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                Preface to the 2nd Edition 

   In the 6 years since the publication of the fi rst edition of  Asthma and COPD  there has been 
substantial progress in understanding the biological basis of both of these obstructive diseases. In 
contrast both our understanding of the physiological basis of these conditions and their treatment 
has improved very little. We fi rmly believe that the progress made in understanding the basic disease 
biology that has accrued since 2002 will lead, in the years to come to new and better treatments of 
these crippling obstructive airway diseases. As our knowledge advances, we now appreciate the areas 
of overlap and distinction between these two conditions which share many physiological similari-
ties. Most of the chapters of this book highlight both the similarities and diff erences between these 
conditions. 

   In this era of widely available information on the internet it is reasonable to ask what value is 
served by a book of this type? Th e answer is simple. Th e editors have assembled the world’s experts 
on these topics and commissioned them to write succinct reviews focusing on their particular area 
of expertise. For the student of the biology or treatment of these conditions, this compilation is an 
important resource of up-to-date information. For the researcher or clinician, the investigative or 
clinical problems that each of face on a daily basis are clearly illuminated by topic experts. We hope 
that you will fi nd this summary of value to you in understanding these two highly variegated, closely 
similar but clearly distinct entities at the biological and clinical level.     

Peter J. Barnes
Jeff ery M. Drazen

Stephen I. Rennard
Neