithm
is shown (Fig. 18.4)4. Relative contraindications are a
mean right atrial pressure of more than 20 mmHg, a
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Recurrent syncope and/or right heart
failure with intact atrial septum

Cardiac catheterization
Acute vasodilator drug testing

‘Responder’
↓ PAP
↑ Cl

‘Non-responder’
↓ PAP or PAP unchanged

↑ Cl

Chronic oral
vasodilator treatment

Continuous PGI2Improves Recurrent syncope
and/or right heart
failure with intact

atrial septum

Continuous PGI2

Improves Recurrent syncope
and/or right heart
failure with intact

atrial septum

Improves

Atrial septostomyContinue oral
vasodilators

?Timing of
transplantation

?Timing of
transplantation

?Timing of
transplantation

Fig. 18.4 Indications for performing palliative artrial septostomy in selected patients with advanced pulmonary vascular disease.

PAP�pulmonary artery pressure; CI�cardiac index; PGI2�prostacyclin I2.



pulmonary vascular resistance index of greater than
55 units/m2, a predicted 1 year survival of less than
40%, and a systemic arterial oxygen saturation on
room air of less than 90%. Unresolved issues include
mechanism of action, optimal timing of interven-
tion, choice of technique (blade balloon or graded
balloon dilation), and long-term effects114.

Thromboendarterectomy

In carefully selected patients with proximal throm-
boembolic disease demonstrated at angiography,
the outcome of pulmonary endarterectomy is good.
There is an increase in pulmonary blood flow and
cardiac output, extended survival, and improved
quality of life115. There is also evidence of resolution
of peripheral thromboembolic disease postopera-
tively.

Monitoring

There are two aspects to monitoring these patients:
pulmonary hemodynamics and exercise tolerance.
Cardiac catheterization is invasive and carries a sig-
nificant risk and an accurate and reproducible non-
invasive method of measuring hemodynamics is
needed. The best method currently available is
echocardiography, but there are considerable diffi-
culties in some groups of patients, in particular
those with airways obstruction and the overweight.
Exercise hemodynamics are difficult to assess with
echocardiography, and cardiopulmonary exercise
testing is useful, either with a simple 6-minute walk
test or by means of formal cycle ergometry and anal-
ysis of expired gases. This approach not only gives a
measure of exercise tolerance, but also provides var-
iables that can be correlated with pulmonary artery
pressure. Changes in chest radiograph appearance,
electrocardiography and oxygen saturation may also
be helpful, in addition to clinical assessment.
Magnetic resonance imaging is also being increas-
ingly used in some centres to assess pulmonary

blood flow characteristics, and right ventricular
morphology and function116,117. Where there is evi-
dence of significant disease progression, repeat
cardiac catheterization may be necessary.

Prognosis

The overall prognosis for these patients remains
poor, but recent advances are cause for optimism.
Median survival after diagnosis was only 2.5 years in
one series, but the use of anticoagulants, calcium
channel blockers and prostacyclin has made an
appreciable difference. A suggested management
algorithm for pulmonary arterial hypertension
(WHO classification) is shown in Fig. 18.2. Poor
prognostic factors include worsening pulmonary
hemodynamics and exercise tolerance, a negative
acute vasodilator assessment, signs of right heart
failure, arrhythmias, a pericardial effusion and a
mixed venous oxygen saturation below 63%4,39,58,75

(Table 18.9). Death is most often due to progressive
right heart failure and arrhythmias.

Pulmonary hypertension in children

Introduction

There are important differences in the causes
and management of pulmonary hypertension be-
tween children and adults. What follows serves as an
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Negative acute vasodilator assessment

Worsening haemodynamics

Deteriorating exercise tolerance

Syncope

Pericardial effusion

SvO2	63%

Onset of right heart failure



introduction to the drug treatment of the disorder,
and the reader requiring detailed information is
referred to the following reviews118–121.

The commonest causes of childhood pulmonary
hypertension are persistent pulmonary hyperten-
sion of the newborn and congenital heart defects:
however, all of the known causes of adult disease
have been recognized in children (see Table 18.1).
Primary pulmonary hypertension (PPH) is a much
less common diagnosis in children than in adults.

Persistent pulmonary hypertension of the
newborn

This is a syndrome of persistently raised pulmonary
vascular resistance and diminished pulmonary
vasoreactivity shortly after birth, causing right to left
shunting of blood through the foramen ovale and
patent ductus arteriosus, and often resulting in
severe hypoxemia. There may be a clearly defined
precipitant such as meconium aspiration or sepsis,
or it may be idiopathic.

Treatment has until recently been supportive con-
centrating on oxygen delivery and maintenance of
systemic blood pressure. Vasodilator drug therapy
has been hampered by the lack of a selective pulmo-
nary vasodilator, but the discovery of nitric oxide has
raised the prospect of lowering pulmonary vascular
resistance without causing systemic vasodilation.
Inhaled nitric oxide has been shown to improve gas
exchange in term or near term infants, and reduce
the need for extracorporeal membrane oxygenation
(ECMO)119,122. However, a beneficial effect on survi-
val has not been shown.

Congenital heart defects

Any cardiac abnormalities with potential for left to
right shunting may cause pulmonary hypertension,
and an estimated 30% of individuals with a congen-
ital lesion will go on to develop clinically significant
pulmonary vascular disease123. The age at which this

happens depends mainly upon the type of defect,
but also upon the presence of concomitant chronic
lung disease such as cystic fibrosis. Symptoms may
not occur until adult life, or may be evident before
the end of the first year.

Clearly, the most effective treatment is early surgi-
cal repair of the defect; however, medical therapy is
still needed when there is established or progres-
sive pulmonary vascular disease, or where an
Eisenmenger’s complex has developed.

Treatment should be with anticoagulation, cor-
rection of hypoxia and venesection. No vasodilator
has yet been studied in a placebo-controlled trial,
but there is evidence of a role for inhaled nitric oxide
as a diagnostic and therapeutic agent120. There have
also been reports of a synergistic effect on pulmo-
nary vasodilation of nitric oxide and oral beraprost,
a prostacyclin analogue124.

Primary pulmonary hypertension

The pathophysiology of primary pulmonary hyper-
tension in children is similar to that of the disorder
in adults, and the same investigations should be per-
formed, including an acute vasodilator assessment
(see above). Unlike adults, where less than 30%
respond with a fall in mean pulmonary artery pres-
sure and pulmonary vascular resistance9,19, over 40%
of children have a positive response and should be
treated with oral calcium channel blockers. The
remainder, including all those responders who fail to
improve on oral therapy, should be offered continu-
ous intravenous prostacyclin.

The use of vasodilators has revolutionized the
prognosis of children with pulmonary hypertension.
Using this approach, Barst et al. reported 3-year sur-
vival rates of 97%, 94% and 92%, respectively, for
responders on oral therapy, responders on oral and
intravenous therapy and non-responders on intrave-
nous therapy alone125. This compares with a median
survival of only ten months for children in the NIH
Registry58. All patients should also be treated with
warfarin, digoxin, diuretics and oxygen if required.
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Introduction

Different parts of the pulmonary vasculature can be
affected or involved during the course of a variety of
lung diseases, for example, small pulmonary arteries
show frequently in situ thrombosis and the capillary
endothelium is leaky in the lungs of patients with the
adult respiratory distress syndrome (ARDS)1. The
pulmonary vasculature is certainly involved and
structurally altered in COPD and emphysema2,3.
There is pulmonary vascular involvement in eosino-
philic granulomatosis4, and it is often overlooked
that there is significant vascular involvement in
many forms of interstitial fibrosis, as well as in colla-
gen vascular disorders5,6. Table 19.1 gives a list of
lung diseases with pulmonary vascular involve-
ment.

Pulmonary vascular remodelling is also a promi-
nent feature of mitral valve stenosis, chronic left
ventricular dysfunction, kyphoscoliosis and sleep
apnea syndromes7–9.

The recommendation for treatment of the pulmo-
nary vascular disease component in these condi-
tions has been and continues to be to treat the
underlying primary lung disease. Unfortunately,
some of the disorders that are associated with pul-
monary hypertension or pulmonary vascular abnor-
malities are difficult to treat, for example interstitial
lung diseases (ILD) or ARDS. On the other hand,
treatment of patients with COPD with supplemental
continuous oxygen has been shown to improve pul-
monary hypertension (PH) and patient survival10 yet
it is not at all clear whether the patient survival is

causally related to a reduced pulmonary arterial
pressure.

Against this backdrop it becomes clear that it is
the group of pulmonary vascular diseases that more
or less originate within the pulmonary vessels which
require specific and new treatments. Patho-
genetically, investigators in previous years have
mainly considered pulmonary precapillary vaso-
constriction, vascular injury and inflammation11–13

as important factors that cause PH. Although treat-
ment strategies can be built on these mechanisms
no specific pulmonary vascular treatment regimens
have been developed. A recent proposal for a new
categorization of severe PH14 makes a distinction
between disease associated with angiogenic/endo-
thelial cell proliferative diseases and stress-adaptive
diseases (Fig. 19.1), i.e. a group of diseases where
endovascular endothelial cell proliferation15 is
prominent and a group of disorders where vascular
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Table 19.1. Pulmonary vascular involvement in
lung diseases

Adult respiratory distress small arteries, capillaries

syndrome

Respiratory bronchiolitis small precapillary arteries

COPD, emphysema loss of capillaries, muscular

arteries

Eosinophilic granuloma precapillary arteries

ILD, including sarcoid muscularization of arteries

Collagen vascular diseases muscularization of arteries,

plexiform lesions
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media thickening is characteristic. Conceptually,
these two groups probably require different treat-
ments. If we consider the endothelium and the vas-
cular smooth muscle a functional syncytium, then
endothelial cell dysfunction or damage is likely to
influence the behaviour of the VSMC, i.e. their role in
vascular remodelling.

As a consequence of this syncytium concept treat-
ment strategies should target the remodelled vessel
as a whole. Fig. 19.2 organizes current concepts of
the pathobiology of severe PH. The critical issue
underlying our incomplete knowledge of the
pathobiology of pulmonary hypertensive diseases is
our lack of understanding of their natural history
and the lack of animal models which display pulmo-
nary plexogenic arteriopathy (Fig. 19.3, see colour
plate section). The complete understanding of the
pathobiology of severe PH requires the understand-
ing of the initiating cellular and molecular events,
the nature and role of progression factors and the
final outcome. The final outcome clinically is right
heart failure and we now appreciate that different
patients – for identical degrees of PH – may have
more or less efficient mechanisms of adaptation or
compensation for the pressure overload16.

Returning to pulmonary vascular remodelling and
the pathobiology of severe PH (Fig. 19.4) we now
know that plexiform pulmonary artery lesions occur
as monoclonal endothelial cell proliferation in
primary – spontaneous and familial – pulmonary
hypertension (PPH), but in secondary PH the endo-
thelial cell proliferation is polyclonal17,18. This
strongly indicates that somatic endothelial cell
mutations are a cause of endothelial cell prolifera-
tion in PPH. Hypothetically, proliferation of mutated
endothelial cells could explain the vascular remod-
elling in PPH19 – and one must not necessarily evoke
vasoconstriction as a mechanism. A point mutation
in the gene coding for the TGF-� II receptor has been
identified in the endothelial cells microdissected
from PPH patients’ plexiform lesions19. In this
context it is important to mention that only 25% of
all patients with severe PH (at the time of their first
heart catheter study) show a vasoreactive compo-
nent. The traditional explanation for this fact is that
the diagnosis of severe PH is always late, since there
are no early symptoms. Although it is true that
symptoms of dyspnea and fatigue are associated
with severe hemodynamic compromise, an alterna-
tive hypothesis for the lack of a vascular reactive
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Vasoconstriction
Increased blood flow

Autonomous
cell proliferation

Increased shear stress

Monoclonal

Somatic
mutation

?

Inflammation

Vascular ‘injury’

polyclonal

‘Misguided angiogenesis’

Severe pulmonary
hypertension

Fig. 19.2 Conceptually either increased shear stress or autonomous cell growth can explain mechanistically how obliterating

lesions form in the small precapillary resistance vessels. Endothelial cell proliferation in ‘primary’ pulmonary hypertension is

monoclonal but polyclonal in secondary forms of severe pulmonary hypertension.



component in many patients might be that vasocon-
striction may not be important in these patients.

Treatment of the remodelled lung circulation

One treatment goal for severely pulmonary hyper-
tensive states is to ‘deremodel’ the lung circulation.
This probably implies the reversal of altered vascu-
lar cell phenotypes (Table 19.2).

This, in turn, may occur as the originally altered
phenotype dies out or by reversing the selection
pressure that has caused the emergence of the
altered phenotype in the first place. As stated above,
we still know too little about the process of vascular
remodelling and the nature of the altered vascular

cell phenotype to recommend highly specific strate-
gic targets. But if endothelial cells in the pulmonary
hypertensive circulation break with the dogma of
monolayer formation and resort to a phenotype that
proliferates, forms clusters and finally pseudolumen
very similar to an angiogenic process then anti-
angiogenesis treatment could be an option.

Angiogenesis factors

Angiogenesis is a complex process where a large
number of factors are activated at the site and inter-
act towards endothelial cell growth, smooth muscle
cell migration and recruitment of pericytes.
Although angiogenesis associated with inflamma-
tory processes or associated with wound healing may
differ from PH angiogenesis, activated macrophages
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Severe PH pathobiology

Initiation Progression Final outcome

Concepts

Genetic Vasoconstriction Injury Inflammation

Virus?Gene(s) Impaired
vasodilation

Somatic mutation

Angiogenesis
programme

K+ channel
dysfunction?

↑Ca2+ intracellular
VSMC

VSMC hypertrophy
and growth

5-HT

5-HT

Endothelial
cell
proliferation

Immune response

Mediators are
amplifiers

?

?

?

?

Evidence based on animal model data

Fig. 19.4 This diagram attempts to synthesize the pathobiologically relevant elements of severe pulmonary hypertension. Genetic

determinants are likely to play an important role. The pathogenetic concepts of vasoconstriction, endothelial cell injury and

inflammation are based on animal model data only. The natural history of severe human pulmonary hypertension and therefore

the factors responsible for initiation and progression of this disease are largely unknown.



and the action of growth factors are common to all
these forms of angiogenesis20–25.Table 19.3 lists some
of the angiogenesis factors.

Of these factors VEGF, its receptor KDR and angio-
poetin II and its receptor Tie/Tek have been local-
ized to the plexiform lesions26. There is also
overexpression of eNOS in these lesions27. Whether
any other factor listed above is expressed in the vas-
cular lesions is presently unknown. Antibodies
directed against VEGF have been shown to enhance
hypoxic pulmonary hypertension in rats28 and
short-term adenovirus-VEGF-gene expression con-
versely has reduced chronic hypoxic pulmonary
hypertension29. However, these experiments do not
reflect on angiogenesis since angiogenesis is not a
feature of hypoxic pulmonary hypertension in
rodents; rather VEGF likely reduces pulmonary
hypertension via NO production30. In contrast, anti-
VEGF treatment inhibits granulomatous blood
vessel growth in vivo. Conceptually blockers of the
VEGF receptor KDR, which block the receptor’s
kinase activity31, could be used to inhibit VEGF
driven pulmonary vascular angiogenesis. However,
experiments using a KDR blocker in rats show that
chronic KDR blockade causes pulmonary arterial
VSMC growth and increases pulmonary arterial
pressures32. Drugs with this activity profile are cur-
rently in cancer treatment trials. Angiostatin is an

endogenous angiogenesis inhibitor33 that also might
have future therapeutic potential, matrix metallop-
rotease inhibitors potentially would also be useful as
angiogenesis inhibitors34.

Inhibitors of metalloproteinases

The breakdown of extracellular matrix by metallo-
proteinases is important for initiation and progres-
sion of angiogenesis34. It has been shown that a
number of matrix metalloproteinase inhibitors
block angiogenesis induced by carcinoma cells
implanted in the cornea35. In addition, VEGF can up-
regulate the expression of matrix metalloprotei-
nases in vascular smooth muscle cells21. The group
of Rabinovitch has shown inhibition of pulmonary
vascular remodelling in rats made pulmonary hyper-
tensive with the alkaloid monocrotaline treating the
animals with a selective serine elastase inhibitor36–40.

Inhibitors of inflammation

Presently treatment of inflammation is not a consid-
eration in the clinical management of severe PH –
although calcium entry blockers, especially in
higher doses, may have anti-inflammatory actions.
The evidence for the presence of inflammation in
severe PH comes from the examination of lung
tissue and plasma samples. Inflammatory cells are
clearly present in the complex vascular lesions and
clusters of macrophages surround small, remod-
elled arteries15–41 (Table 19.4).

What remains unclear is whether the accumula-
tion of inflammatory cells in the vascular lesions –
and for that matter the increased levels of cytokines
(in particular IL-1 and IL-643) – are cause or conse-
quence of the vascular remodelling. The presence of
lymphocytes may be consistent with a local immune
response. If so, then what are the antigens? The pres-
ence of inflammatory cells may be part of the angio-
genic process and activated macrophages may
amplify angiogenic activity. In addition, the expres-
sion of 5- and 15-lipoxygenase by endothelial cells in
lungs from patients with severe PH44,45 may indicate
that the altered endothelial cell has assumed a role
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Table 19.2. Endothelial cell
pulmonary hypertensive (proliferative?)
phenotype

VEGF � Prostacyclin �

KDR � synthase

Angiopoetin � Prostacyclin �

5-LO � receptor

FLAP � p27 �

HIF-1� � PPAR �

ARNT �

Endothelin �

Note:

Present or increased gene expression: �.

absent or reduced gene expression: �.



in inflammation45 or, alternatively that these inflam-
matory proteins contribute to a cell growth pro-
gramme.

It is of interest that, experimentally, inhibitors of
platelet activating factor (PAF) drastically reduce the
development of PH both in chronically hypoxic and
in monocrotaline treated rats46,47. PAF affects pro-
duction of leukotrienes in the lungs48 and has been
associated with angiogenesis49 and mice deficient in
5-lipoxygenase (5-LO knock-out) are protected
against PH50, yet neither leukotriene antagonists nor
5-LO inhibitors or PAF receptor blockers have been
used clinically in PH patients.

Suppression of vascular smooth muscle cell
growth and hypertrophy

The thickening of the media in the precapillary pul-
monary arteries is clearly an important part of the

pulmonary vascular remodelling. Perhaps pulmo-
nary VSMC hypertrophy is more prominent than
VSMC proliferation. The hypertensive VSMC is less
contractile, the phenotype likely has switched to a
‘secretory’ cell type51.

The proto-oncogene c-myb regulates cell growth
and is involved in mitogen-induced VSMC growth;
heparin blocks VSMC cell cycle progression and
blocks the induction of c-myb expression. In the
model of chronic hypoxia-induced pulmonary
hypertension in neonatal calves it has been shown
that chronic treatment with heparin reduces the
amount of vascular remodelling, i.e. the develop-
ment of media thickening52.

Agents that increase intracellular cGMP are postu-
lated to inhibit pulmonary vascular remodelling
since cGMP inhibits the mitogenesis and prolifera-
tion of VSMC. Endogenous factors like atrial natri-
uretic peptide (ANP) for which guanylate cyclase is
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Table 19.3. Angiogenic growth factors

Growth factor Cell source Target cells and major action

Basic fibroblast growth factor – bFGF Macrophages Angiogenesis

Endothelial cells Fibroblast proliferation

Acidic fibroblast growth factor – aFGF Macrophages Angiogenesis

Endothelial cells Fibroblast

Proliferation

Vascular endothelial growth factor – VEGF Epithelial cells Endothelial cell growth

Macrophages Increased vascular permeability

Neutrophils Increased expression of 

Platelets metalloproteinases

Leptin Adipose tissue cells Endothelial cell growth

Platelet activating factor – PAF Inflammatory cells Increased VEGF expression

Angiogenesis

Tumour necrosis factor – TNF Inflammatory cells Increased PAF expression

Angiogenesis

Nitric oxide synthase – NOS Endothelial cells Angiogenesis

Insulin-like growth factor I – IGF-1 Fibroblast Endothelial cell growth

Angiopoetin I – Ang 1 Maturation of vessel

Angiopoetin II – Ang 2 Vascular smooth muscle cells Antagonist of Ang-1

Ephrin B2 Endothelial cells Fusion of smaller vessels

Tryptase Mast cells Vessel tube formation



the receptor, and nitric oxide itself, inhibit vascular
wall thickening in the lungs of experimental
animals. Again, whether chronic treatment with
nitric oxide via inhalation or whether nitric oxide
donors have such an effect in patients with severe
pulmonary hypertension is presently unknown. A
future treatment based on the above developed
principle would be the inhibition of the ANP clear-
ance receptor. Conceptually, agents blocking the
ANP clearance receptor would increase the circulat-
ing endogenous ANP, potentially leading to activa-
tion of the guanylate cyclase.

With the recent increase in anorexigen-related
severe pulmonary hypertension53–55 investigators
have again focused their attention on serotonin
since most of the appetite suppressant drugs either
release serotonin or inhibit serotonin uptake.
Serotonin is a VSMC mitogen and a pulmonary vaso-
constrictor56, and finally circulating serotonin levels
may be elevated in patients with PPH57. Taken
together these findings may justify the exploration
of the usefulness of specific serotonin blockers.

Gene therapy for the remodelled lung circulation

Initially, information concerning the modification of
vascular diseases via gene therapy came from
studies of the systemic circulation. First attempts
were directed towards modification of smooth
muscle cell proliferation and hypertrophy in the
setting of restenosis following angioplasty therapy;
some of these studies made use of rodent models of

carotid artery injury obtained after rubbing a
balloon catheter within the vessel lumen. Anti-sense
strategies have been used aimed at the oncogene c-
myb since this oncogene is expressed by proliferat-
ing smooth muscle cells. Morishita and coworkers
delivered anti-sense oligonucleotides directed
against CDK2 kinase or the transcription factor
decoy of E2F binding sites. CDK2 kinase forms a
complex with cyclin A and E2F; this approach
reduced significantly, but not completely, the
smooth muscle cell proliferation subsequent to the
arterial injury58. Presently, only short-term transfec-
tion studies have been successful targeting the lungs
of experimental animals. Both endothelial nitric
oxide synthase (eNOS) and VEGF have been deliv-
ered via adenovirus vectors to the lungs of rats and
the overexpression of either eNOS or VEGF have pro-
duced inhibition of acute pulmonary vasoconstric-
tion.

Another candidate to consider for gene therapy is
the prostacyclin synthase. Given the success of the
presently recommended continuous IV infusion of
prostacyclin in many forms of severe pulmonary
hypertension59,60 and the fact that the prostacyclin
synthase gene is reduced in its expression in pulmo-
nary hypertensive lungs61 it would make sense to
attempt strategies to reexpress prostacyclin syn-
thase, a gene coding for a critical enzyme in the pro-
duction of the very important vasodilator
prostacyclin. Adenovirus vectors are likely to have,
even under best conditions, a relatively short survi-
val time, retroviral vectors may be available for per-
manent transfection either via the vascular or the
airway route. As has been shown with eNOS and
VEGF transfections short-term expression in rat
lungs has been accomplished with an adenovirus
vector transfection of the PGI2 synthase. Recently,
Geraci and coworkers demonstrated overexpression
of the prostacyclin synthase and continuously ele-
vated levels of prostacyclin in the lungs of mice
where the transgene was selectively overexpressed
in surfactant producing alveolar cells. These animals
lack an acute hypoxic pressor response and do not
develop pulmonary hypertension when exposed to
chronic hypoxia illustrating how chronic overpro-
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Table 19.4. Inflammatory cells in severe pulmonary
hypertension and potential mediators involved in
remodelling

Mast cells Heath et al.42 histamine, serotonin,

leukotrienes, tryptase

Macrophages Tuder et al.15 TNF-�, IL-1, IL-6, bFGF,

leukotriene, TGF-�

T-lymphocytes Tuder et al.15

B-lymphocytes Tuder et al.15



duction of prostacyclin in the lung can alter both
vascular reactivity and prevent chronic hypoxia-
induced pulmonary vascular remodelling62. These
experiments should be seen as proof of principle
and encourage investigators to continue to work on
projects dedicated to overcome the defect in pros-
tacyclin synthesis in the pulmonary hypertensive
lung. Furthermore, these experiments indicate that
strategies which increase epithelial cell production
of endogenous vasodilators may hold promise for
the treatment of pulmonary hypertension.

Treatment of the pressure overloaded right
ventricle

It is the clinical experience of many investigators
that in adult severe pulmonary hypertension the
survival of the patient is less related to the magni-
tude of the pulmonary artery pressure but rather to
the cardiac output and the right atrial pressure, i.e.
to the absence or presence or the degree of right ven-
tricular failure63. For unclear reasons, there are
patients that present to their physicians at the time
of diagnosis with manifest right ventricular failure,
whereas other patients suffer mostly from dyspnea
and fatigue and appear to develop right ventricular
failure signs later in the course of their disease.
Conceptually, it is necessary to consider the
problem of severe pulmonary hypertension as a
combined issue of progressive pulmonary vascular
remodelling and the problem of the right ventricular
reserve. As stated, why some patients with severe
pulmonary hypertension fail early and other
patients late is not at all clear; however, one might
postulate that the ‘quality’ of the right ventricular
myocardium might be different from patient to
patient and therefore the ability to withstand the
chronic pressure overload. The mechanism leading
to ‘appropriate’ adaptation to the high pressure and
the development of concentric right ventricular
hypertrophy may code for the state of a compen-
sated RV failure and longer survival. If one accepts
this concept as developed then one may ask further
questions.

First, is there a myocardial failure programme that
is potentially reversible when the afterload has been
removed? Second, are there individual and genetic
determinants of right ventricular reserve? Stated
differently, does the right ventricle have genetically
based choices, for example, to activate a failure pro-
gramme or to activate a pressure-adaptation pro-
gramme? Further questions are whether the
pressure-overloaded right ventricle is exposed to a
different degree of wall stress based on the concen-
tric or excentric hypertrophy of the chamber and
whether concentric or excentric hypertrophy pre-
dispose the myocardium to a greater or lesser degree
of RV ischemia? Availability of such specific informa-
tion regarding the performance and contractile
reserve of the right ventricular muscle may lead
toward new treatments.

Combination therapy

Future treatment regimens for patients with severe
pulmonary hypertension may not only include anti-
inflammatory agents, but agents which target vascu-
lar remodelling. Patients in the future may receive a
combination of drugs; for example, a patient with
moderately severe pulmonary hypertension may
receive an oral prostacyclin analogue, an endothelin
receptor blocker, an anticoagulant plus a phospho-
diesterase inhibitor. Other patients displaying a
pattern of progressive angiogenic remodelling may
receive a short course treatment with agents
which induce apoptosis or inhibit matrix metallo-
proteinases.

Therapeutic approach to neonatal pulmonary
hypertension

Pulmonary hypertension during the early postnatal
period presents challenges and opportunities for
therapeutic intervention that are unique from pul-
monary hypertension in the adult. At birth, the
pulmonary circulation undergoes a striking vasodi-
lation, leading to an 8–10-fold increase in pulmo-
nary blood flow due to marked vasodilation. This fall
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in pulmonary vascular resistance (PVR) is critical for
normal cardiopulmonary adaptation at birth, and
allows for gas exchange to occur during postnatal
life. Some newborns fail to achieve this normal fall in
PVR at birth, and develop severe hypoxemic cardio-
respiratory failure. Persistent pulmonary hyperten-
sion of the newborn (PPHN) is a clinical syndrome
that is characterized by failure of the pulmonary cir-
culation to achieve and sustain the normal vasodila-
tion at birth64,65. As a clinical syndrome, PPHN is
associated with diverse neonatal heart and lung dis-
orders, including asphyxia, meconium aspiration
syndrome, respiratory distress syndrome, congeni-
tal diaphragmatic hernia, sepsis and pneumonia, or
can be idiopathic (the so-called ‘persistent fetal cir-
culation’). These disorders are included within the
syndrome of PPHN because they share physiological
features, including high pulmonary artery pressure,
leading to right-to-left extra-pulmonary shunting of
blood flow across the foramen ovale or ductus arte-
riosus, and causing marked hypoxemia. High PVR in
PPHN is also associated with abnormal vasoreactiv-
ity, as demonstrated by an inability to dilate to
normal birth related stimuli (e.g. oxygen, ventilation
and shear stress) and marked vasoconstriction to
mild hypoxia or stress. In addition, newborns who
die with PPHN have marked hypertensive remodell-
ing of small pulmonary arteries, suggesting that
structural pulmonary vascular disease can also con-
tribute to high PVR in PPHN.

Mechanisms that cause PPHN are incompletely
understood. Familial cases of PPHN have been
reported, but most cases lack a positive family
history of past cardiovascular or pulmonary disease.
Although chronic hypoxia has long been considered
as a likely etiology of PPHN, animal models of mater-
nal hypoxia in rats and guinea pigs have not sup-
ported this hypothesis. Although newborns have low
birth weight after exposure to chronic hypoxia in
utero, there were no differences in pulmonary artery
pressure or pulmonary artery wall thickness in com-
parison with control animals66. In contrast, intraute-
rine hypertension may be sufficient to cause PPHN.
An animal model of partial compression of the
ductus arteriosus (DA) in fetal lambs has demon-

strated marked changes in pulmonary vascular
structure and sustained elevation of PVR after deliv-
ery67. These studies suggest that mechanisms that
elevate pulmonary arterial pressure in utero, such as
systemic hypertension or closure of the DA, can alter
pulmonary vascular structure and reactivity, leading
to functional and structural changes that character-
ize PPHN.

Physiologically, high PVR may be due to impaired
release of vasodilators, enhanced production of
vasoconstrictors, altered smooth muscle cell
responsiveness, excessive production of an abnor-
mal extracellular matrix production, and altered
growth of smooth muscle cells. Experimental
studies suggest that PPHN may be associated with
decreased production and responsiveness to nitric
oxide (NO). Impaired production of NO may lead to
decreased vasodilation at birth68–70, increased myo-
genic tone71, and increased smooth muscle cell
growth, that characterize PPHN. Similarly,
decreased soluble guanylate cyclase and increased
cGMP-specific phosphodiesterase (PDE5) activities
may further impair NO-mediated vasodilation in
PPHN by lowering smooth muscle cell cGMP
content and limiting vasodilation72,73. Alternate
mechanisms that have been suggested by this model
include increased production of the potent vasocon-
strictor and smooth muscle mitogen, endothelin-1
(ET-1), and altered expression of ET receptors74.
Whether these mechanisms are operative in clinical
PPHN are uncertain; however, clinical studies have
demonstrated marked elevation of circulating ET
levels in newborns with PPHN75.

In the recent past, therapy of PPHN was limited to
the use of hyperventilation, metabolic alkalosis, car-
diotonic drugs and non-selective pharmacologic
vasodilators65. Failure to respond to these agents
often lead to treatment with extracorporeal mem-
brane oxygenation (ECMO), which is expensive,
labour intensive and associated with significant
neurological and cardiopulmonary sequelae. More
recently, several clinical studies have demonstrated
that inhaled NO improves oxygenation and lowers
PVR in newborns with PPHN, reducing the need for
ECMO utilization76–78. Clinical responses to inhaled
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NO have been achieved at relatively low doses (2–20
ppm), and are not associated with potential problems
of NO-related toxicities, such as increased methemo-
globinemia or exposure to high nitrogen dioxide
levels. In addition, long-term follow-up studies of
children who received NO during the immediate
newborn period have demonstrated normal lung
function and good developmental outcomes.

Although inhaled NO has been proven to be an
effective pulmonary vasodilator in PPHN, not all
newborns respond to this therapy. Several mecha-
nisms may contribute to partial or poor responsive-
ness to inhaled NO. These include poor lung
inflation, leading to an inability to deliver NO to the
pulmonary circulation and increasing intrapulmo-
nary shunting due to low lung volumes. Clinical
studies have demonstrated that improved lung
recruitment during high frequency oscillatory venti-
lation, enhances the vasodilator response to inhaled
NO in many patients who demonstrated poor
responsiveness during conventional ventilation79.

In addition, PPHN may be characterized by
decreased responsiveness to NO due to altered
smooth muscle cell responsiveness to NO because
of decreased soluble guanylate cyclase and
increased PDE5 activities. Clinical reports have sug-
gested that dypyridamole, a PDE5 inhibitor, may
augment pulmonary vasodilation to inhaled NO in
some patients with PPHN80,81. Further studies are
underway to determine whether the combination of
inhaled NO and PDE5 inhibitors will improve clini-
cal outcome in PPHN.

Potential future therapies include the use of aero-
solized prostacyclin, endothelin antagonists or
perhaps K�channel openers. These have not been
studied in newborns with severe pulmonary hyper-
tension, but may contribute to additional improve-
ment in the responses of infants with severe PPHN.
Some newborns who die with PPHN have extensive
structural remodelling of small pulmonary arteries,
that are predominantly characterized by excessive
growth of vascular smooth muscle. In addition,
extensive increases in extracellular matrix produc-
tion consisting of altered collagen content, is also
commonly present, and likely increases PVR by

decreasing vascular compliance. In some cases,
intimal hyperplasia is also present, causing intra-
luminal obstruction, even in newborns dying in the
first weeks of life. These striking structural features
of fatal PPHN suggest that new interventions that
specifically target cell proliferation and synthetic
function, independent of vasodilator properties, will
provide an important therapeutic strategy in new-
borns who fail to respond to standard therapy,
including inhaled NO. Finally, the subgroup of
patients with severe PPHN with poor responsiveness
to current therapy include those with lung hypopla-
sia, e.g. congenital diaphragmatic hernia or primary
lung hypoplasia. These diseases continue to be a
difficult subgroup to treat and survivors have signifi-
cant long-term sequelae, including late pulmonary
hypertension. In this group, novel strategies of
enhancing vascular growth may be necessary to
improve outcome. Recent studies in the developing
rat lung suggest that disruption of normal lung vas-
cular growth, induced by pharmacological inhibi-
tion of angiogenesis during the first 2 weeks of
postnatal life, causes lung hypoplasia due to a
marked reduction in septation and alveolarization81.
In particular, treatment of the developing rat with
SU5416, a novel inhibitor of the VEGF-KDR/flk-1
receptor, reduces alveolarization and arterial
density, and causes striking pulmonary hyperten-
sion81. These findings suggest that disruption of
VEGF-KDR/flk-1 signalling may be a critical mecha-
nism underlying the development of PPHN, espe-
cially in the setting of lung hypoplasia. This
hypothesis needs to be tested in the clinical setting,
but may suggest that therapies directed toward
enhancing VEGF signalling and lung vascular
growth may provide a new approach to severe
PPHN.
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Part V

Lung cancer





Lung cancer is classified into two major clinico-
pathological groups, namely small cell lung carci-
noma (SCLC) and non-small cell lung carcinoma
(NSCLC)1. Squamous cell carcinoma, adenocarcin-
oma and large cell carcinoma are the major histo-
logical types of NSCLC1. Large cell carcinoma
probably represents poorly differentiated variants of
the other NSCLC types1. As with other epithelial
malignancies, lung cancers are believed to arise after
a series of progressive pathological changes (pre-
neoplastic lesions) in the bronchial epithelium2.
However, this sequence has been well established
only for squamous cell carcinoma2. Many muta-
tions, especially involving recessive oncogenes, have
been described in clinically evident lung cancer3.
While some of these are common to all lung cancer
types, some are more frequent in specific tumour
types3. For risk assessment and very early lung
cancer detection it would be helpful to know about
molecular events in the respiratory epithelial molec-
ule preceding the development of lung carcinoma.

Preneoplasia and the development of lung
cancer

Lung cancers are believed to arise after a series of
progressive pathological changes (preneoplastic or
precursor lesions) in the respiratory mucosa4. While
the sequential preneoplastic changes have been
defined for centrally arising squamous carcinoma
(Fig. 20.1)4, they have been poorly documented for
the other cell types1.

Epithelial changes in the large airways that may
precede or accompany invasive squamous cell car-
cinoma include hyperplasia (basal cell hyperplasia
and goblet cell hyperplasia), squamous metaplasia,
squamous dysplasia and carcinoma in situ (CIS)4.
The early abnormal epithelial changes such as
hyperplasia and squamous metaplasia (without
dysplasia) are probably reactive, regress after
smoking cessation and are probably not true pre-
neoplastic changes. The sequential preneoplastic
changes associated with squamous carcinoma may
also be present in adenocarcinomas and SCLCs.
Hyperplasia of the bronchial epithelium and squa-
mous metaplasia are extremely common findings,
especially as a response to cigarette smoking5,6.
Both changes have generally considered reversible
and not premalignant. Dysplasia and CIS with squa-
mous differentiation are the changes most fre-
quently associated with the development of
squamous cell lung carcinoma7. In some instances,
a direct continuity can be shown between the inva-
sive carcinoma and increasing degrees of dysplasia
and CIS in the adjacent mucosa. Because dysplasia
and CIS are usually not visible to the naked eye,
their reported frequencies are relatively low and
their natural history has not been elucidated.
Recently, the use of the fluorescence bronchoscope
has increased the recognition of dysplastic lesions
of the large airways8,9. Since dysplastic lesions tend
to show less autofluorescence than normal mucosa,
they may be visualized by fluorescence broncho-
scopy although not visible by conventional white
light bronchoscopy.
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Adenocarcinomas may be accompanied by hyper-
plastic and dysplastic changes including atypical
adenomatous hyperplasia (AAH)10 in peripheral
airway cells, although the malignant potential of
these lesions has not been demonstrated. However,
lesions with AAH features are frequently detected
accompanying adenocarcinomas, especially when a
bronchioloalveolar carcinomatous pattern at the
edge of less differentiated adenocarcinomas is
seen10,11. The concept of the adenoma–carcinoma
sequence as it applies to AAH and adenocarcinoma
of the lung suggests there is a continuum from AAH
to bronchioalveolar carcinoma.

Bronchiolar neuroendocrine cell hyperplasia rep-
resents a proliferation of neuroendocrine cells in
and around small airway12. Because of their associa-
tion with peripheral carcinoid tumours, they have
been suggested as precursors to the carcinoid
tumour12. While no specific preneoplastic changes
have been described for SCLC, smoking related
changes including squamous dysplasia and CIS may
lie adjacent to SCLC tumours13.

Information currently available suggests that lung
preneoplastic lesions frequently are multifocal and
widely dispersed, indicating a field effect (‘field can-
cerization’) by which much of the respiratory epithe-
lium has been mutagenized, presumably from
exposure to carcinogens14. Thus, lung carcinoma
may occur anywhere in the vast and anatomically

complicated respiratory tree including the periph-
eral lung, and second tumours are relatively frequent
after one upper aerodigestive tract carcinoma15.

Molecular abnormalities in invasive lung cancer

Several allelotyping and comparative genomic
hybridization (CGH) studies have revealed that
multiple genetic changes (estimated to be between
10 and 20) are found in clinically evident lung cancer
involving known and putative recessive oncogenes
and several dominant oncogenes3.

Dominant oncogenes

Examples of abnormal dominant oncogenes in lung
cancer are the RAS family members (K-RAS, H-RAS
and N-RAS), the MYC family members (C-MYC, N-
MYC, and L-MYC) and the HER-2/NEU gene. RAS
mutations occur in approximately 20% of NSCLC,
mainly in adenocarcinomas (90% involving K-RAS
gene at codon 12), while RAS mutations have not
been detected in any small cell lung cancer tumour
or cell line3,16. Another example of a dominant onco-
gene in lung cancer is overexpression of the MYC
family of genes, which occurs in nearly all SCLC and
in many NSCLC17–19. Amplification of MYC family
genes has been reported in SCLC, especially after
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administration of cytotoxic therapy20. Recent CGH
studies have shown that lung cancer demonstrates
increased copy number consistent with amplifica-
tion of underlying dominant oncogenes at several
chromosomal regions, including 1p, 1q, 2p, 3q, 5q,
11q, 16p, 17q, 19q, and Xq21–24. Some of these
regions, like 1p32 (L-MYC), 2p25 (N-MYC), and 8q24
(C-MYC), contain known dominant oncogenes,
while in others, the genes remain unidentified.

Recessive oncogenes

The list of recessive oncogenes that are involved in
lung cancer is likely to include as many 10 to 15
known and putative genes3. These include changes
in TP53 (17p13), RB (13q14), CDKN2 (9p21), and as
yet unidentified candidate recessive oncogenes
located in the short arms of chromosome 3 (3p) at
3p12 (DUTT1 gene)25, 3p14.2 (FHIT gene)26,27, 3p21
(BAP-1 gene) and 3p25 regions3. Recessive onco-
genes are inactivated via a two-step process involv-
ing both alleles. Knudson has proposed that the first
‘hit’ frequently is a point mutation, while the second
allele is subsequently inactivated via a chromosomal
deletion, translocation, or other event such as
hypermethylation28. Two key examples in lung
cancer are the TP53 and the RB genes. Mutations of
TP53 gene are very common in lung cancer, occur-
ring in over 90% of SCLC and approximately 50% of
NSCLC3. There is evidence that TP53 gene mutations
occur in association with specific carcinogen expo-
sure and those carcinogens predispose to specific
mutations. Of interest, similar mutational hot-spots
at the TP53 gene have been found in invasive lung
carcinomas and adducts formed by benzo[�]pyrene
metabolites derived from cigarette smoke29. The RB
tumour suppressor gene has been extensively
studied in lung cancer. In more than 80% of SCLC
and some 20% to 30% of NSCLC the protein has been
mutated, so it cannot fulfil its normal cell cycle reg-
ulatory function30–32. Another well documented
genetic change that occurs frequently in lung cancer
is inactivation of the CDKN2 gene3,33, and abnormal-
ities have been found frequently in NSCLC, but

rarely in SCLC. A variety of mechanisms inactivating
CDKN2 have been reported and each one seems to
represent a substantial percentage of the CDKN2
inactivation mechanism in NSCLC34. Those mecha-
nisms include point mutations, heterozygous and
homozygous deletions, and epigenetic changes as
the promoter region hypermethylation34–36. Both RB
and CDKN2 gene inactivation targets the cell cycle,
and removes checkpoints at G1/M. The major mech-
anism by which this occurs thus varies between lung
cancer types: in SCLC it is RB inactivation, while in
NSCLC it is CDKN2 inactivation.

Many recessive oncogenes remain to be iden-
tified, although in most instances their chromoso-
mal locations are known from cytogenetic and
molecular analysis. Loss of heterozygosity analysis
(LOH) using polymorphic microsatellite markers are
frequently used to identify allelic losses at specific
chromosomal regions, suggesting the involvement
of other tumour suppressor genes in lung cancer
pathogenesis37. The chromosomal regions include
1q, 2q, 4p, 4q, 5q, 6p, 6q, 8p, 8q, 9q, 10q, 11p, 11q,
14q, 17q, 18q, 21q and 22q37–50. Although several of
these chromosomal arms contain known or candi-
date tumour suppressor genes (such as MCC and
APC at 5q21, TSCI at 9q34, WT1 at 11q13, DCC at
18q221, NF2 at 22q12), these genes are not known to
be mutated in lung cancer. Recently, three new can-
didate tumour suppressor genes called
PTEN/MMAC151, DMBT152 and PPP2R1B53 located
on 10q23.3, 10q25.3–26.1 and 11q22–24, respec-
tively, have demonstrated somatic alterations in
lung cancer at varying frequencies53–55.

Tumour type specific genetic changes in lung
cancer

Studies of a large number of lung cancers have dem-
onstrated different patterns of genetic changes
between the two major groups of lung carcinoma
(SCLC and NSCLC)37. Similar differences have been
detected between the three major histological types
of lung carcinoma (SCLC, squamous cell carcinoma
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and adenocarcinoma)40,41,43,56,57, especially in the
frequency of K-RAS mutations58. Thus, genetic
abnormalities in lung cancer can be classified into
two groups, those that are common to all lung
cancers and those that segregate to some histo-
logical types of lung cancers. In general, RB muta-
tions are usually limited to SCLC, CDKN2 mutations
to NSCLC, and RAS mutations to adenocarcinomas.
Our published37,41,43 and unpublished allelotyping
studies of lung cancer cell lines and microdissected
invasive primary tumours indicate that SCLC dem-
onstrate more frequent losses at 4p, 4q, 5q21
(APC–MCC region), 10q and 13q14 (RB), while losses
at 9p21 and 8p21–23 are more frequent in NSCLCs.
Of interest, we have found different patterns of
allelic loss involving the two major types of NSCLC
(squamous cell and adenocarcinoma), with higher
incidences of deletion at 17p13 (TP53), 13q14 (RB),
9p21 (CDKN2), 8p21–23 and several 3p regions in
squamous cell carcinomas122. These results suggest
that more genetic changes accumulate during
tumorigenesis in squamous cell carcinomas than in
adenocarcinomas. These differences may be related
to differences in pathogenesis, such as etiological
factors, e.g. smoking exposure, operating via separ-
ate pathways. In fact, different patterns of allelic
losses40 and TP53 gene mutations have been
reported in lung carcinomas arising in non-smokers
vs. smokers59,60.

Genetic abnormalities in the multistage
development of lung cancer

Although our knowledge of the molecular events in
invasive lung cancer is relatively extensive, until
recently we knew little about the sequence of events
which occur in preneoplastic lesions. Some studies
have provided evidence that molecular lesions can
be identified at the earliest stages of the pathogene-
sis of lung cancer61–68. MYC and RAS up-regulation,
cyclin D1 expression, p53 immunostaining, and
DNA aneuploidy have been detected in the dysplas-
tic epithelium adjacent to invasive lung carcino-

mas67,69–75. K-RAS mutations and 3p allelic losses
have also been detected in atypical adenomatous
hyperplasia76, which may be a potential precursor
lesion of adenocarcinoma. Although TP53 muta-
tions have been demonstrated in non-malignant
epithelium of lung specimens resected for lung
cancer65,67, and widely dispersed in bronchial epi-
thelium in a smoker without lung cancer77, little
information is available on the chronology of TP53
mutation in preneoplastic epithelium. Whether or
when RB genetic abnormalities occur prior to the
occurrence of invasive tumour is not known.

To further understand the sequential molecular
changes involved in lung cancer pathogenesis, we
have developed a four-step scheme to systemati-
cally search for mutations by examining: (i) lung
cancer cell lines37,41,43; (ii) microdissected primary
lung tumours of the three major histological
types41,43; (iii) normal and abnormal respiratory epi-
thelium accompanying lung cancer specimens43,78;
and (iv) bronchoscopy biopsies from smokers
without lung cancer43,79. Recently, we demonstrated
that most lung cancer cell lines retain the properties
of their parental tumours for lengthy culture
periods80. Thus, lung cancer cell lines appear very
representative of the lung tumours from which they
were derived and provide suitable material for
screening of genetic abnormalities in this neo-
plasm. Those genetic changes were then examined
in the different tumour histological type archival
specimens43, and their accompanying normal and
abnormal respiratory epithelia43,78. The most fre-
quent and earliest genetic abnormalities present
during the multistage development of lung cancer
were investigated in the bronchial epithelium of
smoker subjects43,79. Using a precise microdissec-
tion technique (micromanipulator or laser capture
microdissection) under direct microscopic observa-
tion a variable number of cells from invasive
primary tumour, stromal lymphocytes (as a source
of normal constitutional DNA) and epithelial foci
were obtained. Using PCR-based techniques, these
different specimens were examined for point muta-
tions and allelic losses at chromosomal regions fre-
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quently mutated or deleted in clinically evident
lung carcinoma specimens.

Sequential genetic changes in the pathogenesis
of lung cancers

Our data have demonstrated that in lung cancer the
developmental sequence of molecular changes is
not random (Fig. 20.2). Allelic loss at one or more 3p
regions (especially telomeric regions 3p21, 3p22-24
and 3p25) and 9p21, and to a lesser extent at
8p21–23, 13q14 (RB) and 17p13 (TP53), being
detected frequently very early in pathogenesis, com-
mencing in histologically normal epithelium43,78. In
contrast, LOH at 5q21 (APC–MCC region) and K-RAS
mutations were only detected at the CIS stage, and
TP53 mutations appear at variable times. By exam-

ining all our material for the early losses at 3p, 9p and
8p, we suggest that the order of events is normally
either 3p→9p→8p or 3p→8p→9p deletions fol-
lowed by TP53 deletion43.

Recent attention has focused on the FHIT gene at
3p14.2, a candidate tumour suppressor gene for lung
and other cancers, which spans FRA3B, the most
common of the aphidocolin-inducible fragile
sites26,81,82. While it is tempting to speculate that
breaks at FRA3B destabilize the entire short arm of
chromosome 3, leading to multiple deletions, our
data indicated that allelic losses at other more telo-
meric 3p regions (3p21, 3p22-24 and 3p25) appeared
at histologically earlier stages than losses within and
around the FHIT gene78. This is in agreement with
the published findings of frequent loss of the Fhit
protein immunostaining from dysplasia stage in the
multistage development of NSCLCs83.
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(dysplasia) stage, or relatively late (carcinoma in situ, CIS, or invasive carcinoma).



Belinsky and coworkers35 recently determined the
timing of CDKN2 methylation event in the multistage
pathogenesis of lung squamous cell carcinoma. Of
interest, CDKN2 gene was coordinately methylated
in 75% of CIS lesions adjacent to invasive squamous
cell carcinomas harbouring this change. Moreover,
the frequency of this event increased during disease
progression from basal cell hyperplasia (17%) to

squamous metaplasia (24%) to CIS (50%) lesions.
This study shows that an epigenetic alteration, aber-
rant methylation of the CDKN2 gene, can be an early
event in the pathogenesis of lung cancer.

Our data also indicate that different patterns of
sequential deletions are detected in the pathogene-
sis of the major histological types of lung cancers
(Table 20.1). Overall, more cumulative and earlier
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Table 20.1. Major genetic alterations in the three major histological types of lung cancer

Genetic alteration Small cell (%) Squamous cell (%) Adenocarcinoma (%)

RAS mutation 	1 	1 20–30

MYC amplification 18–31 8–20 	1

BCL-2 expression 75–95 25–35 �10

TP53 gene

Mutation 75–100 40 30

LOH (17p13) 90 82 44

Abnormal protein (IHC) 40–70 50–60 40

RB gene

LOH (13q14) 67 29 33

Abnormal protein (IHC) �90 12 11

CDKN2 gene

Mutation 	1 30 30

Methylation 	1 30 30

LOH (9p21) 40 63 69

Abnormal protein (IHC) 0–10 45–80 39–46

FHIT gene

Aberrant transcripts 79 50 80

LOH (3p14.2) 95 91 45

Abnormal protein (IHC) 90–100 87 57

Loss of heterozygosity

3p12 85 95 35

3p 21.3 100 96 50

3p22–24 91 87 48

4p 100 �35 0

4q 100 �40 �33

5q21–22 70 27 0

6q 50 44 25

8p21–23 86 100 81

Microsatellite alterations 50 32 24

Telomerase activity �100 �90 �90

The percentages are obtained from the literature cited in the text, and reflect consensus approximations.



allelic loss at several chromosomal regions fre-
quently deleted in invasive tumours are found in
bronchial epithelium accompanying centrally
arising SCLC and squamous cell carcinomas than
peripheral adenocarcinomas123.

Accumulation of genetic changes in the
development of lung cancer

The development of epithelial cancers requires
multiple mutation84, the stepwise accumulation of
which may represent a mutator phenotype85,86.
Thus, it is possible that those preneoplastic lesions
that have accumulated multiple mutations are at
higher risk for progression to invasive cancer. Using
a panel of microsatellite markers targeting chromo-
somal regions frequently deleted in invasive lung
carcinomas, we have detected similar incidences of
LOH between histologically normal epithelium and
slightly abnormal epithelial changes (hyperplasia
and squamous metaplasia) accompanying the
major types of lung tumours78. These findings indi-
cate they may not be at higher risk of progression for
those slightly abnormal epithelia. However, high
grade dysplasia and CIS accompanying invasive
squamous cell lung carcinomas demonstrated a sig-
nificant increase of LOH78, suggesting that the accu-
mulation of mutations correlates with the
morphological changes and may lead to develop-
ment of these tumour types (sequential theory of
lung cancer development, Fig. 20.1). In particular,
the allelic loss patterns of CIS lesions were identical
or nearly identical to those present in the corre-
sponding invasive carcinoma78. As some specimens
of histologically normal or mildly abnormal epithe-
lia, especially those accompanying SCLCs, have
demonstrated a very high incidence of allelic loss,
equal to or greater than that present in some high
grade dysplasia and CIS samples, we suggest that
CIS and invasive carcinoma may arise directly from
histologically normal or from mildly abnormal epi-
thelium, without passing through the entire histo-
logical sequence (parallel theory of cancer
development, Fig. 20.1).

Of great interest, our complete allelotyping analy-
ses of chromosome arms 3p and 8p in the multistage
development of squamous cell carcinomas have
demonstrated that the extent of the deletions
increase with progressive histological changes43,78.
Thus, in all squamous cell invasive carcinomas and
CIS lesions most of the 3p and 8p arms were deleted,
and in all patients the extent of the losses in CIS and
invasive carcinomas was greater than the 3p and 8p
allelic losses found in the corresponding normal and
preneoplastic foci.

Our recent analyses have indicated that four pat-
terns of allelic loss could be determined (negative,
early, intermediate, and advanced) in histologically
normal and precursor lesions accompanying squa-
mous cell lung carcinomas78. Histologically normal
or mildly abnormal foci have a negative pattern (no
allelic loss) or early pattern of loss while all foci of
CIS and invasive tumour had an advanced pattern.
However, dysplasias demonstrated the entire spec-
trum of allelic loss patterns, and they were the only
histological category having the intermediate
pattern. These findings suggest that dysplasias rep-
resent a heterogeneous group of lesions at a molec-
ular level. As only a fraction (10% of moderate
dysplasia, 40–80% of severe dysplasia) are believed
to progress to cancer87–89, molecular studies may aid
in the identification of the subgroups of smokers
with dysplasia who are at the greater risk of progres-
sion to lung cancer.

In summary, our findings demonstrate that,
despite similar smoking exposures, different path-
ways and genotypic changes are involved in the
pathogenesis of three major histological types of
lung carcinoma, namely SCLC, squamous cell carci-
noma and adenocarcinoma. It seems that more
allele deletions accumulate during the tumorigene-
sis in centrally arising SCLC and squamous cell
carcinomas than in peripherally located adenocar-
cinomas. The finding of different patterns of LOH
between all the three major types of lung cancers is
consistent with their different basis of histopatho-
logical and clinical characteristics.
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Lung cancer precursor lesions represent
outgrowth of multiple clones

Molecular analyses suggested that precursor lesions
represented outgrowths of multiple clones, a finding
compatible with the field effect theory90. Our analy-
sis of 58 normal and non-invasive foci accompany-
ing 12 invasive squamous cell carcinomas and
having any molecular abnormality indicated that 30
(52%) probably arose as independent clonal events,
while 28 (48%) were potentially of the same clonal
origin as the corresponding tumour. If the poten-
tially clonal lesions are truly clonal in origin, subclo-
nal drift91 must have occurred as an early and
widespread event, as only 4 foci (6%) (from two sub-
jects) of 62 lesions had identical patterns of muta-
tions. However, we cannot exclude the possibility
that some other earlier molecular event occurred in
a single cell whose progeny were dispersed widely
throughout the bronchial epithelium and subse-
quently gave rise to all of the foci we examined. If this
event occurred, then subclonal drift91 must have
occurred as an early and widespread event. These
findings suggest that histologically normal bron-
chial epithelium and lung cancer precursor lesions
having smoking related genetic damage represent
outgrowths of multiple small clones of genetically
abnormal cells, a finding compatible with the field
effect theory.

Similar genetic changes are detected in invasive
lung cancers and their precursor lesions

We and others have noted that the specific parental
allele lost in chromosomal deletions in preneoplas-
tic lesions and their accompanying cancers are
similar43,61,62,67,78. We have referred to this phenome-
non as allele specific mutations (ASM). While others
have noted ASM in advanced bronchial lesions
(severe dysplasias)67, which are believed to be the
immediate precursors of invasive cancers and which
were located adjacent to centrally arising squamous
cell carcinomas, we have detected ASM in preneo-
plastic lesions located in all regions of the respira-

tory epithelium (bronchi, bronchioles, and alveoli)
and encompassed a variety of differentiated cell
types (mucous cells, metaplastic squamous cells,
Clara cells, and type II alveolar pneumo-
cytes)43,61,62,78. In addition, we have detected this
phenomenon in a wider spectrum of preneoplastic
lesions, including hyperplasia, squamous metapla-
sia, dysplasia and CIS43,61,62,78. Of great interest, we
have detected ASM in smoking related damaged epi-
thelium, even in biopsy samples obtained from
different lungs79.

What possible mechanism could account for
allele specific mutations? We have proposed two
possibilities for allele loss. First, the lesions could be
clonal in origin, and a single cell or small clone of
cells develops loss or point mutations at a specific
allele at one or more loci, migrates widely through-
out the respiratory epithelium of both lungs and
eventually gives rise to a tumour. For the reasons
stated above, this is highly unlikely. This possibility
would require an unexpected fluidity of the bron-
chial epithelium, or at least of those cells in which
the initial genetic change occurs. The second pos-
sibility is that, in individuals, one of any pair of
alleles has a greater tendency to be lost, perhaps as a
results of some form of genomic imprinting or the
presence of fragile sites resulting in an inherited pro-
pensity to lose one of the two alleles.

However, not all the genetic analyses of physically
distinct lesions have identified the same pattern of
genetic damage. Multicentric development is sup-
ported by a study by Sozzi et al. of five patients with
multiple lesions in their bronchial tree, detecting
losses of different alleles on chromosome 3p regions
and different mutations in the TP53 and K-RAS
genes between invasive lung tumours and accompa-
nying preneoplastic lesions64. In addition, Franklin
et al. studied the entire bronchial tree of a smoker
dying without lung carcinoma77. A single, identical
point mutation, G to T transversion in codon 245
was identified in the bronchial epithelium from
seven of ten widely dispersed bilateral epithelial
tissues. The morphology of the involved sites varied
from normal to squamous metaplasia to moderate
dysplasia. These findings support the alternative
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theory that a single clone of cells can be widely dis-
persed throughout the respiratory epithelium.
However, our recent findings of ASM phenomenon
in lung cancer precursor lesions that appeared to be
of independent clonal origin suggests that ASM
occurs via an alternative mechanism78. Whatever its
mechanism, ASM is likely to be a phenomenon of
major biological significance.

Genomic instability in the pathogenesis of lung
cancer

In addition to the specific genetic changes discussed
above, other evidence indicates that genomic
instability occurs in lung cancer and its preneoplas-
tic lesions. This evidence includes our finding of
widespread aneuploidy throughout the respiratory
epithelium of lung cancer patients72. Another
molecular change frequently present in a wide
variety of cancer types is microsatellite alterations
(MAs) (also known as genomic alterations).

In hereditary non-poplyposis colon cancer
(HNPCC), inherited defects in DNA mismatch repair
enzymes result in large-scale genetic instability, with
the formation of a ladder like pattern replacing the
normal allele pattern92. Another form of microsatel-
lite change, where only a single band of altered size
is found, has been described in many forms of spo-
radic cancers, including lung cancer (range
0–45%)93–96 referred to as microsatellite altera-
tions78,93,97–99. The relationship of MAs to DNA repair
mechanism has not been established, and they
probably represent evidence of some form of
genomic instability86. Because they arise in non-
coding regions of the genome, they are not in the
direct pathway of tumorigenesis MAs represent
changes in the size of polymorphic microsatellite
markers compared to the normal germline in indi-
vidual persons. Nevertheless, MAs are attractive
candidates for the early molecular detection of
cancer93,98. Our data demonstrated the presence of
MAs in a subset (50%) of lung carcinomas78,99, as well
as in their accompanying preneoplastic lesions and
normal appearing epithelium78. Unlike allelic losses,

the frequency of MAs did not increase with more
advanced histological changes. Of interest, MAs,
when present in non-malignant foci, were always of
a different size than those present in the corre-
sponding invasive tumours. These findings indicate
that either the preneoplastic lesions are not clonally
related to the corresponding tumours or that the
MAs arose during subclonal evolution. The finding
of MAs in exfoliated cells present in sputum98 from
patients suggest that they may be markers for lung
cancer or those at increased risk of developing lung
cancer. While the MAs present in preneoplastic
lesions were not present in the corresponding
tumours, the presence of MAs may still predict for
increased risk, as they probably represent a form of
genomic instability86. Of interest, our recent findings
indicated that a higher frequency of MAs are
detected in bronchial epithelium accompanying
SCLCs compared to the other lung cancer histo-
logical types123, suggesting that more widespread
and more extensive genetic damage is present in
bronchial epithelium in patients with SCLC.

Telomerase dysregulation in the pathogenesis of
lung cancer

Telomerase is currently recognized as a nearly ubiq-
uitous tumour marker. Telomerase is a specialized
ribonucleoprotein polymerase that adds TTAGGG
repeats at the ends of vertebrate chromosomal DNA
called telomeres100. Human telomeres undergo pro-
gressive shortening with cell division through repli-
cation of dependent sequence loss at DNA
termini101. Telomerase is thought to compensate for
the loss of telomeric repeats and is associated with
the acquisition of the immortal phenotype. A variety
of immortal cell lines, malignant tumours and germ
cells have been found to specifically express telome-
rase activity102–105, whereas most normal somatic
cells do not express this activity106. In NSCLC, the
telomerase positive percentage is 73% with weak to
moderate activities whereas 100% of SCLC are posi-
tive and show strong signal activities103.

Telomerase has been detected in preinvasive
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lesions in a number of tumour systems, including
lung107. In lung, low levels of telomerase activity have
been detected in hyperplasia, dysplasia and CIS
compared to invasive cancer. While weak telomerase
RNA expression is detected in basal layers of normal
and hyperplastic epithelium from lung cancer
patients, dysregulation of telomerase expression
increases with tumour progression with moderate to
strong expression throughout the multilayers of the
epithelium in metaplasia, dysplasia and CIS107. Of
interest, foci of intense telomerase up-regulation are
seen in CIS lesions in the vicinity of the invasive
component of lung cancers. In addition, similar
pattern of dysregulation in telomerase expression
with increasing histological grade has also been
noted in bronchoscopic biopsies of smoking
damaged epithelium of current and former smokers,
suggesting that telomerase could also be used as a
potential marker for risk assessment (Rahti et al.,
unpublished data).

Molecular markers for early detection of lung
cancer

Mutant K-RAS has been detected in the sputum up
to several months prior to diagnosis of cancer66 and
K-RAS mutation has been detected in bronchoalve-
olar lavage fluid in a high proportion of patients with
adenocarcinoma (56%), but not in patients with
squamous cell carcinoma or with other diagnosis108.
Recently, Ahrendt et al.109 have reported that molec-
ular assays could identify cancer cells in bronchoal-
veolar lavage fluid from patients with early-stage
lung cancers. Using PCR-based assays for K-RAS and
TP53 gene mutations, CpG-islands methylation
status of the CDKN2 gene and for microsatellite
instability, they were able to detect identical molec-
ular abnormality in the bronchoalveolar fluid and
corresponding tumours in 23 of 43 (53%) of the
cases. These findings suggest that molecular strate-
gies may detect the presence of neoplastic cells in
the proximal airway of patients with early-stage lung
carcinomas.

Smoking damaged bronchial epithelium

It has been established that advanced lung preneo-
plastic changes occur far more frequently in
smokers than in non-smokers and increase in fre-
quency with amount of smoking, adjusted by age5,7.
Although morphological recovery occurs after
smoking cessation7,110, elevated lung cancer risk per-
sists111. Changes in bronchial epithelium, including
metaplasia and dysplasia, have been utilized as sur-
rogate end points for chemoprevention
studies112,113. Risk factors that identify normal and
premalignant bronchial tissue at risk for malignant
progression need to be better defined. However,
most of the molecular studies of lung preneoplastic
lesions have been performed in material from small
number of subjects with concurrent lung cancer,
and only scant information is available about
molecular changes in the respiratory epithelium of
smokers without cancer43,67,68,79,114.

Two independent studies describing genetic
changes in bronchial biopsy specimens from
current and former smokers have been
reported79,114. Mao et al.114 described their analyses
of the LOH and histological abnormalities present in
biopsies from 54 current and former smokers and
nine non-smokers. In each of the current and former
smokers, bronchoscopy biopsies from six prese-
lected sites demonstrated histological changes,
including squamous metaplasia and dysplasia. In
addition, LOH using three microsatellite markers at
chromosomal region 3p14, 9p21 and 17p13 (TP53)
were used as surrogate markers of tumour suppres-
sor gene inactivation in the tissues. Although some
differences were seen when the specimens of
current smokers were compared with those of
former smokers, allelic losses were surprisingly
common in the non-malignant lung epithelial tissue
of both groups. Whereas 76% of the smoker subjects
demonstrated allelic loss at one or more of the three
chromosomal regions analysed, deletions were
detected in 75%, 57% and 18% of the subjects at
3p14, 9p21 and 17p13 (TP53), respectively.

Our results79, which are in agreement with the
above findings, also indicate that genetic changes
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similar to those found in lung cancers can be
detected in non-malignant bronchial epithelium
from current and former smokers and may persist
for many years after smoking cessation. In our study,
multiple biopsy specimens were obtained from 18
current smokers, 24 former smokers, and 21 non-
smokers. PCR-based assays for 15 polymorphic
microsatellite DNA markers were used to examine
eight chromosomal regions (3p14.2 at FHIT gene,
3p14–21, 3p21, 3p22–24, 5q21 at APC–MCC region,
9p21, 13q14 at RB, and 17p13 at TP53) for genetic
changes (LOH and MAs). High frequencies of LOH
and MAs were observed in biopsies from current
and former smokers, and no significant differences
were observed between the two groups. Of great
interest, no molecular changes were detected in
non-smoker subjects. Among individuals who
smoked, 86% demonstrated LOH in one or more
biopsies and 24% showed LOH in all biopsies.
Somewhat surprisingly, about half of the histologi-
cally normal epithelium showed LOH; however, the
frequency of LOH and the severity of histological
changes did not correspond until the CIS stage. A
subset of the biopsies from smokers with either
normal or preneoplastic histology showed LOH at
multiple chromosomal sites, a phenomenon fre-
quently observed in CIS and invasive cancer. Our
findings suggest that CIS and other histologically
normal and abnormal foci having multiple regions
of allelic loss are at increased risk for progressing to
invasive cancer. As it has been observed in epithelial
foci accompanying invasive lung carcinoma78,
allelic losses on chromosome 3p and 9p were more
frequent than deletions in chromosomes 5q21,
17p13 (TP53 gene) and 13q14 (RB gene). Recently,
we have also demonstrated frequent chromosome
8p21–23 allelic losses in bronchial samples from
former and current smokers, confirming the find-
ings that 8p deletions commence early during the
pathogenesis of lung cancer43. All these findings
suggest the hypothesis that identifying biopsies with
extensive or certain patterns of allelic loss may
provide new methods for assessing the risk in
smokers of developing invasive lung cancer and for
monitoring response to chemoprevention. As with

all diagnostic tests, this concept will need to be vali-
dated in clinical trials.

Size of the patches with genetic changes in the
pathogenesis of lung cancer

Although all or almost all of the current chemopre-
vention studies in the USA utilize serial broncho-
scopic biopsies to evaluate response, there is no
information available on the efficacy of this
approach. While histopathological evaluation is the
‘gold standard’, many studies utilize molecular or
other biological endpoints. For these reasons, we
undertook an evaluation of the size and frequency of
the molecularly altered (allelic loss and microsatel-
lite alterations) clonal patches in smoking damaged
bronchial epithelium. Our findings indicated that
multiple small clonal and subclonal patches of
molecular abnormalities (not much larger in size
than the average bronchial biopsy obtained by fluo-
rescence bronchoscopy) can be detected in the
normal and slightly abnormal bronchial epithelium
of patients with lung cancer115. The clonal patches of
bronchial epithelium having molecular changes
were usually small, and they were estimated to be
approximately 40000 to 360000 cells. Based on the
size of the average biopsy obtained by fluorescence
bronchoscopy, we estimated the average surface
area of the clonally altered patches to be between 4
and 80 sq. mm115. Thus, we estimate that there may
be 8 or more independent molecularly altered clonal
patches per sq. cm. These findings are consistent
with the findings of Hittelman and coworkers who
found evidence for the presence of numerous small
monosomic and trisomic clonal and subclonal
patches in smoking damaged upper aerodigestive
epithelium as determined by FISH analyses116,117. All
these findings suggest that the process of obtaining
a biopsy may result in ‘spontaneous’ reversion of
molecularly altered foci of bronchial epithelium to
normal. Thus, our recent findings may help in the
design of chemoprevention studies utilizing
sequential bronchial biopsies for the monitoring of
intermediate biomarkers as endpoints.
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Molecular changes in the spectrum of lung
neuroendocrine tumours

Recent classifications identify four categories of
neuroendocrine tumours of the lung: low-grade
typical carcinoid, intermediate grade atypical carci-
noid, and high-grade large cell neuroendocrine car-
cinoma and SCLC118. While the pattern of genetic
changes in SCLC has been well studied, relatively
little is known regarding the genetic changes asso-
ciated with the other histological types of lung
neuroendocrine tumours. Recently, we studied
molecular abnormalities (allele loss at 3p, 5q, 11q,
13q, and 17p chromosomal regions, and TP53 and
RAS gene mutations) present in a series of 59 neuro-
endocrine tumours of the lung representing the
entire spectrum of histological types119. With the
exception of RAS gene mutations, most of the studied
changes were frequently present in neuroendocrine
carcinomas and were present at lower frequencies in
carcinoids. Allelic loss at one or more 3p regions was
the most frequent change found in the carcinoids. A
relatively high incidence LOH at the recently cloned
MEN1 (11q13) gene120 was common in all neuro-
endocrine lung tumours, including carcinoids. This
is in agreement with previous observations of rela-
tively high incidence of MEN1 gene inactivation in
lung carcinoids121. The patterns of TP53 gene muta-
tions were different between atypical carcinoid and
high-grade neuroendocrine tumours. Of interest,
5q21–22 (APC-MCC region) allelic loss was correlated
with poor survival in the carcinoid group. Although
neuroendocrine lung tumours have varied etiolo-
gies, the results of our recently published study119

support the clinico-pathological concept that they
represent a spectrum ranging from low grade typical
carcinoid and intermediate grade atypical carcinoid
to the highly malignant large cell neuroendocrine
carcinoma and SCLC.

Conclusions

In conclusion, our understanding of the molecular
pathology of lung cancer is advancing rapidly with
several specific genes and chromosomal regions

being identified. Lung cancer appears to require
many mutations in both dominant and recessive
oncogenes before they become invasive. Several
genetic changes are common to all lung cancer his-
tological types, while others appear to be tumour
type specific. The identification of those specific
genes undergoing such mutations and the sequence
of cumulative changes that lead the neoplastic
changes for each lung tumour histological type
remain to be fully elucidated. Recent findings in
normal and preneoplastic bronchial epithelium
from lung cancer patients and smoker subjects
suggest that genetic changes may provide in this
neoplasm new methods for early diagnosis, risk
assessment and for monitoring response to chemo-
prevention.
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Introduction

Small cell lung cancer (SCLC) accounts for 20–25%
of all newly diagnosed patients with lung cancer1–3.
Up to the early 1970s surgery and/or radiation
therapy were the most frequent forms of treatment
used. However, it was rapidly recognized that, even
with such therapies, the majority of patients devel-
oped widespread disseminated disease in a short
period with most patients dying within 3 months of
diagnosis. More detailed staging procedures
coupled with autopsy studies of patients who died
within 28 days of ‘curative surgical resection’ for
small cell lung cancer led to our current understand-
ing of the biological behaviour of this tumour. With
few exceptions all patients will have metastatic
disease at diagnosis (clinically evident or not) and
that treatment aimed solely at the primary tumour
(radiotherapy or surgery) is purely palliative in
nature for almost all patients and has little impact
upon overall survival.

It soon became recognized that SCLC (unlike all
other forms of lung cancer) demonstrates unique
sensitivity to many different chemotherapeutic
agents and radiation therapy. In subsequent trials
carried out over the past two decades, the central
role of combination chemotherapy in the treatment
of all patients with small cell lung cancer, irrespec-
tive of their disease extent, has emerged. With com-
bination chemotherapy and with the use in selective
cases of chest radiotherapy and/or prophylactic
cranial radiation therapy, responses to treatment
will be observed in 80–90% of patients including

complete remissions in 30–40%. Coupled with these
significant response rates to cytotoxic therapy, the
overall survival has increased 3–5-fold, compared
with that observed in the prechemotherapy days.
The median survival for all patients has improved
from 2 to 3 months to 10 to 11 months; while up to
20–25% of patients with limited disease stage can
achieve long-term disease-free survival (greater
than 2 years)1,2.

In the past decade considerable knowledge has
been gained into understanding the important
prognostic factors in this disease as they predict for
responsiveness to chemotherapy and long-term sur-
vival. In addition, through large-scale randomized
clinical trials the importance of chest radiation as
part of the overall treatment strategy of patients with
limited stage disease, and the benefit in selected
patients with prophylactic cranial radiation, have
been more clearly defined. While some answers have
been obtained, many questions still remain regard-
ing how best to integrate radiotherapy with chemo-
therapy; in addition to important radiation
questions of dose, volume, and which chemother-
apy agents are best combined with radiotherapy to
gain maximal benefit with acceptable toxicity.

Perhaps in the past decade the greatest advance is
the explosion in our knowledge of the biology of
SCLC4–6. Our understanding of unique tumour cell
associated antigens and the unique growth factors
for this tumour has helped us consider alternative or
different strategies for treating this disease, e.g.
monoclonal antibodies. Moreover, as we increase
our understanding of the role of dominant and
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tumour recessive oncogenes in the pathogenesis
and biology of SCLC, the hope exists for the develop-
ment of treatment approaches for both the early
detection through screening techniques using
molecular markers, and the chemo-prevention of
this disease.

Although for many patients with SCLC cure is cur-
rently not achievable with our different regimens of
treatment, for most a significant improvement both
in median survival and quality of life can be
obtained with treatment. The future remains opti-
mistic, however, as with the hope of combining con-
ventional therapies and biology therapies,
combined with screening and early detection, we
may finally achieve a greater overall survival and
cure rate for patients with SCLC diagnosed in the
next decade or so. As most cases of SCLC are due to
cigarette smoking, elimination of tobacco from our
society will continue to be the key factor in the elim-
ination of this disease.

Staging of SCLC7–14

The mainstay of treatment of newly diagnosed
patients with SCLC is combination chemotherapy.
However, accurate and detailed staging procedures
are required, both to more clearly define as much as
possible, prognosis and the likelihood of achieving
long-term survival. In addition, detailed staging pro-
cedures allows the identification of that subset of
patients for whom combined modality therapy of
chemotherapy with chest radiotherapy will be the
treatment of choice and for whom optimism of long
term disease free survival and cure may be achieved.
Although the traditional TNM (tumour node metas-
tases) staging system for other types of lung cancer
(non-small cell lung cancer) has generally not been
useful for the management of patients with SCLC,
with some modifications a revised TNM system has
been recently introduced and may be used in the
future.

It is recognized that almost all patients with small
cell lung cancer, have either locally advanced inop-
erable disease (Stage IIIB) or metastatic disease

(Stage IV). For these reasons, the classic veterans
administration lung cancer study group (VALCSG)
system of limited and extensive stage small cell lung
cancer remains the most universally utilized staging
system, and the one in which outcome of almost all
clinical trials are defined7.

Limited disease (LD) includes disease confined to
one hemi-thorax and the regional lymph nodes
including the ipsilateral mediastinal, ipsilateral
supraclavicular and contralateral hilar and medias-
tinal lymph nodes. Thus LD may be defined as local-
ized tumour that can be encompassed within a
radiotherapy port. Patients with cytologically nega-
tive or positive ipsilateral pleural effusions are also
designated as LD. Extensive disease (ED) includes all
patients beyond the confines of LD.

In most studies at the time of initial presentation
and after completion of standard staging procedures
(Table 21.1) about 66% of patients will have exten-
sive disease and the remaining one-third LD8–13. The
variability in different series of the proportion of
patients with ED or LD may be a consequence of
both the number of staging procedures performed,
and the sensitivity of these procedures in detecting
metastatic disease. It must also be recognized that
over the past decade with the introduction of more
exhaustive and more sensitive staging techniques
more patients with ‘small volume’ ED have been
identified. This phenomenon of stage migration, i.e.
the movement of patients with small volume meta-
static disease from LD to ED will improve the survi-
val of patients in both groups without any impact
upon overall survival. This so-called ‘Will Rogers
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Table 21.1. Staging of patients with SCLC

History and physical examination

Full blood count; biochemistry profile (LDH)

Chest radiograph

CT scan thorax and abdomen

Radionuclide bone scan

Bone-marrow aspirate and biopsy

Pathology review

Brain scan/MRI scan



phenomenon’ may account for marginal improve-
ments in treatment outcome when one compares
more recently completed clinical trials with histori-
cal reported trials13.

As treatment consideration will depend upon the
stage of disease at diagnosis, most patients will
undergo detailed staging procedures following the
histological diagnosis of SCLC (Table 21.1). Staging
procedures should include a complete history and
physical examination, chest radiograph, a com-
puted tomography scan of the thorax and upper
abdomen (to include liver and adrenal glands), a
radio-nucleide bone scan, and unilateral bone
marrow aspirate and biopsy. Laboratory investiga-
tions should include routine FBC, biochemistry
including hepatic, bone and renal profile, and serum
lactate dehydroagenous levels (LDH). Measurement
of serum tumour markers such as neuron specific
enolase (NSE) or chromogrannina (neuroendocrine
markers) are not routine14. Other detailed proce-
dures including brain CT scan or MRI, lumbar punc-
ture with CSF analysis etc. are not routinely
performed unless there is a clinical suspicion of
disease in these locations. The impact of other tests
on outcome and treatment planning such as in vitro
cell culture techniques, monoclonal staining of
bone marrow cells etc. remain to be determined and
are not part of routine staging procedures for this
disease.

It might be argued that outside of the context of
clinical trials exhaustive staging procedures as out-
lined are not essential once one site of extensive
disease is identified, as results of further tests will
have little bearing on treatment selection or
outcome and may both delay the commencement of
treatment and add to the overall cost of the care of
the patient.

Serum tumour markers in SCLC8,14

Studies of SCLC in vivo and in vitro have confirmed
the presence of neuroendocrine markers in these
cells including L-DD, NSE, chromogranin A, etc.
Many studies have reported on the utilization of

serum levels of such markers as indicators of disease
extent, response to treatment and early indicators of
relapse in patients with SCLC. While results of these
studies have shown a close correlation between
levels of the tumour markers and the disease extent,
etc., these markers in general are neither sensitive
enough nor specific enough to consider their
routine use in the care of patients with SCLC, nor
that their initial levels have any impact on treatment
selection. While rising serum tumour markers may
antedate clinical or radiological evidence of disease
progression by several months, these changes are
not used to alter patient management and thus have
little use in the routine care and follow-up of
patients with SCLC.

Serum LDH levels, however, continue to be a
useful marker of disease extent in patients with
SCLC as indeed in patients with many other
tumours. While non-specific and therefore non-
diagnostic of an underlying tumour cell type, ele-
vated levels in patients with SCLC frequently reflect
extensive disease and may reflect the presence of
bone marrow infiltration.

Prognostic factors in patients with SCLC8–11

(Tables 21.2 and 21.3)

The most important prognostic factors in SCLC
patients include the stage of disease at presentation
and the performance status of the patients. These
two factors above all others most accurately predict
outcome in terms of response to therapy, medium
and long-term survival. The median survival of
approximately 18 months for patients with LD is sig-
nificantly superior to that observed for patients with
ED (7–9 months). In addition, while long-term survi-
val (i.e. greater than 2 years) may be observed in
20–25% of patients with LD, some of whom will be
cured of their disease, this is rarely if ever observed
in patients with extensive disease.

The performance status (PS) of the patients has a
major bearing on both outcome and survival with
chemotherapy, and indeed on tolerance to chemo-
therapy. The survival of patients with ESOG PS 0, 1
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and 2 is significantly better than that observed in
patients with performance status 3 and 4. Indeed in
many clinical trials patients with poor PS (PS 2–4)
are frequently excluded because of their poor toler-
ance to chemotherapy and its associated side
effects.

Considerable heterogeneity may exist among
patients with ED SCLC. Patients included in this cat-
egory may have one, two or more sites of metastatic
disease, or may have disease in certain sites such as
liver or CNS where responsiveness to chemotherapy
is poor and thus median survival is reduced. Thus
the outcome of patients with ED SCLC may vary
considerably depending on the sites of metastatic
disease identified and the number of sites positive
for disease (Table 21.3).

It is clear that, while the current staging system of
LD/ED SCLC remains in widespread use both in
treatment planning and in predicting prognosis, it
has become clear in recent years that within these
two main groups many subsets of patients exist with
very varied prognosis. Several investigators have
proposed models to take into consideration such
factors as LDH level, number and sites of metastatic
disease, PS, etc. in addition to disease extent. While
such models may more accurately reflect the prog-
nosis of individual patients, they have yet to achieve
widespread acceptance and application in clinical
trials and standard practice. However, it remains
important that a prognostic index incorporating all
of the above factors be developed, so that we may
better define patient prognosis and better select
patients for clinical trials. Finally, it should also be
recognized that, given the heterogeneity that exists

amongst subsets of patients defined as having ED
which may have a median survival ranging from 22
to 46 weeks, it is clear how patient selection may
have such an important impact on the outcome of
clinical trials and median survival.

Chemotherapy in small cell lung cancer1–3,15–24

The recognition in the 1960s and 1970s from both
clinical and autopsy studies that from the time of
diagnosis SCLC was a disseminated disease led to
detailed studies of the efficacy of systemic chemo-
therapy with or without radiation treatment in the
treatment of this tumour. Today, the mainstay of
treatment of SCLC is the use of combination sys-
temic chemotherapy with the aim of achieving the
highest response rate and long-term disease free
survival (‘cure’) with the lowest possible and accept-
able morbidity. In selected cases thoracic radiation
and/or prophylactic cranial irradiation would be
part of the overall treatment strategy (see below).
Prior to the use of chemotherapy for SCLC, when the
treatment was usually of a palliative nature includ-
ing chest radiotherapy and best supportive care, the
median survival of patients with LD was 12–18
weeks and for those with ED approximately 6 weeks.
Few patients if any ever achieved long-term survival.
With current approaches of combination chemo-
therapy, clinical and radiological documented
responses are seen in 80–90% of patients with
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Table 21.2. Prognostic factors in SCLC

Stage of disease

Performance status

Age

Serum biochemistry (LDH)

Sites of metastatic disease (liver/CNS)

Number of metastatic sites

Response to initial chemotherapy regimen

Table 21.3. Survival among patients with SCLC

Stage Median survival time (weeks)

Limited 54

Extensive 35

Extensive (�1 site) 38

Extensive (�2 sites) 31

Extensive: bone 49

Liver/bone marrow 36

Brain 22

Adapted from: Feld et al.8



30–60% of patients achieving a complete remission.
Complete remissions are most frequently seen in
patients with LD. The median survival of all patients
has improved significantly to approximately 11
months with 5–10% of patients achieving long term
survival. As might be expected among patients with
good performance status and limited stage disease,
higher complete response rates and median (18–24
months) and long term (20–25% at 2 years) survival
would be observed compared to a median survival
of 7–9 months in patients with extensive disease.

Many agents demonstrate significant activity in
the treatment of SCLC (Table 21.4). However, when
used as single agents complete response rates are
rare and responses are not often of a durable nature.
For these reasons the majority of newly diagnosed
patients are treated with combinations of two, three
or four cytotoxic agents which have both different
modes of action and different pattern of toxicities.
The most commonly used regimens are listed in
Table 21.5. While earlier studies suggest that 4-drug
combination, or schedules of alternating regimens
might yield superior results, such optimism has not
been confirmed in randomized clinical trials. An
analysis of recent trials suggest that Etoposide with
either Cisplatin or Carboplatin is a regimen that is as
effective as any other multidrug regimen in the treat-
ment of SCLC and which have manageable and
acceptable toxicity. The substitution of Cisplatin by

Carboplatin does not appear to lead to any loss of
activity but does improve the toxicity profile and
permits ease of administration of this regimen on an
outpatient basis23. Moreover, this combination can
be combined with concurrent chest radiotherapy
with acceptable toxicity.

The choice of regimen may well be dictated by the
general performance status of the patient, the pres-
ence of coexisting medical condition (e.g. congested
cardiac failure or renal failure) in whom agents such
as Doxorubicin or Cisplatin might be contra-indi-
cated, or where chest radiotherapy is part of the
planned treatment.

Side effects of chemotherapy include severe mye-
losuppression which occurs in 25–75% of patients
with the greatest frequency observed in patients
receiving combined modality therapy (chemother-
apy and radiation). Other frequent toxicities include
total alopecia, nausea, vomiting, peripheral neuro-
pathy and late effects including cardiomyopathy
and second cancers. Other toxicities may be noted in
patients receiving chest radiotherapy (oesophagitis,
pulmonary fibrosis) or patients receiving prophylac-
tic cranial radiotherapy where a variety of neurotox-
icities including mild dementia, ataxia, memory loss
may occasionally be observed.

In general, chemotherapy is administered every 3
to 4 weeks for 4 to 6 months. Ideally, treatment is
administered on an outpatient basis to minimize
any disruption in the patient’s lifestyle. The optimal
duration of chemotherapy for newly diagnosed
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Table 21.4. Active chemotherapy agents in SCLC

‘Old’ agents ‘New’ agents

Cyclophosphamide Paclitaxel

Ifosphamide Docetaxel

Etoposide Topotecan

Teniposide Irinotecan (CPT-11)

Cisplatin Vinorelbine

Carboplatin Gemcitabine

Vincristine

Doxorubicin

Methotrexate

Nitrosoureas

Nitrogen mustard

Table 21.5. Commonly used regimens in SCLC

EP Etoposide

Cisplatin

EC Etoposide

Carboplatin

CA Cyclophosphamide

Doxorubicin

Vincristine

CDE Cyclophosphamide

Doxorubicin

Etoposide



patients is not clearly defined. However, there are no
convincing data to support the theory that mainte-
nance chemotherapy is beneficial in SCLC patients:
moreover prolongation of chemotherapy beyond
four to six cycles, while not improving outcome may,
however, lead to a deterioration in the quality of life
due to the development and persistence of unac-
ceptable toxicities19,20.

Improving outcome in patients with SCLC with
systemic chemotherapy24–35

SCLC remains a most frustrating disease to manage
either by oncologists, chest physicians, radiothera-
pists or general physicians. For most patients, within
a short time of their initial course of chemotherapy,
clinical and radiological responses are observed in
up to 90% of patients with an associated marked
improvement in quality of life and decrease in
disease-related symptoms. Unfortunately, most
patients will relapse and in spite of further chemo-
therapy/radiotherapy, death from disease progres-
sion follows for almost all relapsing patients with a
median survival from the time of relapse ranging
from 3 to 6 months. Over the past two decades with
few minor exceptions no significant improvements
in outcome or long-term survival have been noted in
patients with SCLC. Any minor gains observed may
purely be a reflection of patient selection or stage
migration.

Major efforts have been made to improve the
outcome of patients receiving chemotherapy for
SCLC. These attempts at dose intensification
include:
1. The use of alternating non-cross resistant chemo-

therapy regimens.
2. Dose intensification including:

(a) The use of high dose induction chemother-
apy.

(b) The use of weekly chemotherapy regimens.
(c) The use of late intensification chemotherapy

with autologous bone marrow transplanta-
tion or peripheral blood stem cell transplan-
tation with growth factor cytokine support.

Alternating chemotherapy regimens

Drug resistance is a major problem for many
tumours including SCLC. Although initially a very
chemo-sensitive tumour, at the time of relapse drug
resistance is the norm which is presumed to be due
to the emergence of drug-resistant clones. It has
long been postulated that the use of alternating non-
cross-resistant regimens might reduce the emer-
gence of drug-resistant clones thereby improving
both the disease free survival and overall survival.
However, as indicated (Table 21.6) a review of 13 ran-
domized Phase III trials of alternating versus
sequential combination chemotherapy regimens
provides no convincing data suggesting an added
benefit from alternating chemotherapy in this
disease. In many of these trials the most frequently
used regimens in either a sequential or alternating
fashion were VAC or EP as both are highly active in
newly diagnosed patients. However, these regimens
may not be truly cross-resistant. Among patients
who relapse after VAC, EP produces response rates of
40–60%. Conversely, however, among patients
failing on EP, VAC therapy demonstrates much fewer
responses in the region of 10–15%.

Dose intensification

Several approaches have been investigated for
increasing the dose intensity of chemotherapy in
SCLC. These include:
1. the use of modestly higher (usually 2–4-fold)
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Table 21.6. Alternating non-cross resistant
chemotherapy

Chemotherapy Patients MS P

Evans26 CAV 289 8.0 0.03

CAV/PE

Roth25 CAV 473 8.6

EP 8.3 0.425

CAV/EP 8.1



chemotherapy regimens without growth factor
support,

2. the administration of chemotherapy at shorter
intervals (i.e. weekly),

3. the use of high dose chemotherapy with either
ABMT or PBSCT support with growth factor
support.

In general, there are few data to show that, for most
patients, the use of modestly higher doses of chemo-
therapy leads to any significant improvement in
overall survival when compared to the use of chemo-
therapy administered in standard doses (Table 21.7)
and on schedule. While higher doses of chemother-
apy including high dose chemotherapy with growth
factor support may be associated with higher initial
response rates including complete response rates,
this does not translate into improved long-term sur-
vival. It is clear, however, that such dose intensifica-
tion is associated with increasing toxicity and cost.

Studies of high dose chemotherapy regimens with
either ABMT or PBSCT rescue have also been carried
out in many clinical trials using highly selected
patients with excellent performance status. Again
while improving overall response rates, the impact
and long term survival is marginal when compared
to standard chemotherapy and may be more a
reflection of patient selection rather than impact on
chemotherapy itself.

SCLC affects persons who are usually long-term
cigarette smokers. Thus cormorbid medical prob-
lems including COAD and cardiac disease in addi-
tion to other cigarette related illnesses are quite

common. In addition, the average age for persons
who get lung cancer is 65 years. In the assessment of
clinical trials of dose intensification most studies
that yield a positive result usually include small
numbers of patients with an excellent performance
status with the majority of patients young with LD.
Thus, the applicability of such dose intensification
studies with increased toxicity to large national pop-
ulations remains unanswered and to most patients
is probably not applicable.

Weekly chemotherapy (Table 21.8)

Based on the data from the use of weekly chemo-
therapy in the treatment of aggressive non-
Hodgkin’s lymphoma and in other chemosensitive
tumours, the use of weekly chemotherapy schedules
has also been evaluated in patients with SCLC.
Several randomized trials of weekly vs. 3-weekly
chemotherapy regimens have been reported.
Although initial response rates were somewhat
higher in the weekly regimens, no differences in
median or long-term survival have been noted. In
general, as might be expected, hematological toxic-
ity was greater in the weekly chemotherapy regimen
often leading to delays in chemotherapy administra-
tion. While weekly chemotherapy has been tested
predominantly in patients with extensive stage
disease, the lack of benefit observed with these
patients suggests that such an approach would be of
questionable value in patients with LD.

Dose-intensive chemotherapy regimens includ-
ing weekly chemotherapy, high dose chemotherapy,
alternating chemotherapy etc., have all failed to
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Table 21.7. High dose( a) vs. standard dose
chemotherapy (b)

Patients RR MS

Johnson34 CDV SD 174 53% 34.7 wk

HD 124 63% 29.3 wk

Ihde33 PE SD 46 83% 10.7 mo

HD 44 86% 11.4 mo

Arriagade35 PCDE SD 50 56% 14 mo

HD 55 67% 18 mo

Table 21.8. Weekly vs. 3-weekly chemotherapy

Patients RR MS

Souhami31 Weekly 221 82% 10.8 mo

3-weekly 217 81% 10.6 mo

Murray30 Weekly 110 87% 0.98 yr

3-weekly 109 70% 0.91 yr



demonstrate any significant improvement over
standard chemotherapy regimens in the treatment
of SCLC. Moreover, such approaches particularly in
patients with ED are frequently associated with
increasing toxicity, in particular myelosuppression.
More data is required in young good performance
status patients with limited disease to determine the
exact role of dose intensification and high dose
chemotherapy in the management of such patients.

Chemotherapy in relapsed patients36–41

In spite of the very high initial response rates
observed with induction chemotherapy, the major-
ity of patients will either progress while on initial
chemotherapy or relapse sometime after comple-
tion of the planned schedule of chemotherapy.
Relapses may be observed at a previous site of
disease (e.g. thorax) or some distal site (e.g. CNS) or
both. In general, while relapses may occasionally
appear localized at the time of recurrence, rapid dis-
semination is usually the normal course of events.
Treatment at the time of relapse will be dictated by
the site of relapse, the prior treatment administered
including chest radiotherapy and the timing of
relapse in relation to the prior treatment.

For localized thoracic recurrence, in patients who
have not yet received chest radiotherapy, thoracic
radiation is a treatment of choice. All patients who
have more distal relapses should, where possible, be
considered for inclusion in clinical trials of new
agents in this situation.

The use of chemotherapy in patients not suitable
for inclusion in clinical trials will be dictated by (i)
response observed to initial chemotherapy, (ii) the
chemotherapy-free interval from initial treatment
cessation to subsequent relapse, and (iii) the induc-
tion regimen used. In addition, the choice of treat-
ment for a patient who has relapsed will also be
dictated by their overall PS, the sites of relapse and
the patient’s wishes after receiving full information
of the disease status. The patient who initially had
either complete response or partial response to
chemotherapy and a chemotherapy-free interval

greater than 6 months is likely to respond again to
the same or different chemotherapy regimens, with
response rates observed of 25–75%. In general,
response durations are short, in the region of 2–4
months. The choice of chemotherapy used will
depend upon the prior chemotherapy regimen and
may include CAV, EP, chronic oral Etoposide or some
of the newer agents. As noted, for patients who
progress on VAC, there is a greater likelihood of
response to subsequent EP than for patients failing
EP, treated with VAC. While there is no established
salvage chemotherapy regimen, clearly EP is one
choice for VAC failures with expected response rates
of 40–50%. Chronic oral Etoposide induced
responses in patients recurring after initial treat-
ment. Other active agents include Topotecan and
Ifosphamide (see below).

Treatment of elderly patients or patients with
poor performance status42–45

With current treatment strategies only the minority
of patients with SCLC are candidates for treatment
with curative intent. Patients who are 65 years or less
with good performance status (ECOG 01), LD and no
significant cormorbid medical illnesses, have a
potential for cure, including a very high response rate
to initial chemotherapy, a 2-year disease-free survival
of 20–40% and perhaps a long-term survival of 20%
when treated with combined modality therapy.
However, as lung cancer in general is a disease of the
elderly with more than 50% of patients 65 years or
over at diagnosis, and as most patients (two-thirds)
will have extensive stage disease at diagnosis, this
optimistic outcome is applicable only to the minority
of newly diagnosed patients. The remainder of
patients will be elderly (with LD/ED), LD patients
with poor PS (ECOG 2–4), or patients with extensive
stage disease. These patients who represent approxi-
mately 75% of all newly diagnosed patients are incur-
able with current treatment approaches. The
treatment goal for these patients is to achieve
maximum palliation of disease with improved
quality of life and improved overall survival.
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To obtain the maximum response to treatment
and unless medically contra-indicated, all such
patients if possible should be treated with combina-
tion chemotherapy. While studies of single agent
Etoposide administered orally over 5 days or more,
have revealed response rates of 50–80% and median
survival of 7–9 months with acceptable toxicity,
more recently reported randomized trials of combi-
nation chemotherapy versus single agent Etoposide
have demonstrated superiority with the combina-
tion chemotherapy arm in terms of response rate,
overall survival and quality of life. However, as such
patients tolerate chemotherapy less well, dose mod-
ifications of standard chemotherapy regimens may
be required although not desirable.

Chemotherapy for CNS metastases46–48

CNS metastases are frequently noted among
patients with SCLC. Cerebral metastases are present
in up to 10% of newly diagnosed patients. However,
with long-term survival CNS metastases as a site of
recurrent disease rises to as high as 40–50%. For
patients with clinical or radiological apparent CNS
metastases, cranial radiation is the treatment of
choice leading to significant improvement in symp-
toms and improved quality of life.

Recent evidence suggests that, in previously
untreated patients, chemotherapy alone can be
associated with an intracranial response rate of up to
75% including complete resolution of disease. For
such patients where intracranial metastases repre-
sent the sole site of metastatic disease at diagnosis,
the median survival of these patients will approxi-
mate that of patients with otherwise limited stage
disease. CNS metastases are a common site of
relapse for patients following prior chemotherapy.
In many, CNS metastases are often observed concur-
rently with relapsed disease at another site. With
these patients radiotherapy remains the primary
modality of treatment, as CNS responses to systemic
chemotherapy are much lower at relapse than for
newly diagnosed patients. Leptomeningeal metas-
tases are also common in small cell lung cancer,

most notably detected in patients with progressive
disease. Systemic treatment is of modest value and
treatment with intrathecal chemotherapy with or
without local field radiotherapy to symptomatic
regions is the preferred treatment option. For
patients with SCLC who develop spinal cord com-
pression, a combination of high dose steroids with
local field radiotherapy is the treatment of choice.
Surgical intervention is rarely required owing to the
sensitivity of this tumour to radiotherapy.

Thoracic ionizing radiation in limited stage small
cell lung cancer49–58

In a retrospective analysis in the late 1980s of the use
of thoracic radiation with systemic chemotherapy
in limited stage small cell lung cancer it was shown
that thoracic radiation was associated with an
increased response rate and an improved median
and long-term survival. However, several random-
ized trials at that time yielded conflicting data. In
addition, combined modality therapy (CMT) was
shown to be associated with increased toxicity
including pneumonitis, cardiac toxicity, oesopha-
gitis and pulmonary fibrosis. In the early 1990s two
published meta-analyses of studies in excess of
2000 patients with limited stage small cell lung
cancer disease demonstrated a survival advantage
with the use of thoracic field radiation with chemo-
therapy. The 2- and 3-year survival were signifi-
cantly improved with the addition of radiation
therapy. Thus it is now generally accepted that
patients with limited stage small cell lung cancer
benefit from thoracic radiation and should receive
combined modality therapy.

In the two meta-analyses which involved�1900
patients each, both showed an improvement in sur-
vival rates in those patients receiving thoracic radia-
tion. At 3 years, about 9% of the chemotherapy only
group remained alive and disease free compared to
14% of the combined modality group. This corre-
sponded to a 14% reduction in mortality rate. In
addition patients receiving combined modality
therapy showed a marked reduction in local failure

Small cell lung cancer 543



rate from 23% in the combined modality arm versus
48% in the chemotherapy alone arm. These benefits
were associated with only a marginal increase in
mortality rate increasing by approximately 1% in the
combined modality therapy arm.

Several questions remain regarding the optimal
way of integrating radiation and chemotherapy. The
optimal total dose, volume dimensions and timing
of thoracic radiation remain to be determined. While
some difficulties were encountered in addressing
this issue when Doxoribicin was part of the chemo-
therapy regimen, since the combination of Cisplatin
or Carboplatin with Etoposide is the usual chemo-
therapy combination used and which can be more
readily combined in full dose and schedule with
radiation therapy, several investigators have
addressed the importance of these radiotherapy
issues. The results of the sequential therapeutic
approach, i.e. radiation after completion of chemo-
therapy, have been disappointing, whereas studies
of hyperfraction radiation therapy and the rapid
alternation of combined modality therapy have
yielded improved results. Moreover, it also appears
that early rather than delayed radiation therapy also
yields improved results.

Recent studies have addressed the use of hyper-
fractionation (twice daily) radiation therapy with
once daily thoracic radiation in limited stage small
cell lung cancer. Pilot studies of hyperfractionation
radiation therapy appear to yield results superior to
daily radiation. In the intergroup study of Turrisi et
al. twice daily radiotherapy was initiated with a first
cycle of chemotherapy (Etoposide and Cisplatin).58

This showed a significantly improved survival as
compared with concurrent once daily radiation
therapy. At a median follow-up of 8 years the median
survival for twice daily radiation was 23 months vs.
19 months for once daily radiation with a 2-year
(47% vs. 41%) and a 5-year (26% vs. 16%) survival
favouring twice daily radiation therapy. Of note,
grade 3 esophagitis was significantly more frequent
in the hyperfractionated group. These survival data
are a considerable improvement over previous
results in limited stage small cell lung cancer. The
improved local control in this study did appear to

lead to improved distal control and subsequent
improved overall survival.

Further studies are needed to confirm the above
and also to determine the optimum timing of
chemotherapy and radiation. Most studies suggest
that early as opposed to late or delayed radiation
therapy yield better results and that concurrent
chemotherapy and radiation therapy is superior to
sequential therapy. The more widespread use of
Etoposide and Cisplatin chemotherapy as initial
chemotherapy for small cell lung cancer may greatly
facilitate the integration of concurrent and/or
hyperfraction radiation therapy in the management
of limited stage small cell lung cancer with resultant
acceptable toxicity.

Prophylactic cranial irradiation and small cell
lung cancer59–65

Brain metastases remain a major cause of both mor-
bidity and mortality among patients with SCLC. At
the time of diagnosis up to 10% of patients will have
intracranial metastases, most often associated with
other sites of disseminated disease. However, in
1–2% of patients it is the sole site of extensive
disease. Among patients who receive combination
chemotherapy and thus achieve a significant pro-
longation of survival, brain metastases will become
clinically apparent in 30–70% of these. Autopsy
series show this figure to be even greater. The greater
the survival, the greater the risk of developing brain
metastases. Among patients who achieve a com-
plete remission with chemotherapy, brain metasta-
ses may be the sole site of relapse in 10–15%,
especially in patients diagnosed with limited
disease. Thus, as combined modality therapy be-
comes more effective in the management of LD
SCLC, the frequency of brain metastases later in the
course of the disease may continue to rise.

For many years prophylactic cranial irradiation
has been used in patients with SCLC in the belief
that the treatment of microscopic subclinical metas-
tases would prevent or delay the onset of sympto-
matic brain metastases. However, the efficacy of
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prophylactic cranial irradiation (PCI) has been ques-
tioned. Supporters of prophylactic cranial irradia-
tion indicate that it is a safe way to reduce the overall
incidence of brain metastases even if only a small
number of patients benefit. Others who argue
against the routine use point out that the brain is
rarely the sole site of recurrence; radiation can be
neurotoxic, and the data supporting the use of radi-
ation therapy has not demonstrated it to have any
major impact upon prolonged survival64. Recent
data, however, would suggest that the use of PCI,
particularly in patients who obtain a complete
remission, will have a major impact upon prolong-
ing survival. A meta-analysis of more than 900
patients, the majority of whom had limited stage
disease and who took part in seven trials, evaluated
the role of PCI. All of these patients had obtained a
complete remission with systemic chemotherapy
with or without thoracic radiation. Prophylactic
cranial irradiation was associated with an absolute
decrease of 25.3% in the cumulative incident of
brain metastases at 3 years from 58.6% in the control
group to 33.3% in the treatment group. More impor-
tant, PCI was also associated with an absolute
increase in overall survival of 5.4% at 3 years, from
15.3% in the control group to 20.7% in the treatment
group. Of note, PCI was beneficial in patients with
either limited or extensive disease. In the two largest
trials included in this meta-analysis in which neuro-
psychological tests were performed on most but not
all patients, before, during and after treatment, no
significant deterioration in neurocognitive function
was found after PCI. Thus, this detailed meta-analy-
sis confirms that there was a small absolute survival
advantage for patients who receive PCI. Even though
this advantage is small, it achieves a significance
somewhat similar to the benefits of thoracic radia-
tion therapy combined with chemotherapy in the
treatment of patients with LD SCLC. Thus PCI
should now be considered for most patients who
achieve a complete remission with induction sys-
temic treatment, chemotherapy or radiotherapy or
both.

Several questions remain regarding the role and
use of PCI in patients with SCLC. The optimal dose

of radiation, volume of tissue to be irradiated and
duration and timing of PCI have not yet been clearly
defined. Also questions still remain regarding the
safety and long term neuro-psychological conse-
quences of PCI. On the current evidence, it is now
reasonable to include PCI as part of the treatment of
patients with LD SCLC who are in complete remis-
sion and of patients with extensive disease who have
isolated metastases and who also achieve complete
remission with systemic chemotherapy. It may be
possible to minimize neurological damage by avoid-
ing the concurrent administration of PCI with sys-
temic chemotherapy and perhaps by minimizing its
use in elderly patients.

New drugs in small cell lung cancer (Table
21.4)3,66–69

The relatively modest improvement in overall survi-
val for patients with small cell lung cancer stresses
the important need for the evaluation of new agents
in the treatment of this disease (Table 21.4). Several
phase I/II studies have identified agents with activ-
ity in SCLC3. These include the taxanes, the topo-
isomerase inhibitors, the antimetabolites and
vinorelbines. In studies of previously untreated
patients using these compounds as single agents
response rates ranging from 5–39% have been
observed, with lower response rates being observed
in previously treated patients. The single agent activ-
ity of some of these compounds compare favourably
with some of the ‘established’ active agents in small
cell lung cancer. The evaluation of these agents in
combination with established agents needs urgent
assessment in phase II/phase III trials.

More recent studies have incorporated these
‘newer’ agents in the management of SCLC. In the
study reported by Johnson et al. patients with ES
SCLC received initial CT with Cisplatin/Etoposide67.
At completion of this standard CT, responding
patients were randomized to no further treat-
ment (observation) or to 4 cycles of Topotecan
1.5 mg/m2/d�5 days every 21 days for four cycles.
Of the initial 405 patients registered in this trial, 227
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were randomized either to observation (112
patients) or Topotecan (115 patients). There was no
difference observed between two study arms in
either median survival (8.9 vs. 9.3 mo) or 1 year sur-
vival (27% vs. 25%). The disease-free survival was
prolonged by 5 weeks in the Topotecan arm.
However, toxicity was increased in the Topotecan
arm. There have been several other reports of studies
incorporating Topotecan with standard regimens in
the treatment of SCLC. Thus far no significant bene-
fits have been observed. However, and in particular
in patients with poor PS, significant myelotoxicity
has been noted. In no trial has the addition of
Topotecan produced an overall survival greater than
the standard of CE alone.

Irinotecan has also demonstrated considerable
activity in SCLC patients including those who have
failed previous CT and CE. In a most provocative
study, Noda et al. reported on the randomized trial of
Irinotecan (CPT-11) and Cisplatin versus
Cisplatin/Etoposide in patients with ES SCLC66. One
hundred and fifty four patients were randomized
between the two study arms. The overall response
rate between CPT-11/Cisplatin and Etoposide/
Cisplatin was similar (83% vs. 67.5%). However,
there was a significantly better median survival (12.8
vs. 9.8 mo) and 1- and 2-year survival advantage for
the CPT-11/Cisplatin arm of the study. This observa-
tion at an interim analysis led to the closure of the
study. This combination is one of the first examples
of utilizing a newer agent to show a survival advan-
tage over standard treatment and if confirmed may
become a new standard of treatment in SCLC.

Surgery as the primary treatment of SCLC70

Approximately 5% or less of patients with SCLC will
have very early stage disease (i.e. stage I and stage II)
and will be candidates for surgical resection fol-
lowed by systemic chemotherapy. Among these
‘select’ patients, a 5-year survival of 30–40% has
been reported. However, a review of operable
patients with small cell lung cancer demonstrated

no survival advantage of surgery prior to chemo-
therapy vs. chemotherapy alone. Currently, several
investigators are evaluating surgery following initial
neo-adjuvant chemotherapy in limited stage
patients. While the resectability rate is as high as 85%
the impact upon survival of this approach needs to
be determined. Thus outside of clinical trials surgi-
cal resection of primary small cell lung cancers
appear to be of limited value. The exception remains
where the tumour remains undiagnosed (histologi-
cally) preoperatively. In these situations, usually
where the tumour is peripheral, surgical resection is
the initial treatment of choice. Once the diagnosis of
SCLC is confirmed post-operative chemotherapy
remains indicated.

Second primary cancers after surviving small cell
lung cancer71,72

SCLC is that type of lung cancer most strongly linked
to cigarette smoking with less than 3% of patients
having no history of active exposure. While recent
trials of CMT in particular in patients with LD have
demonstrated improvements in MS, OS and long-
term survival, this modest success is diminished in
these patients by the high death rate due to second
primary cancers, and other causes, often tobacco
related.

In a recent review of patients treated for SCLC and
who survived�2 years from diagnosis, the risk of
developing a second lung cancer was 2–14% per
patient per year and the risk increased 2–7-fold at 10
years from initial diagnosis. The majority of second
cancers were squamous cell and few were resectable
when diagnosed. As might be expected, the risk was
greater among those who continued to smoke after
their initial diagnosis of SCLC. Fewer than 20% sur-
vived�5 years from the diagnosis of the second
cancer.

The recognition that such second cancers can
develop in patients ‘cured’ of SCLC indicates the
importance of intensive surveillance at the comple-
tion of treatment for SCLC, and the importance of
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smoking cessation at the time of diagnosis of SCLC.
Such patients may also be candidates for chemo-
prevention studies.

Summary and future directions of small cell lung
cancer

1. Four to six months of initial chemotherapy is
effective treatment for both limited and extensive
stage small cell lung cancer. Maintenance chemo-
therapy beyond this time does not improved small
cell lung cancer survival.

2. In patients with limited disease, combined
modality therapy would appear to be the treat-
ment of choice leading to improved response
rates, local control and overall survival. The
optimum use of radiation including its integra-
tion with chemotherapy, fractionation and total
dose still remains to be determined. Studies do
suggest that the early use of combined modality
therapy appears to be associated with an
improved outcome.

3. The use of Etoposide and Cisplatin or Carboplatin
as initial chemotherapy appears to allow the inte-
gration of radiation therapy (in combined modal-
ity therapy) with acceptable toxicity as compared
to Doxorubicin containing regimens.

4. There are no data to support the use of dose-
intensive therapy requiring cytokine support,
bone marrow support or peripheral blood stem
cell support outside the realm of clinical trials.

5. The use of prophylactic cranial radiation should
be reserved for patients (both limited and exten-
sive) who achieve a complete remission with
induction treatment. Delaying PCI until comple-
tion of chemotherapy may also decrease long-
term neurological sequelae.

6. Late recurrences (i.e. �6 months after completion
of initial chemotherapy) may be chemosensitive
and such patients should be considered for
further chemotherapy.

7. The development of second cancers in small cell
lung cancer patients 2 years after initial diagnosis

continues to be a problem. As a significant pro-
portion of very late relapses may be non-small cell
lung cancer, further biopsies of such patients for
histological evaluation is indicated before the
institution of further specific therapy.

8. The evaluation of new cytotoxic agents and their
integration with currently proven active regimens
offer some optimism for the future treatment of
small cell lung cancer.

REFERENCES

1 Hansen HH. Management of small-cell cancer of the lung.

Lancet 1992; 339:846–849.

2 Kristensen CA, Jensen PB, Poulsen HS et al. Small cell lung

cancer: biological and therapeutic aspects. Crit Rev Oncol

Hematol 1996; 22:27–60.

3 Edelman MJ, Gandara DR. Small cell lung cancer: current

status of new chemotherapeutic agents. Crit Rev Onc

Hematol 1998; 27:211–228.

4 Carney DN. Biology of small-cell lung cancer. Lancet 1992;

339:843–849.

5 Sozzi G, Carney DN. Molecular biology of lung cancer. Curr

Opin Pulm Med 1998; 4:207–212. 

6 Salgia R, Skarin AT. Molecular abnormalities in lung cancer.

J Clin Oncol 1998; 16:1207–1217.

7 Mountain CF. Staging of lung cancer. The new international

system. Lung Cancer 1987; 4–11.

8 Feld R, Sagman U, Le Blanc M. Staging and prognostic

factors in small cell lung cancer. In: Pass HI, Mitchell JB,

Johnson DH, Turrissi A, Minna JD, eds, Lung Cancer.

Lippincott Williams and Wilkins; 2000:612–627 

9 Cerny T, Blair V, Anderson A et al. Pretreatment prognostic

factors and system in 407 small-cell lung cancer patients. Int

J Cancer 1987; 39:146–149.

10 Lassen U, Osterlind K, Hansen M et al. Long-term survival in

small-cell lung cancer: posttreatment characteristics in

patients surviving 5 to 18�years – an analysis of 1714 con-

secutive patients. J Clin Oncol 1995; 13:1215–1220.

11 Sagman U, Feld R, DeBoer G et al. Small cell carcinoma of

the lung – derivation of a prognostic index. Clin. Invest 1986;

27:189–189.

12 Dearing MP, Steinberg SM, Phelps R et al. Outcome of

patients with small-cell lung cancer: effect of changes in

staging procedures and imaging technology on prognostic

factors over 14 years. J Clin Oncol 1990; 8:1042–1049.

Small cell lung cancer 547



13 Feinstein AR, Sosin DM, Wells CK. The Will Rogers phenom-

enon. Stage migration and new diagnostic techniques as a

source of misleading statistics for survival in cancer. N Engl

J Med 1985; 312:1604–1608.

14 Carney DN, Marangos PJ, Ihde DC et al. Serum neuron spe-

cific enolase. A marker for disease extent and response to

therapy in patients with small cell lung cancer. Lancet 1982;

1:583–585. 

15 Grant SC, Gralla RJ, Kris MF, Orozem J, Kris EA. Single agent

chemotherapy trials in small cell lung cancer. 1970–1990.

The case for studies in previously treated patients. J Clin

Oncol 1992; 10:482–498. 

16 Kiasa RF, Murray N, Coldman AF. Dose-intensity meta-

analysis of chemotherapy regimens in small-cell carcinoma

of the lung. J Clin Oncol 1991; 9:499–508. 

17 Chute JP, Chen T, Feigal E, Simon R, Johnson BE. Twenty

years of phase III trials for patients with extensive stage

small cell lung cancer: Perceptible progress. J Clin Oncol

1999; 17:1794–1801. 

18 Elias A, Ibrahim J, Skarin AT et al. Dose-intensive therapy for

limited stage small cell lung cancer. Long term outcome.J

Clin Oncol 1999; 17:1175–1184. 

19 Spriro SG, Souhami RL, Geddes DM et al. Duration of

chemotherapy in small cell lung cancer: a Cancer Research

Campaign trial. Br J Cancer 1989; 59:578–583.

20 Giaccone G, Dalesio O, Mcvie JG et al. Maintenance chemo-

therapy in small-cell lung cancer: long-term results of a ran-

domized trial. J Clin Oncol 1993; 11:1230–1240.

21 Aisner J. Extensive disease small cell lung cancer. The thrill

of victory; the agony of defeat. J Clin Oncol 1996; 14:658–665. 

22 Lassen UN, Hirsch FR, Osterlind K et al. Outcome of combi-

nation chemotherapy in extensive stage small-cell lung

cancer: any treatment related progress? Lung Cancer 1998;

20:151–160. 

23 Kosmidis PA, Samantas E, Fountzilas G et al. Cisplatin/etop-

oside versus carboplatin/etoposide chemotherapy and irra-

diation in small cell lung cancer. A randomized phase III

study. Semin Oncol 1994; 21:23–30.

24 DeVore III RF, Johnson DH. Chemotherapy for small cell

lung cancer. In: Pass HI, Mitchell JB, Johnson DH, Turrissi A,

Minna JD, eds, Lung Cancer. Lippincott Williams and

Wilkins; 2000:923–939. 

25 Roth BJ, Johnson DH, Einhorn et al. Randomized study of

cyclophosphamide, doxorubicin, and vincristine versus

etoposide and cisplatin versus alternation of these two reg-

imens in extensive small-cell lung cancer: a Phase II trial of

the Southeastern Cancer Study Group. J Clin Oncol 1992;

10:282-291.

26 Evans WK, Feld R, Murray N et al. Superiority of alternating

non-cross-resistant chemotherapy in extensive small cell

lung cancer. A multicenter, randomized clinical trial by the

National Cancer Institute of Canada. Ann Int Med 1987;

107:451–458. 

27 Ettinger DS, Finkelstein DM, Abeloff MD et al. A randomized

comparison of standard chemotherapy versus alternating

chemotherapy and maintenance versus no maintenance

therapy for extensive-stage small-cell lung cancer: a phase

III study of the Eastern Cooperative Oncology Group. J Clin

Oncol 1990; 8:230–240.

28 Fukuoka M, Furuse K, Saijo N et al. Randomized trial of

cyclophosphamide, doxorubicin and vincristine versus cis-

platin and etoposide versus alternation of these regimens

in small-cell lung cancer. J Natl Cancer Inst 1991;

83:855–861.

29 Fujol J-L, Douillard JY, Riviere A et al. Dose intensity of a four

drug chemotherapy regimen with or without recombinant

human granulocyte colony stimulating factor in small cell

lung cancer. J Clin Oncol 1997; 15:2082–2089.

30 Murray N, Shepherd E, James K et al. A randomized study of

CODE versus alternating CAV/EP for extensive stage small

cell lung cancer. J Clin Oncol 1999; 17:2300–2307. 

31 Souhami RL, Rudd R, Ruiz de Elvira M-L et al. Randomized

trial of comparing weekly versus 3 weekly in small cell lung

cancer. J Clin Oncol 1994; 12 1806–1812. 

32 Feruse K, Fukuda M, Nishiwaki Y et al. Phase III study of

intensive weekly chemotherapy with recombinant human

granulocyte colony-stimulating factor versus standard

chemotherapy in extensive-disease small-cell lung cancer. J

Clin Oncol 1998; 16:2126–2132.

33 Ihde DC, Mulshine JL, Kramer BS et al. Prospective random-

ized comparison of high-dose and standard-dose etoposide

and cisplatin chemotherapy in patients with extensive-

stage small-cell lung cancer. J Clin Oncol 1994;

12:2022–2034.

34 Johnson DH, Einhorn LH, Birch R et al. A randomized com-

parison of high-dose versus conventional-dose cyclophos-

phamide, doxorubicin, and vincristine for extensive-stage

small-cell lung cancer: a phase III trial of Southeastern

Cancer Society. J Clin Oncol 1987; 5:1731–1738.

35 Arriagade R, Le Chevalier T, Pignon J. Initial chemothera-

peutic doses and survival in patients with limited stage

small cell lung cancer. N Engl J Med 1993; 329:1848–1856. 

36 Chute JP, Kelley MJ, Venzon D et al. Retreatment of patients

surviving cancer-free 2 or more years after initial treatment

of small cell lung cancer. Chest 1996; 110:165–170.

37 Andersen M, Kristjansen PEG, Hansen HH. Second-line

chemotherapy in small cell lung cancer. Cancer Treat Rev

1990; 17:427–436.

548 D.N. Carney



38 Schiller J, von Pawel J, Shepard FA et al. Topotecan versus

cyclophosphamide, doxorubicin and vincristine for the

treatment of patients with recurrent small cell lung cancer:

a phase III study [Abstract]. Proc Am Soc Clin Oncol 1998;

17:456.

39 Ettinger DS, Finkelstein DM, Abeloff MD. Justification for

evaluating new anticancer drugs in selected untreated

patients with extensive-stage small-cell lung cancer: an

Eastern Cooperative Oncology Group randomized study. J

Natl Cancer Inst 1992; 84:1077–1084.

40 Ardizzoni A, Hansen HH, Dombernowsky P et al. Topotecan,

a new active drug in the second-line treatment of small-cell

lung cancer: a phase II trial in patients with refractory and

sensitive disease. J Clin Oncol 1997; 15:2090–2096.

41 Huisman C, Postmus PE, Giaccone G et al. Second line

chemotherapy and its evaluation in small cell lung cancer.

Cancer Treat Rev 1999; 25:199–206.

42 Carney DN, Byrne A. Etoposide in the treatment of

elderly/poor-prognosis patients with small-cell lung

cancer. Cancer Chemother Pharmacol 1994; 34:S96–S100.

43 Johnson DH, Greco Fa, Strupp J et al. Prolonged administra-

tion of oral etoposide in patients with relapsed or refractory

small-cell lung cancer: a phase II trial. J Clin Oncol 1990;

8:1613–1617.

44 Souhami RL, Spiro SG, Rudd M et al. Five-day oral etoposide

treatment for advanced small-cell lung cancer: randomized

comparison with intravenous chemotherapy. J Natl Cancer

Inst 1997; 89:577–580.

45 Girling DJ, Thatcher N, Clark PI et al. Comparison of oral

etoposide and standard multidrug intravenous chemother-

apy for small cell lung cancer: a stopped multicentre ran-

domized trial. Lancet 1996; 348:563–566.

46 Kristjansen PEG, Sorensen PS, Hansen MS et al. Prospective

evaluation of the effect on initial brain metastases from

small cell lung cancer of platinum-etoposide based induc-

tion chemotherapy followed by alternating multidrug

regimen. Ann Oncol 1993; 4:579.583.

47 Kristensen CA, Kristjansen PEG, Hansen HH. Systemic

chemotherapy of brain metastases from small-cell lung

cancer: a review. J Clin Oncol 1992; 10:1498–1502.

48 Postmus PE, Sleijger DTh, Haaxma-Reiche H.

Chemotherapy for central nervous system metastases from

small cell lung cancer. A review. Lung Cancer 1989;

5:254–263.

49 Osterlind K, Hansen JJ, Hansen HS et al. Chemotherapy

versus chemotherapy plus irradiation in limited small cell

lung cancer. Results of a controlled trial with 5 years follow-

up. Br J Cancer 1986; 54:7–17.

50 Souhami RL, Geddes DM, Spiro SG et al. Radiotherapy in

small cell lung cancer of the lung treated with combination

chemotherapy: a controlled trial. Br Med J 1984;

288:1643–1646.

51 Perry MC, Eaton WL, Propert KJ et al. Chemotherapy with or

without radiation therapy in limited small-cell carcinoma of

the lung. N Engl J Med 1987; 316:912–918.

52 Pignon J-P, Arriagada R, Ihde DC et al. A meta-analysis of

thoracic radiotherapy for small cell lung cancer. N Engl J

Med 1992; 327:1618–1824.

53 Warde P, Payne D. Does thoracic irradiation improve survi-

val and local control in limited-stage small-cell carcinoma

of the lung? A meta-analysis. J Clin Oncol 1992; 10:890–895.

54 Murray N, Coy P, Pater JL et al. Importance of timing for tho-

racic irradiation in the combined modality treatment of

limited-stage small-cell lung cancer. J Clin Oncol 1993;

11:336–344.

55 Gregor A, Drings P, Burghouts J et al. Randomized trials of

alternating versus sequential radiotherapy/chemotherapy

in limited disease patients with small cell lung cancer: a

EORTC study. J Clin Oncol 1997; 15:2840–2849.

56 Jeremic B, Shibamoto Y, Acimovic L et al. Initial versus late

accelerated hyperfractionated radiotherapy and concurrent

chemotherapy in limited small-cell lung cancer: a random-

ized study. J Clin Oncol 1997; 15:893–900.

57 Work E, Nielsen OS, Bentzen SM et al. Randomized study of

initial versus late chest irradiation combined with chemo-

therapy in limited-stage small-cell lung cancer. J Clin Oncol

1997; 15:3030–3037.

58 Turrissi At, Kyungmann K, Glum R et al. Twice daily com-

pared with once daily thoracic radiotherapy in limited small

cell lung cancer treated concurrently with Cisplatin and

Etoposide. N Engl J Med 1999; 340:265–271. 

59 Nugent JL, Bunn PA Jr, Matthews MJ et al. CNS metastases in

small cell bronchogenic carcinoma: increasing frequency

and changing pattern with lengthening survival. Cancer

1979; 44:1885–1893.

60 Arriagada R, Le Chevalier T, Borie F et al. Prophylactic

cranial irradiation for patients with small-cell lung cancer in

complete remission. J Natl Cancer Inst 1995; 87:183–190.

61 Gregor A, Cull A, Stephens RJ et al. Prophylactic cranial irra-

diation is indicated following complete response to induc-

tion therapy in small cell lung cancer: results of a

multicentre randomized trial. Eur J Cancer 1996;

33:1752–1758.

62 Johnson BE, Patronas N, Hayes W et al. Neurologic, com-

puted cranial tomographic, and magnetic resonance

imaging abnormalities in patients with small-cell lung

cancer: further follow-up of 6- to 13-year survivors. J Clin

Oncol 1990; 8:48–56.

Small cell lung cancer 549



63 Bunna PA Jr, Kelly K. Prophylactic cranial irradiation for

patients with small-cell lung cancer. J Natl Cancer Inst 1995;

87:161–162.

64 Auperin A, Arriagada R, Pignon J-P et al. Prophylactic cranial

irradiation for patients with small-cell lung cancer in com-

plete remission. N Engl J Med 1999; 341:476–484.

65 Carney DN. Prophylactic cranial irradiation and small cell

lung cancer. N Engl J Med 1999; 341:524–525. 

66 Noda K, Nishiwaki Y, Kawahara M et al. Randomized phase

III study of Irinotecan (CPT-11) and Cisplatin versus

Etoposide and Cisplatin in extensive-disease small-cell lung

cancer: Japan Clinical Oncology Group Study (JCOG9511).

[Abstract 1887] 36th Annual Meeting of the American Society

of Clinical Oncology, New Orleans, LA, 2000.

67 Johnson D, Adak S, Cella D et al. Topotecan (T) vs

Observation (OB) following Cisplatin (P) plus Etoposide (E)

in extensive stage small cell cancer (ES SCLC) (E77593): a

phase III trial of Eastern Cooperative Oncology Group

(ECOG). [Abstract 1886] 36th Annual Meeting of the American

Society of Clinical Oncology, New Orleans, LA, 2000.

68 Lynch T, Herndon J, Lyss A et al. Paclitaxel (P)�Topotecan

(T)�GCSF for previously untreated extensive small cell

lung cancer (E-SCLC): Preliminary analysis of cancer and

leukaemia group B (CALGB) 9430. [Abstract 1922] 36th

Annual Meeting of the American Society of Clinical

Oncology, New Orleans, LA, 2000.

69 Jett J, Hatfield A, Bauman M et al. Phase II trial of Topotecan

and Paclitaxel (TP) with G-CSF support alternating with

Etoposide and Cisplatin (EC) in previously untreated exten-

sive stage small cell lung cancer (ED-SCLC). [Abstract 1921]

36th Annual Meeting of the American Society of Clinical

Oncology, New Orleans, LA, 2000.

70 Shepherd FA. Surgical management of small cell lung

cancer. In: Pass HI, Mitchell JB, Johnson DH, Turrissi A,

Minna JD, eds, Lung Cancer. Lippincott Williams and

Wilkins; 2000:967–980. 

71 Tucker M.A., Murray N, Shaw EG et al. Second primary

cancers related to smoking and treatment of small cell lung

cancer. J Natl Cancer Inst 1997; 89:1782–1788.

72 Glisson BG, Hong WK. Survival after treatment of small cell

lung cancer – an endless uphill battle. J Natl Cancer Inst

1997; 89:1745–1747.

550 D.N. Carney



Part VI

Cough





Introduction

Cough is probably the most powerful and common-
est normal physiological reflex. It is essential for the
clearance of the respiratory tract, but in disease it
may become pathological such that it impairs bodily
functions and becomes an embarrassment for the
patient. It is characterized by a violent expiration,
which provides the high flow rates that are required
to shear away mucus and remove foreign particles
from the larynx, trachea and large bronchi. Its func-
tion to expel excess secretions and inhaled irritants
from the airways is immediately obvious. However,
the causes of cough are not necessarily associated
with excessive bronchial secretions, as for example
in chronic bronchitis, but are often related to lung
diseases such as asthma and viral infection of the
upper respiratory tract. Intensive and frequent
cough may impair breathing and cardiac circula-
tion, increase oxygen consumption and interfere
with eating, sleep and rest.

Coughing is initiated when sensory receptors in
the respiratory tract receive stimuli of sufficient
intensity to evoke an increase in afferent nerve
impulse activity1,2. Cough reflexes can be provoked
easily by mechanical and chemical stimuli applied
to the epithelium of either the larynx or tracheo-
bronchial tree3. There are three main groups of
airway sensory receptors which may be involved in
the cough reflex initiated from these sites: the slowly
adapting stretch receptors (SARs), the rapidly adapt-
ing stretch receptors (irritant, RARs) and the pulmo-
nary and bronchial C-fibre receptors. Each is

distributed throughout the tracheobronchial tree
and the last group is also present in the alveolar wall.
RARs and C-fibre receptors have also been identified
in the larynx4.

Action potential studies with the vagus nerve have
demonstrated that agents that evoke coughing
cause an enhanced activity in both myelinated A�-
fibres from RARs and in non-myelinated fibres from
C-fibre receptors5. It is well established that RARs are
involved in the cough reflex, based on evidence from
reflex and nerve recording experiments4. In contrast,
most of the evidence that C-fibres are involved in
coughing is derived from the fact that agents which
are reputedly ‘selective’ stimulants of C-fibre recep-
tors, such as capsaicin, evoke cough when adminis-
tered by inhalation to animals and man6,7.
Unfortunately, only a few studies have been under-
taken to record action potentials in single fibres
from the larynx and lower airways when these ‘selec-
tive’ agents are administered as aerosols. Until such
experiments are carried out, the suggestion that
stimulation of C-fibre receptors directly causes
cough remains speculative. Evidence suggests that
stimulation of pulmonary C-fibre receptors by cap-
saicin actually exerts an inhibitory influence on
cough8. C-fibres, however, may be involved indi-
rectly in the cough reflex by releasing tachykinins
such as substance P that, in turn, may directly or
indirectly evoke the cough reflex by stimulating
RARs9. The other group of sensory receptors in the
airways, the SARs, may facilitate coughing when
stimulated10,11.

Surprisingly little is known about the role of the
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central nervous organization of the cough reflex.
There is supposedly a ‘cough centre’ in the brain-
stem that is connected with the respiratory rhythm
generator in the respiratory centre but this is
unclear12. Motor output to respiratory and other
muscles is, however, common to both centres. There
is also a cortical input to cough and subjects can vol-
untarily induce and inhibit cough. The final act of
the cough reflex is that transmitted by the motor
pathways from the CNS which result in the powerful
contractions of the abdominal muscles, collapse of
the bronchi and opening of the glottis. Other motor
responses associated with cough involve the auto-
nomic nervous system producing reflex broncho-
constriction, secretion of mucus and airway
vasodilatation13,14, all of which increase the turbu-
lence and shear forces in the bronchi.

Cough is a complex reflex pathway and this
chapter examines in detail the peripheral and
central mechanisms involved in the reflex. The
potential sites and mechanisms of action of known
antitussive drugs are also considered, since it is this
area of research and the development of novel, more
selective drugs which will eventually help to eluci-
date the exact role for each of the groups of periph-
eral sensory receptors in the cough reflex.

Sensory physiology of the cough reflex

Cough is due to activation of sensory receptors in the
larynx and lower respiratory tract, sending impulses
to the brainstem. Once in the brainstem the subse-
quent generation and central organization of the
cough reflex is poorly understood. Mechanically, a
cough generally starts with a deep inspiration due to
increased contraction of the diaphragm and other
inspiratory muscles acting in concert with muscles
that enlarge the upper airways. The next compres-
sion phase is brief and is characterized by continu-
ous tone in the diaphragm and concurrent
activation of the rib cage/abdominal expiratory
muscles and muscles that close the laryngeal folds.
In the subsequent expulsive phase, the diaphragm
ceases activity and the glottis is opened; the contin-

ued strong expiratory muscle activity results in high
airflow velocities.

Cough usually occurs when sensory receptors in
the respiratory tract receive stimuli of sufficient
intensity to evoke an increase in sensory/afferent
nerve impulse activity. Cough reflexes can be pro-
voked easily by mechanical and chemical stimuli
applied to either the larynx or tracheobronchial tree,
for it is here that the greatest protection against the
ingress of foreign materials is required. Sensory
information from the respiratory tract which initi-
ates the cough reflex is carried in the vagus nerves,
since cough from stimulation of one side of the
bronchial tree is abolished by ipsilateral vagotomy15.
The three main groups of airway sensory receptors
that may be involved in the cough reflex initiated
from these sites are as follows.

Slowly adapting stretch receptors (SARs)

Slowly adapting stretch receptors with myelinated
fibres in the A�–A� range are localized mainly to the
airway smooth muscle of the trachea and larger
bronchi and have the ultrastructural appearance of
mechanoreceptors. They discharge during inflation
and adapt slowly to maintained stretch of the
airways. Collapse of the airways may either inhibit or
stimulate them. In general, their role is to signal the
degree of stretch of the lungs, but their activity may
be affected by various mechanical and chemical
factors, including contraction of airway smooth
muscle13,16.

Rapidly adapting stretch receptors (irritant,
RARs)

RARs may be inactive during quiet breathing or may
fire occasionally in respiratory cycles. They are iden-
tified by rapidly adapting bursts of impulse activity
evoked by large inflations or deflations of the lungs,
often with a prominent off response1. Lung RARs
have their terminals in the airway epithelium and
probably also deeper in the airway wall13. Although
the vagal fibres are myelinated and in the A� range,
the terminals are non-myelinated. The most super-
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ficial endings lie less than 1 �m from the airway
lumen, where they are well sited for intraluminal
irritation17. They occur throughout the trachea and
larger bronchi, with concentration at the carina and
the points of bronchial bifurcation13,16. They have
also been identified physiologically in the larynx18,
but unlike in the tracheobronchial tree there seems
to be a deficiency in our knowledge of laryngeal
reflexes related to an analysis of nerve and receptor
histology. RARs are stimulated by all the stimuli that
can induce coughing, although most of them can
also activate bronchial C-fibre receptors. However,
the RARs compared with C-fibre receptors are par-
ticularly sensitive to mechanical stimuli. The evi-
dence that RARs cause cough is extensive and has
been reviewed by a number of groups13,19,20.

It has been shown recently that RARs are activated
by an increase in interstitial airway liquid volume
caused by drug-induced plasma extravasation from
mucosal post-capillary blood vessels21. This very
important finding has strong implications because
many inflammatory mediators and chemical agents
that induce cough, such as histamine, bradykinin,
capsaicin or substance P also cause plasma extrava-
sation and, therefore, could evoke cough indirectly
as well as directly. The relevance of this will be dis-
cussed later.

C-fibre endings

These are subdivided into pulmonary C-fibre
endings and bronchial C-fibre endings, depending
on the source of their blood supply13. They are dis-
tributed throughout the larynx, bronchial tree and
the pulmonary C-fibre endings are also present in
the alveolar wall. The non-myelinated C-fibres from
these sensory receptors are sometimes silent or have
irregular, sparse discharges under normal condi-
tions. Moreover, their action potentials are usually
small and inconspicuous compared to those of
myelinated fibres. The receptors are activated by
almost the same group of stimuli as those that affect
RARs, although in general they are less sensitive to
mechanical stimuli such as lung volume changes13.
The reflex responses to stimulation of C-fibre recep-

tors include apnoea followed by rapid shallow
breathing. C-fibre activation also causes reflex bron-
choconstriction and tracheal mucus secretion13. The
strongest evidence for C-fibre receptors as a
pathway for cough is reviewed by Karlsson22 and is
based largely on the supposition that capsaicin is
selective for C-fibres. In guinea pigs which had been
given capsaicin at doses large enough to destroy
their airway C-fibres, the cough response to capsai-
cin and citric acid was lost. However, capsaicin is not
selective for C-fibres23 and also activates RARs. In
addition, capsaicin degeneration is not selective for
non-myelinated fibres, but also affects small diame-
ter myelinated fibres. Furthermore, since RARs have
non-myelinated terminals, it is difficult to be precise
about what sensory neurones are affected by capsa-
icin.

Relative roles of airway sensory receptors in the
cough reflex

The functional role of sensory receptors in the res-
piratory tract is well established in relation to vagally
mediated airway reflexes such as cough and bron-
choconstriction, although the exact role for each
group of receptors still remains to be elucidated.
Their potential contribution to the cough reflex is
summarized in Fig. 22.1. In animals, electrophysio-
logical recordings from the vagus neurones have
demonstrated that agents evoking cough cause an
increased impulse activity in both myelinated A�-
fibres originating from RARs and non-myelinated C-
fibres originating from C-fibre receptors. There is
considerable evidence that RARs are the main group
or maybe even the only type of sensory receptor
responsible for cough in the respiratory tract19,
including that caused by capsaicin. Indeed, capsa-
icin, which may be selective for C-fibres in vitro24,
stimulates both C-fibres and RARs in vivo19,23.
Furthermore, cough, in cats and dogs, due to the so-
called selective C-fibre stimulants, sulfur dioxide
and capsaicin, is attenuated by cooling the vagus
nerves to a temperature of 7–8°C, which blocks con-
duction in the A�-fibres originating from RARs but
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leaves C-fibres intact. This technique may not com-
pletely differentiate afferent pathways, since it is still
possible to evoke cough from sites other than the
tracheobronchial tree when the nerves are at 7–8°C
and C-fibre reflexes other than cough can still be
induced.

Stimulation of bronchial C-fibre receptors causes
apnoea in animals and in humans25. A bronchocon-
strictor reflex from bronchial C-fibres is also well
established22. If stimulation of bronchial C-fibre
receptors can also cause cough, one would have to
postulate two or even three populations of C-fibre
receptors for cough, apnoea and bronchoconstric-
tion, presumably responding to different varieties or
concentrations of stimulants, since one cannot have
cough and apnea simultaneously. All of the stimuli
used to excite C-fibre receptors can also activate
RARs in vivo and the latter are an established and
agreed pathway for cough. Therefore, it seems likely
that the C-fibre receptors cause apnoea and bron-
choconstriction, and not cough directly. Although
pulmonary C-fibres were implicated in cough many
years ago, most animal experiments point against

the idea25. A large number of studies using selective
stimuli to these receptors have never established
cough in any of the several species used. Activation
of pulmonary C-fibre receptors inhibits cough
induced mechanically in cats and dogs8,26, which
may also be true of the bronchial C-fibre receptors in
dogs27.

It seems reasonable to suggest that capsaicin and
other ‘selective’ C-fibre stimulants may cause cough
by activating RARs. Activation of C-fibres by these
and many other agents probably leads to apnoea,
rapid shallow breathing, bronchoconstriction and
may cause reflex inhibition of cough through a
central connection. This doesn’t completely rule out
a causative role for C-fibres in cough, since evidence
now points to involvement of tachykinins in the
cough reflex pathway. These substances, in particu-
lar substance P and neurokinin A, which are found in
airway C-fibres, when administered exogenously by
aerosol, can induce cough in animals and humans28.
Furthermore, tachykinin antagonists inhibit capsai-
cin and citric acid-induced cough in conscious
guinea pigs29,30. This important evidence suggests
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Fig. 22.1 Schematic representation of the potential role of airway sensory receptors in the cough reflex. Excitation of rapidly

adapting stretch receptors (RARs) evokes the cough reflex. Stimulation of pulmonary C-fibre receptors inhibits the cough reflex,

whereas activation of bronchial C-fibre receptors may either inhibit or evoke the reflex indirectly. Excitation of slowly adapting

stretch receptors (SARs) may have a permissive role and thus facilitate the cough reflex.



that agents which stimulate C-fibres, in addition to
activating RARs, evoke the release of tachykinins
probably from the C-fibres themselves and these
tachykinins in turn stimulate the RARs to cause
cough. Substance P has been shown to stimulate
RARs and also sensitize RARs to other irritant agents
in a number of species19,31. Alternatively, tachykinins
such as substance P may act on postcapillary
venules causing plasma extravasation and stimula-
tion of adjacent RARs25. The increase in interstitial
liquid volume might also affect the structure of the
epithelium with stimulation of the branches of RARs
there. This may explain why in vitro RARs were not
stimulated by a number of agents known to cause
cough in vivo, including histamine, bradykinin and
substance P24, since if these agents do stimulate
RARs indirectly via plasma extravasation they would
require an intact vascular circulation to exert their
effects. Recent studies demonstrate how neutral
endopeptidase inhibitors such as phosphoramidon,
which prevent the breakdown of substance P,
enhance the cough reflex due to substance P in
guinea-pigs19,28. This is particularly interesting since
it is well established that angiotensin converting
enzyme (ACE) inhibitors cause cough in
humans32,33,34. ACE inhibitors that inhibit the break-
down of substance P, also augment the cough
response to capsaicin in guinea-pigs35.

Thus, the activation of C-fibres could contribute
indirectly to cough in animals and humans. It seems
likely, therefore, that tussive agents such as citric
acid and capsaicin may induce cough by two path-
ways: a direct activation of RARs and indirectly by
facilitation of the cough reflex, mediated by the
release of tachykinins from C-fibres (Fig. 22.2). The
strength and pattern of the cough reflex will depend
on the relative excitations of RARs and C-fibre recep-
tors, the former reflexly exciting and the latter inhib-
iting cough, and the degree to which the local release
of tachykinins causes plasma extravasation and
excites RARs.

For completeness, SARs with myelinated A� and
A� afferent nerves have to be mentioned. These
sensory receptors facilitate the cough reflex but are

probably not directly involved since chemicals
evoking cough do not alter their activity.

The anatomical site for initiation of the cough
reflex

When assessed by single nerve fibre recording, the
larynx has a far higher density of sensory receptors
than do other sites in the respiratory tract and a far
lower proportion of C-fibre receptors36. The impor-
tance of the larynx in cough induced by inhaled irri-
tants such as citric acid and capsaicin has recently
been reviewed18. Up until relatively recent times
there seemed to be undisputed evidence on the
involvement of the reflexogenic function of the
larynx in relation to cough. However, several contra-
dictory findings have been reported recently con-
cerning the larynx as a source of respiratory reflexes.
For instance denervation of the larynx in guinea pigs
actually enhanced cough due to citric acid aerosol37.
In addition, block of the superior laryngeal nerves in
man caused no difference to cough also evoked by
citric acid aerosol38. Furthermore, similar findings
were reported for rats, rabbits and guinea pigs39. It
remains possible in all of these studies that the area
of deposition of the aerosols was not specific for the
larynx and may also have included the tracheobron-
chial tree with regions endowed with RARs with a
greater sensitivity to the stimuli being used. Had a
stimulus more localized to the laryngeal mucosa
been used a different effect of superior laryngeal
nerve section may have been observed.
Nevertheless, the evidence for the larynx as the
primary site for initiating the cough reflex to inhaled
irritants is not as convincing as that for the tracheo-
bronchial tree as the primary site.

Central nervous mechanisms in cough

In addition to the obvious peripheral pathways in
the cough reflex, constant stimulation of the sen-
sory nerves by tachykinins or other inflammatory
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mediators, which may be present in the inflamed
airway in disease when the cough reflex is exagger-
ated, may lead to a phenomenon described as
central sensitization. Central sensitization is a well-
known mechanism in the processing of other
sensory systems, such as pain40. The extent to which
central sensitization contributes to the mechanism
of cough is unknown. However, the sensitivity of the
cough reflex in healthy volunteers can be increased
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Fig. 22.2 Diagrammatic representation of the possible role of

airway sensory receptors in the cough reflex. Direct

stimulation of RARs by chemical irritants evokes the cough

reflex whereas direct activation of C-fibre receptors inhibits

the cough reflex. Tachykinins may be released from C-fibre

receptors and stimulate RARs either directly or indirectly via

plasma extravasation. Tachykinins may also sensitize RARs

and reduce the threshold to subsequent activation by

chemical irritants.



by the exogenous application of a number of inflam-
matory mediators including prostaglandins F2�

and
E2

41,42.
Relatively little is known about the role of the

central nervous organization of the cough reflex and
the existence, anatomically, of a ‘cough centre’.
However, it is now clear that airway sensory affer-
ents, irrespective of whether they are myelinated or
non-myelinated, terminate within the brainstem in
the nucleus tractus solitarus (NTS)12. Although func-
tionally distinctive afferents terminate in discrete
areas of the NTS, there is also a certain amount of
overlap of their respective terminal fields that, along
with the possibility of convergence onto polysynap-
tic neurones, could provide the neural substrate
necessary to explain the apparent wide range of
inputs evoking cough. Whilst the terminations of the
airway afferents have been studied in some detail,
much fewer data are available concerning the
second and higher order neurones within the reflex
pathways. I� neurones, a subgroup of the inspira-
tory neurones in the dorsal respiratory group
(DRG)43, can be inactivated by lung inflation during
expiration. Since the response adapts and needs rel-
atively large inflations it has been suggested that this
response may be mediated by RAR inputs. The
pontine respiratory group is known to modulate
activity in the DRG44. However, there is no informa-
tion on the interaction of the two regions during
cough. It has also been shown that the discharge
pattern of some neurones in the midline raphe
nuclei are altered during fictive cough in cats44.
Neurones in the raphe nuclei are known to be influ-
enced by respiratory reflexes via the NTS and can
alter the pattern of breathing through actions on
pontine, medullary and spinal respiratory neurones
suggesting that the raphe neurones may modulate
the cough reflex.

The processing of cough receptor inputs and
coordination of brainstem neuronal networks to
produce cough motor patterns in upper airway and
thoracic-abdominal muscle is poorly understood. In
order to elucidate the role of various populations of
neurones in cough, it will be necessary to function-

ally identify them. The sensitivity of the cough reflex
and the strength and pattern of its response is, there-
fore, due to a complex interaction between C-fibre
receptors and RARs, with peripheral and CNS inter-
actions. How these mechanisms apply to clinical
cough in patients is at present poorly understood,
but is beginning to be clarified.

Cough mechanisms in humans

Inhalation cough challenge has been used for many
years in the investigation of the cough reflex in
humans45 during which time a wide variety of
methodological and practical problems have been
overcome. The administration of inhaled irritants
has been a useful pharmacological and epidemi-
ological tool. Unfortunately because our knowledge
of the physiology of the cough reflex is still at a basic
level the precise nature and clinical relevance of
each individual cough challenge in humans remains
uncertain. However, despite this lack of knowledge it
has become clear that agents such as citric acid, cap-
saicin and low chloride solutions have proved useful
in studying cough in humans46.

Citric acid was the first tussive agent to be used in
man45. It is likely that the actual stimulus causing the
firing of the sensory receptors, probably RARs, is a
change in pH within the airway surface liquid rather
than an effect of an individual ion46 leading to the
opening of a pH gated ion channel47. Capsaicin is
another popular protussive agent in humans. At a
cellular level, in sensitive neurones, capsaicin opens
a relatively non-selective cation channel48. This
allows sodium and calcium to enter and potassium
ions to leave the cell resulting in depolarization
and excitation of the neurone48. Once again the
sensory receptor involved is probably the RAR (see
above).

The production of cough by nebulized distilled
water seems likely to be due to the absence of chlo-
ride from the solution49. Since ACE has an absolute
requirement for the chloride ion as a cofactor, it has
been suggested that the distilled water reduces the
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chloride content of the milieu surrounding the
sensory receptor to a level below that required for
ACE activity thus inhibiting the enzyme, which
could ultimately lead to cough46. However, despite
its possible physiological role the distilled water
challenge has been rarely used in the investigation of
antitussive drugs.

Cough in disease

Clinically, cough is one of the most frequent present-
ing symptoms of many diseases affecting the
airways and lungs, and is often an early symptom of
disease. The clinical spectrum of chronic cough has
changed over the years. Tuberculosis which had
been the leading cause of persistent cough has been
replaced by chronic bronchitis. The commonest
conditions that are associated with a chronic dry
cough, excluding diseases such as carcinoma of the
lung, include postnasal drip associated with chronic
sinusitis/rhinitis, asthma, gastroesophageal reflux,
upper respiratory tract virus infection, smoking,
occupational exposures, air pollution and iatrogenic
factors such as ACE inhibitor therapy33,34.

The reason for the abnormal cough responses in
humans is poorly understood. Cough frequently
occurs in asthma and during upper respiratory tract
infections that are accompanied by inflammation of
the airways. There are many varied agents that can
evoke cough in a number of different situations.
These include citric acid, bradykinin, distilled water,
SO2, capsaicin, metabisulfite, cigarette smoke and
ACE inhibitors. The sensitivity of the sensory nerve
endings, probably the RARs, that mediate the cough
reflex evoked by tussive agents is increased in asth-
matics with cough, following upper respiratory tract
infections in otherwise healthy individuals and in
patients with ACE-inhibitor-evoked cough32. It is
clear, therefore, that many different factors can
influence the sensitivity of the cough reflex. In addi-
tion, the sensitivity of the cough reflex in healthy vol-
unteers can be increased by the exogenous
application of a number of inflammatory mediators
including prostaglandins F2�

and E2
33,34. In many

cases, treatment of the underlying cause of cough
can reduce the increased sensitivity of the cough
reflex. For instance, in individuals with an upper res-
piratory tract infection the sensitivity of the cough
reflex is reduced to normal when the infection sub-
sides. In addition, treatment of asthma can reduce
the sensitivity of the cough reflex. Furthermore, in
patients with ACE-inhibitor-induced cough, the
cough subsides when the treatment is discontinued.
Assuming that the central nervous system connec-
tions have not changed, it seems likely that the
sensory information originating from the sensory
receptors in the larynx and tracheobronchial tree is
increased in these conditions to enhance the cough
reflex. Thus, a similar phenomenon to that of hyper-
algesia that occurs in inflamed tissues such as the
skin may occur in the airways, where the airway
sensory receptors are sensitized by inflammatory
mediators, including the tachykinins, leading to an
abnormal cough reflex50. This is particularly inter-
esting in the light of ACE-inhibitor-evoked cough.
ACE breaks down many peptides, notably the tachy-
kinins substance P and neurokinin A. These tachyki-
nins are released from sensory nerves and may
evoke the cough reflex either directly by activating
sensory nerve endings or indirectly by sensitising
the sensory nerve endings to other irritants.
Notwithstanding, elevation of these tachykinins by
ACE-inhibitors could contribute to the cough
observed in patients on this therapy.

Site and mechanisms of action of antitussive
agents

It is not the purpose of this chapter to review current
and future treatments of cough, since this is in a later
chapter. However, it is important to examine the
potential sites and mechanisms of action of some
known antitussive drugs, because it is this area of
research and the development of novel, more selec-
tive drugs which will eventually help to elucidate the
exact role for each of the groups of peripheral
sensory receptors in the cough reflex.

When cough is associated with excess production
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of mucus within the lung, suppression of the cough
reflex is generally undesirable, since mucus reten-
tion may occur which may present serious compli-
cations. When cough is non-productive and
becomes a nuisance, preventing sleep and rest, sup-
pression becomes desirable, although complete
suppression can be dangerous as the lung is then
deprived of an essential defence mechanism. An
ideal drug would reduce the increased sensitivity of
the cough reflex to normal, preferably by removing
the disease process or by reducing the responsive-
ness of the airway sensory receptors. In the latter the
most obvious airway sensory receptors to target
would be the RARs. Drugs that affect cough can also
do so indirectly. For example, drugs that cause bron-
chodilatation, such as the �-receptor agonists and
cholinoceptor antagonists used in asthma, reduce
the cough reflex without having any significant
central effects.

Agents which inhibit cough may act at a variety of
sites, both peripherally and centrally. Thus, antitus-
sive agents may suppress peripheral airway sensory
nerves, depress central neuronal function or sup-
press efferent nerves involved in the cough reflex.
The number of potential sites of action of antitussive
agents, therefore, includes all components of the
cough reflex pathway from its initiation to its final
synchronized motor response.

Drugs with antitussive activity are loosely clas-
sified into two groups based on their assumed site of
action, peripheral or central. Centrally acting anti-
tussive drugs act inside the central nervous system
to depress one or more components of the central
cough pathway. By definition, peripherally acting
agents exert their mode of action outside the central
nervous system, probably by inhibiting the activa-
tion of the airway sensory receptors responsible for
initiating the cough reflex. The most frequently used
cough suppressants are the opiates, local anesthet-
ics, demulcents, expectorants, antihistamines and
decongestants. Their proposed mechanisms of
action have been extensively reviewed elsewhere51

and apart from the opiates will not be considered
here.

Until recently the antitussive effects of the classi-

cal opiates, such as codeine and morphine, were
generally reported to be mediated centrally. With the
identification of opioid receptors on the affer-
ent/sensory neurones of the vagus nerves and with
the unequivocal demonstration that agents with �
opioid-receptor-mediated antitussive actions can
modulate impulse activity in airway sensory neu-
rones originating from RARs and C-fibre recep-
tors52,53, this is clearly not the case. It seems
reasonable to suggest, therefore, that the antitussive
activity of drugs such as codeine is not restricted
entirely to the central nervous system, but that some
of its activity is also exerted peripherally. There is a
vast array of numerous different types of drugs
which have been shown to produce antitussive
actions in a variety of animal and human models
(Table 22.1), but the mechanism of antitussive
action of most of these agents is far from clear. Since
the sensory receptors, RARs and C-fibre endings,
together with the vagal sensory neurones that carry
their impulses are so obviously important in the
cough reflex, it is somewhat surprising to find that
there is such a paucity of data on the action of these
agents at these peripheral sites. This may be due to
the fact that it was always assumed that most of the
antitussive drugs, apart from the local anaesthetics,
acted exclusively via a central mechanism. Recently,
increased interest has been directed towards drugs
that act peripherally on the sensory receptors in the
airways, since these might be expected to lack any
secondary and undesirable central nervous actions.
The sensory receptors for cough are known to have
opioid receptors in their membranes and opioid
agonists and the classical opiates may activate these
receptors to inhibit cough (see above). Neurokinin
antagonists are effective against cough in humans
and experimental animals31, via mechanisms
described previously and this is a therapeutic
approach that needs to be explored. Even capsaicin,
a strong stimulant to cough, is included in some
antitussive mixtures, and it can be shown in experi-
mental animals to activate reflex pathways that
inhibit cough8.

The pharmacology of the central pathways for
cough is increasingly being studied. The presence of
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opioid receptors at the synapses is well established,
and is the likely central site of antitussive agents
such as codeine54. Recent studies have demon-
strated the presence of receptors in the central path-
ways for 5-HT, -aminobutyric acid (GABA),
tachykinins, N-methyl-D-aspartate and adeno-
sine54,55. The way these receptors interact in the
cough pathways has not been determined, but they
point to possible important therapeutic advances in
the future.

Conclusions

The involvement of airway sensory nerves in the
cough reflex is beyond doubt. While there is much
evidence that cough can be caused by stimulation of

RARs in the tracheobronchial tree, the role of C-
fibres is more uncertain. They can cause apnoea,
bronchoconstriction and rapid shallow breathing,
but a subpopulation that causes cough has not been
established. When stimulated, C-fibres may release
tachykinins, such as substance P, which could cause
cough by direct stimulation of RARs or indirectly by
promoting plasma extravasation which in turn may
excite RARs and produce cough. Despite this knowl-
edge, the information regarding the effects of known
antitussives on these sensory nerves is far from com-
plete. Although our understanding of the peripheral
mechanisms of the cough reflex has improved in
recent years, less is known about the central nervous
pathways in cough and clearly much research is still
required to clarify the interactions between the
peripheral and central pathways. In addition, an
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Table 22.1. Modulation of airway sensory receptors and cough

Agent RARs Pulmonary C Bronchial C Antitussive/inhibition of cough reflex

Morphine ? (�) ? ✔

Codeine �� (�) ? ✔

Dextromethorphan ? ? ? ✔

443c81 � �→� �→� ✔

Cromoglycate NE � � ✔

Nedocromil sodium NE NE � ✔

Moguisteine � ? ? ✔

Phenylbiguanide � � � ✔

Capsaicin � � � ✔

Lidocaine � � � ✔

5-HT � � � ✔

GABAB- receptor agonists ? ? ? ✔

�2-adrenoceptor agonists ? ? ? ✔

NMDA antagonists ? ? ? ✔

Ca2�channel blockers ? ? ? ✔

Frusemide � NE NE ✔

Theophylline ? ? ? ✔

�2-adrenoceptor agonists ? ? ? ✔

anticholinergics ? ? ? ✔

Neurokinin antagonists ? ? ? ✔

Notes:
1 �, activation of sensory nerve activity; -, inhibition of sensory nerve activity; (�), activation implied from evoked pulmonary

reflex; �→–, initial activation, followed by inhibition; – �, inhibition low dose, activation high dose; NE, no effect; ?, effect

unknown; ✔, inhibition.



increased understanding of the physiological and
pharmacological events of the complete cough
reflex from its initiation to the final motor act of
coughing will lead to novel therapeutic approaches
for its treatment.
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Introduction

Cough is a protective reflex that serves to prevent the
entry of foreign material into the respiratory tract, as
well as to promote the expulsion of mucus from the
airways. Often, however, persistent cough appears
to serve no useful purpose, and results in significant
morbidity, especially in terms of quality of life,
among afflicted individuals1. Cough is the most
common complaint for which outpatient medical
attention is sought in the United States2.

Acute cough, most commonly associated with an
upper respiratory tract infection, is usually self
limited. However, since the acute onset of cough
may also indicate more serious underlying condi-
tions such as pneumonia, malignancy, pulmonary
embolism, congestive heart failure, or endobron-
chial foreign body, clinical judgment must dictate
the extent of initial evaluation. Chronic cough,
defined as cough present for greater than 3 weeks, is
more likely to stimulate a patient to seek medical
evaluation, and may present the clinician with a
difficult diagnostic challenge. Fortunately, studies
have confirmed that with the use of a systematic,
diagnostic protocol, the etiology of cough can be
established in the vast majority of patients3–7.

Pharmacological therapy for cough can be most
broadly categorized as antitussive or protussive. The
goal of antitussive therapy is to eliminate bother-
some, maladaptive cough, whereas protussive
therapy is used to enhance the efficiency of cough in
situations where mobilization of respiratory secre-

tions is desired. Antitussive therapy may be further
subdivided into specific therapy, which is aimed at
an established or presumed specific etiology of
cough, and non-specific therapy, whose goal is to
suppress the cough reflex.

Chronic cough

Specific antitussive therapy

An organized, systematic approach to the evaluation
of the patient with chronic cough is essential, since a
definitive diagnosis will allow the initiation of spe-
cific antitussive therapy, which is highly effective.
Recently, the American College of Chest Physicians
published a consensus statement on the manage-
ment of cough8, which includes a diagnostic algo-
rithm (Fig. 23.1). In the vast majority of patients who
are non-smokers, not receiving angiotensin-con-
verting enzyme (ACE) inhibitors, and who have
normal or stable (with inconsequential chronic,
postinflammatory changes) chest radiographs,
chronic cough is due to postnasal drip syndrome
(PNDS), asthma, or gastroesophageal reflux disease
(GERD). These three etiologies, alone or in combina-
tion, have been demonstrated in prospective studies
to account for chronic cough in 82–100% of such
patients4–7. Multiple causes of chronic cough are
often present simultaneously (23–29% of patients4–7),
therefore, a partial response may indicate that only
one of multiple etiologies of cough has been treated.
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Evaluation of chronic cough in a cigarette smoker
must begin with abstinence from tobacco, since
cough due to smoking should significantly improve
or resolve within four weeks of smoking cessation9.
Cough due to ACE inhibitors usually resolves within
1–4 days after discontinuation of the drug, although
some patients may have a slower response10. ACE
inhibitor-induced cough is discussed in more detail
below.

The clinician evaluating patients with chronic
cough should bear in mind that complete resolution
of cough, even with appropriate, specific antitussive
therapy, may take weeks to months, especially in the
case of cough due to GERD. However, initial
improvement in symptoms, particularly with PNDS
and cough-variant asthma, may occur within the
first week (Fig. 23.2).

Postnasal drip syndrome (Table 23.1)
Multiple prospective studies have concluded that
postnasal drip syndrome (PNDS) is the most
common etiology of chronic cough4–7,11. PNDS itself

may have numerous causes, the diagnosis of which
will indicate specific therapeutic options (Table
23.1). In the minority of patients with PNDS who
present with excessive sputum production, chronic
bacterial sinusitis must be suspected, and four-view
sinus radiography should be performed12. Unlike
other etiologies of PNDS, the presence of chronic
bacterial sinusitis mandates aggressive (minimum
of 3 weeks) therapy with antibiotics effective against
S. pneumoniae, H. influenzae, and oral anaerobic
organisms.

The combination of a first-generation antihista-
mine and decongestant is considered to be the most
consistently effective sole form of therapy for
patients with PNDS-induced cough not due to sinus-
itis8. Whereas the older, potentially sedating, first
generation antihistamine/decongestant combina-
tions have been demonstrated to be effective in
treating chronic cough due to PNDS4,5,12,13, the
newer-generation, relatively non-sedating antihista-
mines, such as terfenadine and loratadine/pseudo-
ephedrine, have been shown, in randomized,
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controlled trials, to be ineffective in treating acute
cough due to the common cold14–16. Presumably, the
first-generation antihistamines demonstrate greater
antitussive efficacy because of greater anticholiner-
gic potency and, perhaps, due to enhanced penetra-
tion into the central nervous system, thus explaining
their sedating properties. It is interesting, therefore,
that recent animal studies have shown that the anti-
tussive actions of antihistamines are independent of
their sedative effects17. The author initiates therapy

of suspected PNDS-induced cough with a first-gen-
eration antihistamine/decongestant combination,
azatadine maleate, 1 mg, plus sustained-release
pseudoephedrine sulfate, 120 mg (Trinalin repetabs,
Key Pharmaceuticals, Kenilworth, New Jersey, USA)
twice daily. If daytime sedation occurs, a single,
nightly dose is prescribed. If an unacceptable degree
of sedation persists, therapy is changed to a newer-
generation antihistamine/decongestant combina-
tion.

A subgroup of patients will present with cough as
their sole symptom of PNDS, so-called ‘silent
PNDS’5. Therefore, since PNDS is the most common
cause of chronic cough4–7,11, and, since many
patients with PNDS-induced cough will describe
none of the typical symptoms of PNDS, it appears
reasonable to initiate empiric therapy for PNDS in a
patient with chronic cough in whom other etiologies
are not evident. Such a strategy was prospectively
evaluated by Pratter and colleagues5, who found
that first-generation antihistamine/decongestant
therapy was beneficial in 87%, and the only treat-
ment necessary in 36%, of 45 patients presenting
with chronic cough of unknown etiology. Subjects
unresponsive or only partially responsive to therapy
were further evaluated according to a stepwise diag-
nostic algorithm5.

Asthma
Asthma has been shown in several prospective
studies to be the second most common cause of
chronic cough in non-smoking adults4–7. In most
patients with asthma, cough may accompany the
more significant symptoms of dyspnea and wheez-
ing. In a subgroup of asthmatics, however, cough is
the predominant or sole symptom18. This condition
is termed cough-variant asthma (CVA)19.

Asthmatic cough is likely induced by inflamma-
tory stimulation of sensory receptors, the rapidly
adapting receptors (RARs) and C-fibre receptors,
within the bronchial epithelium, whose afferent
fibres stimulate a central cough centre20. It is impor-
tant to note that cough and bronchoconstriction are
separate entities, controlled by distinct afferent
neural pathways21.
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Table 23.1.

Etiologies of postnasal drip Therapeutic options

syndrome

chronic (bacterial) sinusitis antibiotics; oral A/Da;

nasal Db

seasonal allergic rhinitis nasal CS; nasal cromolyn;

oral A or A/D; avoidance of

allergens

perennial allergic rhinitis nasal CS; nasal cromolyn;

oral A or A/D; avoidance of

allergens

perennial non-allergic rhinitis oral A/D; nasal CS; nasal IB

vasomotor rhinitis avoidance of triggers; nasal

IB; oral or nasal D;

nasal CS

postinfectious ‘postviral’ oral A/D; nasal CS; nasal IB

rhinitis

rhinitis medicamentosac avoidance of irritant;

nasal CS

rhinitis associated with therapy based on underlying

pregnancy etiologyd

CS�corticosteroids; A�antihistamine; D�decongestant; A/D

�antihistamine plus decongestant combination; IB�

ipratropium bromide. a First-generation antihistamines

preferred over newer-generation, non-sedating agents (see

text); b topical decongestants should be used for no more than

5 days, since rebound congestion may develop; c can be

induced by prescription therapy (i.e. inhaled nasal

decongestants) or illicit drug use (i.e. inhaled cocaine);
drhinitis associated with pregnancy most often due to allergic

rhinitis, sinusitis, rhinitis medicamentosa, and vasomotor

rhinitis.



Although demonstration of bronchial hyper-
responsiveness by methacholine inhalation chal-
lenge (MIC) testing is commonly regarded as the
diagnostic gold standard for CVA, the clinician must
bear in mind that a positive MIC is merely consistent
with CVA. A definitive diagnosis cannot be made
until resolution of cough is achieved with appropri-
ate specific therapy. A recent study of 15 patients
with chronic cough and positive MIC demonstrated
CVA to be present in only nine22.

In general, the treatment of CVA is similar to that
of typical asthma. Inhaled �2-agonists or ipratro-
pium bromide may offer acute, temporary relief of
symptoms. For chronic, persistent cough, anti-
inflammatory therapy is also indicated. Inhaled cor-
ticosteroids have been shown in prospective studies
to be effective therapy for CVA23. It is important to
note, however, that in some patients with CVA,
cough may actually be exacerbated by inhaled
steroid therapy, most likely due to a constituent of
the aerosol. For example, cough occurs more com-
monly after inhalation of beclomethasone dipro-
pionate than after triamcinolone acetonide,
probably due to a component of the dispersant in
the former24. Therefore, if corticosteroid aerosol-
induced exacerbation of cough is suspected, or if
cough on presentation is severe, oral corticosteroid
therapy, alone or followed by inhaled therapy25, is
appropriate. The author begins with a 7-day course
of oral prednisone, 40 mg daily, as an initial diagnos-
tic therapeutic trial.

Although an initial improvement in cough is often
achieved after 1 week of therapy with an inhaled �2-
agonist, complete resolution of cough due to asthma
may require up to 8 weeks of treatment with inhaled
corticosteroids22.

Other agents shown prospectively to be effective
in CVA include the inhaled anti-inflammatory agent
nedocromil sodium26 (double-blind, placebo-con-
trolled trial), and the antiallergic compound, azelas-
tine hydrochloride27 (unblinded, uncontrolled
study) which is thought to act through inhibition of
substance P, a potent endogenous cough-inducing
agent20.

Recently, drugs that modulate the synthesis or

activity of leukotrienes have become available for
the treatment of asthma. Preliminary investigational
data support previous anecdotal reports28,29 suggest-
ing that these agents may be particularly effective in
CVA. In a randomized, double-blind, placebo-con-
trolled, cross-over study, a 2-week course of zafirlu-
kast, a cysteinyl leukotriene receptor antagonist,
significantly improved subjective cough scores and
inhibited capsaicin-induced cough in seven of eight
subjects30. Of interest is the ability of zafirlukast to
suppress cough which had been refractory to
inhaled �2-agonists in all subjects, and refractory to
�2-agonists plus inhaled corticosteroids in five of
eight patients. Perhaps the leukotriene inhibitors
more effectively modulate the hyperstimulated
cough receptors within the bronchial epithelium of
patients with CVA. An identical 14-day course of
zafirlukast did not inhibit capsaicin-induced cough
in healthy volunteers31 or stable asthmatics without
cough32, suggesting that sensory afferent fibres
inducing cough are hypersensitive only in the sub-
group of asthmatics with CVA.

Gastroesophageal reflux disease
Gastroesophageal reflux disease (GERD) is among the
most common causes of chronic, non-productive
cough, exceeded in frequency only by PNDS and
asthma4–7. Although gross aspiration and microaspi-
ration from proximal esophageal reflux can cause
cough, a significant percentage of patients with
GERD-induced cough will have no evidence of such
events after an extensive diagnostic evaluation. In
most patients, chronic cough likely results from the
presence of gastric acid in the distal esophagus stim-
ulating a vagally mediated distal esophageal–
tracheobronchial reflex33,34. Interestingly, patients
with GERD but without respiratory symptoms have a
reduced cough threshold, as measured by inhaled
capsaicin35. This appears to be due to acid reflux irre-
spective of the presence of esophagitis, suggesting
that the entry of gastric acid into the distal esophagus,
rather than esophageal mucosal damage, is the major
cause of GERD-induced cough35.

It has been suggested that a self-perpetuating,
positive feedback cycle exists between cough and
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gastroesophageal reflux, in which cough from any
cause may induce further reflux36. Although the
mechanisms by which acid reflux is exacerbated by
cough remain speculative, one model proposes that
chronic, persistent cough, in addition to elevating
transdiaphragmatic pressure (Pdi), may promote
swallow-related lower esophageal sphincter relaxa-
tion (LESR), or transient lower esophageal sphincter
relaxation (TLESR), thereby enhancing reflux and
further stimulating the distal esophageal–tracheo-
bronchial reflex (Fig. 23.3). A goal of therapy, there-
fore, is to interrupt this vicious cycle.

Chronic cough due to GERD often presents a diag-
nostic dilemma for several reasons: most patients
with GERD-induced cough do not experience
typical reflux symptoms34,37; cough may be the sole
manifestation of GERD38; reflux symptoms may
occur subsequent to the development of chronic
cough39; many patients recall the onset of cough to
be temporally related to an upper respiratory tract
infection34,36. Hence, the clinician must maintain a
high index of suspicion.

In patients with unexplained cough without other
symptoms, the initial test of choice to evaluate for
the presence of GERD is 24-hour ambulatory esoph-
ageal pH monitoring8. However, since this modality
is cumbersome and not universally available,
empiric antireflux therapy may be indicated. As

noted above, in the vast majority of nonsmoking
patients who have normal chest radiographs and are
not receiving ACE-inhibitor therapy, chronic cough
is due to PNDS, asthma or GERD. Therefore, in such
patients, after PNDS and asthma have been reason-
ably excluded, GERD is by far the most likely etiology
of chronic cough, and hence empiric therapy is
appropriate.

Initial empiric therapy for GERD-induced cough
should include conservative measures such as high-
protein, low-fat, antireflux diet, avoidance of coffee
and tobacco, and elevation of the head of the bed36.
This strategy, in combination with pharmacologic
therapy using metaclopramide and/or H2-antago-
nists, has been demonstrated to abolish cough in
70–100% of patients. However, the mean time to full
resolution of cough was in the range of 5–6
months4,38,40. The clinician should be aware that res-
olution of GERD-induced cough is often a lengthy
process; initial improvement in symptoms may not
occur for 2–3 months with appropriate therapy.8

Although therapy with H2-antagonists has been
reported to have a success rate in GERD-induced
cough of approximately 80%4,41, a significant sub-
group of patients may demonstrate refractory
cough. In such cases, more aggressive acid suppres-
sion with proton-pump inhibitors, such as omepra-
zole and lansoprazole, may be indicated. Because
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H2-antagonist therapy alone may be ineffective8,
some clinicians initiate empiric antireflux therapy
with proton-pump inhibitors. If successful, a transi-
tion to less expensive H2-antagonists can be
attempted if prolonged therapy with proton-pump
inhibitors is deemed undesirable.

If prolonged therapy with a proton-pump inhibi-
tor is unsuccessful, a formal diagnostic evaluation
for GERD is indicated, since medical therapy may
have been insufficient or ineffective. Some patients
with GERD-induced cough will require high-dose
proton-pump inhibitor therapy for symptomatic
relief 8. Furthermore, there appears to be a subgroup
of patients in whom cough persists despite docu-
mentation, by 24-hour esophageal pH monitoring,
of total or near-total suppression of esophageal acid,
raising the possibility that GERD-induced cough
may not be mediated solely by acid42.

Antireflux surgery, including open or laparoscopic
fundoplication, should be considered in patients
with documented failure of intensive medical
therapy, including high-dose proton-pump inhibi-
tors8. Surgical intervention has been demonstrated
to be successful in eliminating or improving GERD-
induced cough, with sustained symptomatic
improvement 643 and 12 months44 postoperatively.

Postinfectious cough
Not uncommonly, patients without history of pul-
monary disease or respiratory symptoms develop a
non-productive cough temporally related to the
occurrence of an acute respiratory tract infection.
Although the cough is usually transient and self
limited, a subgroup of patients will suffer persistent
cough for weeks to months following resolution of
other symptoms. The mechanism of postinfectious
cough remains poorly understood, but is likely to
involve airway inflammation45–47 with resultant
enhancement of the sensitivity of cough-inducing
afferent nerves within the airway epithelium48.
Cough may occur with45,46 or without3,48 simultane-
ous increase in bronchial hyperresponsiveness.
Postinfectious cough is likely caused predominantly
by viral infections, although infection with M. pneu-
moniae, C. pneumoniae, strain TWAR, and B. pertus-

sis have also been implicated in adults8.
Interestingly, a recent study of patients with acute
Mycoplasma pneumonia did not demonstrate
enhanced cough sensitivity to inhaled capsaicin or
tartaric acid49.

Pharmacological intervention is necessary for
persistent or debilitating symptoms. Postinfectious
cough is often refractory to standard antitussive
therapy, including codeine50,51. On the presumption
that inflammatory mechanisms are involved in
postinfectious cough, corticosteroid therapy seems
appropriate, and has been used with success3. The
author treats severe, presumed postinfectious cough
with oral prednisone, 40 mg daily for one week, fol-
lowed by tapering doses during the subsequent 1–2
weeks. Inhaled corticosteroids may be used follow-
ing oral therapy for any residual symptoms, or may
be attempted as initial therapy for less severe cough.
No published data exist regarding the use of inhaled
steroids to treat postinfectious cough.

Other agents that have been shown to be useful in
prospective, randomized studies include inhaled
ipratropium bromide52 (double-blind, cross-over
design) and the oral H1-antagonist oxatomide53

(open-label design, used in conjunction with
dextromethorphan).

Cough due to angiotensin-converting enzyme
(ACE) inhibitors
Approximately 10–20% of patients treated with ACE
inhibitors develop a dry, persistent cough which
is usually refractory to standard antitussive
therapy10,54. The incidence of cough appears to
be higher in women10, patients treated with ACE
inhibitors for congestive heart failure as opposed
to hypertension54, non-smokers55, and Chinese
persons56. The cough is a class effect of the ACE inhib-
itors, and is not dose related10. The onset of ACE
inhibitor-induced cough is variable, occurring as
soon as hours after the initial dose, or months later8,10.
The cough usually resolves within four days of cessa-
tion of therapy10, but may take up to four weeks57.

The etiology of ACE inhibitor-induced cough
remains unclear. Proposed mediators include bra-
dykinin, a bronchial irritant metabolized by ACE58;
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prostaglandins, the increased production of which
may be mediated by bradykinin59; and substance P, a
tachykinin and potent bronchoconstrictor that is
also degraded by ACE and is a presumed neuro-
chemical mediator of the cough reflex60,61.

The only definitive treatment of ACE inhibitor-
induced cough is discontinuation of the offend-
ing drug. Agents that have demonstrated the
ability to attenuate ACE inhibitor-induced cough
in small, randomized, double-blind, placebo-
controlled, cross-over studies include: inhaled
sodium cromoglycate62, theophylline63, indometha-
cin59, the calcium-channel antagonists amlodipine
and nifedipine59, and the thromboxane synthase
inhibitor/thromboxane receptor antagonist, picota-
mide64. Drugs shown to suppress ACE inhibitor-
induced cough in open-label, uncontrolled studies
include the GABA-agonist baclofen65, and the
thromboxane synthetase inhibitor ozagrel66.

A newer class of therapeutic agents, the angioten-
sin II (A-II) receptor antagonists, by not degrading
ACE and thereby not producing elevated tissue
levels of bradykinin and substance P, theoretically
should not induce cough. Losartan, the first A-II
receptor antagonist approved for clinical use, has
been associated with a low incidence of cough,
similar to that observed with the diuretic hydro-
chlorothiazide57.

Chronic bronchitis and bronchiectasis
Unlike the predominantly dry cough caused by
PNDS, asthma, GERD, viral infections and ACE
inhibitors, cough due to chronic bronchitis and
bronchiectasis is usually associated with significant
sputum production67,68. A thorough history will
assist in the diagnosis of these conditions.

Chronic bronchitis is predominantly a disease of
smokers. Although persistent cough is a major com-
ponent of chronic bronchitis, patients with this con-
dition tend not to seek medical attention nearly as
often as do patients with cough due to other etiolo-
gies8. Because cigarette smoke probably stimulates
cough via induction of bronchial inflammation,
mucus hypersecretion, and impaired mucociliary
clearance, initial treatment of cough in active

smokers must include smoking cessation. In most
cases, cough due to smoking improves or resolves
within four weeks of abstinence from tobacco9.

Although anti-inflammatory therapy with oral
corticosteroids for exacerbations of chronic
obstructive pulmonary disease (COPD) is supported
by recent clinical trials69, the effect of therapy spe-
cifically on cough has not been evaluated. Universal
consensus does not yet exist on the role of inhaled
corticosteroids in the treatment of COPD70. The anti-
tussive effects of inhaled �2-agonists and theophyl-
line, agents often used in the management of COPD,
have also not been investigated. Ipratropium
bromide, however, has been demonstrated in a ran-
domized, controlled trial, to attenuate cough and
sputum production71. Antibiotic therapy, indicated
for presumed acute bacterial infections, likely
ameliorates all aspects of a clinical exacerbation,
including cough, but the antitussive effect of anti-
biotics has not specifically been evaluated.

Bronchiectasis, especially during exacerbations,
may be associated with copious sputum production.
Diagnosis is usually based on clinical and radio-
graphic data. Although several North American
studies evaluating the causes of chronic cough have
demonstrated bronchiectasis in a very small per-
centage of referred patients3–5,12, a recent Brazilian
trial reported bronchiectasis to be present in 18% of
immunocompetent patients referred to a university
outpatient clinic for evaluation of chronic cough72.

An effective cough is necessary in patients with
bronchiectasis to allow mobilization of excessive
respiratory secretions. During exacerbations,
however, cough may become severe and debilitat-
ing, prompting aggressive management. Non-
pharmacological therapy for bronchiectasis
includes chest physiotherapy and postural drainage.
Appropriate antibiotics are likely to improve respir-
atory symptoms, including cough, during an exacer-
bation8. Two prospective, uncontrolled studies
describing a small number of patients with bron-
chiectasis suggested that �2-agonists and theophyl-
line are useful in diminishing cough4,12.
Randomized, double-blind, placebo-controlled
studies evaluating beclomethasone73 and bromhex-
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ine74 added to a regimen of physiotherapy showed
neither drug to be effective in decreasing cough fre-
quency and severity.

Non-specific antitussive therapy

Non-specific antitussive therapy is indicated when
the etiology of cough is not established, thereby pre-
cluding the use of highly effective specific antitus-
sive therapy. Other situations in which non-specific
antitussive therapy may be appropriate include
short-term usage while awaiting the effect of specific
therapy, and in illnesses such as inoperable lung
cancer or pulmonary fibrosis, in which specific
therapy is not an option.

The goal of non-specific therapy is to suppress
cough by inhibiting the cough reflex, regardless of
the etiology of cough. Non-specific therapy is often
not particularly effective.

Non-specific antitussive agents are most broadly
classified as central or peripheral, based on their site
of action. Central antitussives act within the central
nervous system (CNS) to suppress the responsive-
ness of one or more components of the central reflex
pathway for cough, whereas peripheral agents func-
tion outside the CNS, presumably by inhibiting the
responsiveness of one or more vagal sensory recep-
tors that produce cough75. The sites of action of
some non-specific antitussive drugs, however, may
not be mutually exclusive75–77.

Centrally acting agents

Opioids
Drugs such as morphine, which are derived from
opium, are generally termed opioids. Those that
have sedative properties and may induce depen-
dence are classified as narcotics. Opioid narcotics
which are approved as antitussives include codeine,
hydrocodone, and hydromorphone. Codeine is the
narcotic antitussive of choice because of its lower
abuse potential and more favourable side effect
profile in terms of sedation and respiratory depres-
sion78.

Codeine, often referred to as the gold-standard

antitussive agent, has been demonstrated to be
effective against various forms of pathological
cough in randomized, double-blind, placebo-con-
trolled trials79,80. The recommended antitussive
dosage in adults is 10–20 mg every 4–6 hours, not to
exceed 120 mg every 24 hours78. However, two fairly
large, blinded, controlled studies have shown
codeine to be ineffective against cough due to acute
upper respiratory tract infections51,81. These data call
into question the validity of the common clinical
practice of treating postinfectious cough with
codeine or other opioid preparations.

Dextromethorphan is a non-narcotic opioid
without significant analgesic or respiratory depress-
ant effects, though it may induce sedation. The drug
has been demonstrated to be an effective antitussive
in multiple randomized, double-blind, placebo-
controlled studies79,80,82. It is one of the most widely
used antitussives in the United States, with more
than 60 dextromethorphan-containing prepara-
tions available. The recommended dosage in adults
is 10–30 mg every 4–8 hours, not to exceed 120 mg in
24 hours78.

Diphenhydramine
Diphenhydramine is a first-generation H1-receptor
antagonist that is believed to have antitussive action
through a central mechanism78. One randomized,
double-blind, placebo-controlled trial showed
diphenhydramine to be effective in suppressing
chronic cough due to bronchitis83; however, another
study failed to demonstrate an effect against pertus-
sis-induced cough in children84. The typical adult
antitussive dose is 25 mg every 4 hours, not to exceed
150 mg in 24 hours. As with other drugs of this class,
potential side effects include sedation and antichol-
inergic effects78.

Caramiphen
Caramiphen is a non-opioid, centrally acting agent
with weak anticholinergic properties. Although two
randomized, double-blind, placebo-controlled
studies have supported the antitussive effect of car-
amiphen82,85, this evidence was felt inadequate to
gain FDA approval for the drug in the United States
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as an over-the-counter antitussive. Caramiphen is
available in combination with the decongestant
phenylpropanolamine as a prescription preparation
(Tuss-Ornade)78.

Baclofen
-aminobutyric acid (GABA) is a central inhibitory
neurotransmitter. The GABA-agonist baclofen has
been shown, in animal studies, to inhibit cough via a
central site of action86. Two randomized, double-
blind, placebo-controlled studies in healthy human
volunteers have demonstrated the ability of oral
baclofen to inhibit capsaicin-induced cough.87,88 A
14-day course of low-dose baclofen achieved a
degree of inhibition of capsaicin-induced cough
similar to that of a 30 mg dose of codeine.89 In small
studies, baclofen has demonstrated antitussive
activity in chronic, idiopathic cough,90 and in cough
due to ACE inhibitors.65 However, the establishment
of a role for baclofen in the treatment of cough
awaits further prospective trials.

Peripherally acting agents

Levodropropizine
Levodropropizine, a non-opioid derived from phe-
nylpiperazinopropane, is a peripherally-acting
agent whose antitussive effect may be related to the
modulation of sensory neuropeptides within the
respiratory tract91. Levodropropizine has been
shown to inhibit induced cough in healthy volun-
teers92 and in patients with obstructive lung
disease93, as well as to suppress pathological cough
in bronchitic patients in a placebo-controlled trial94.
In uncontrolled studies, the antitussive effect of
levodropropizine was shown to be similar to that of
dextromethorphan95 and dihydrocodeine96 in
patients with pathological cough.

Benzonatate
Benzonatate, a long-chain polyglycol derivative
chemically related to procaine, acts peripherally by
inhibiting the efferent limb of the cough reflex78. The
antitussive efficacy of benzonatate in induced cough
as well as in subjectively-measured pathological
cough was demonstrated in trials performed soon

after its release in 195578. A recent report described
three patients with advanced cancer and opioid-
resistant cough who obtained symptomatic relief
with benzonatate97. This agent is currently available
in a prescription preparation (Tessalon perles). The
recommended adult dose is 100 mg (one perle) three
times daily, with a maximum of 600 mg daily. The
perle should be swallowed intact without chewing to
prevent anesthesia of the upper airway.

Inhaled anesthetics
Inhaled lidocaine (lignocaine) is often used dur-
ing fibreoptic bronchoscopy to suppress cough.
Although the antitussive effect of inhaled lidocaine
has been demonstrated in studies of capsaicin-
induced cough98, and anecdotally in pathological
cough99,100, prospective, controlled trials are neces-
sary to evaluate the utility of inhaled anesthetic
agents in the treatment of cough.

Protussive therapy

The goal of protussive therapy is to improve the
effectiveness of cough. Enhancement of cough may
be beneficial in situations in which mobilization of
copious amounts of respiratory secretions is neces-
sary, such as with bronchiectasis and cystic fibrosis,
as well as in postoperative patients, in whom pre-
vention of atelectasis is desired. Protussive therapy
may or may not increase cough frequency.

A wide variety of prescription and over-the-
counter cough preparations, containing putative
protussive agents such as expectorants, mucolytics,
and mucokinetic agents, is available. However, most
studies evaluating the efficacy of protussive therapy
are difficult to interpret, since a patient’s subjective
response, or an objective measurement of mucus
consistency or volume of expectorated sputum, may
not correlate with actual improvement of cough
effectiveness8. As stated in the recent consensus
panel report of the American College of Chest
Physicians8, a protussive agent may be presumed to
be clinically useful only if it has been shown to sig-
nificantly increase the clearance of particles from
the lower respiratory tract during coughing in ade-
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quately performed studies in patients with patho-
logical cough.

By these criteria, randomized, double-blind,
placebo-controlled studies have demonstrated the
significant protussive effect of hypertonic saline
aerosol101,102 and erdosteine103 in patients with bron-
chitis; aerosolized amiloride104 in subjects with
cystic fibrosis; and inhaled terbutaline in conjunc-
tion with chest physiotherapy and postural drain-
age105 in patients with bronchiectasis. Agents shown
to be ineffective in similarly designed trials include
bromhexine106,107, carbocysteine108, guaifenesin109,
and mercaptoethane sulfonate101.
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cough and 567
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drug resistance 370
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histamine receptor antagonists 121
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sarcoidosis treatment 285

hyper-IgE syndrome 202
hypersensitivity pneumonia 269, 286–9

treatment 288–9
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ICAM-1 36
idiopathic interstitial pneumonias 249

see also specific types
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clinical features 251–2
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safety issues 210–11

drugs affecting synthesis 201–5
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B cell gene rearrangement 196
cytokine/cytokine receptor modulation 200–1
signals required for production 196–9
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inflammation
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�2-agonist effects 69–72
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vascular inflammation 12–13
corticosteroid suppression of 34–6, 50
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see also specific diseases
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dose–response 109
pharmacokinetics 109
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Jun N-terminal kinases (JNK) 226
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ketotifen
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kinin receptors 185
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role in cough 189–90
role in inflammation 187–8

Klebsiella 367, 382
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drug resistance 371
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airway inflammation 126
airway obstruction 125–6
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levofloxacin 375, 416
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linezolid 386
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5-lipoxygenase 125
lomefloxacin resistance 370
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low molecular weight-kininogen (LMWK) 185
LP-805 175
lung biopsy 248–9
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asthma and 6–7
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lymphomatoid granulomatosis (LYG) 274
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see also specific disorders
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macrolides 376
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resistance 369, 370
see also specific drugs

macrophages
asthma and 8
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asthma and 8
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corticosteroid effects 37
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matrix metalloproteinases (MMPs)
COPD and 11–12
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meropenem 415
metalloproteinases see matrix metalloproteinases (MMPs)
methicillin resistance 367, 368, 369, 384
methotrexate
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collagen vascular disease treatment 265
pulmonary toxicity 269
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Wegener’s granulomatosis treatment 303

methylprednisolone
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microsatellite alterations (MAs) 427
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migis antibodies 206–7
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minocycline 416
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mitogen activated protein kinases (MAPKs) 218, 223
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efficacy 130
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drug resistance 370–1
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mushroom worker’s lung 286
MYC gene family 520–1, 522
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mechanisms of action 120–1
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neurogenic inflammation 185–6

modulation of 186–7
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corticosteroid effects 37
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adverse effects 487
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pulmonary hypertension investigation 482–3

nitric oxide (NO) 455, 457, 464, 510
persistent pulmonary hypertension of the newborn
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nitric oxide synthase (NOS) 35, 464–5
corticosteroid effects 35
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nitrogen dioxide 268
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non-small cell lung carcinoma (NSCLC) 519

tumour type-specific genetic changes 521–2
see also lung cancer
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non-steroidal anti-inflammatory drugs (NSAIDs), cystic
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NS1619 175, 177, 179
nuclear factor of activated T-cells (NF-AT) 35
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ofloxacin resistance 370
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osteoporosis, corticosteroids and 46
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(PPHN) 498, 512–13
treatment 498, 512–13

phosphodiesterase (PDE) enzymes 136, 137
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pirfenidone 343–4
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community-acquired (CAP) 363

causal pathogens 363–6
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hypersensitivity 269, 286–9
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new antimicrobial agents 385–91
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portopulmonary hypertension 495
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postinfectious cough 571
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potassium channel blockers 173
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ATP-sensitive potassium channels 175
large calcium-activated potassium channel 175–6
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protein kinases 235

protein kinase C (PKC) 232–5
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cystic fibrosis 429, 434, 436–40, 442–3
drug resistance 371, 389
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prostacyclin 489–90
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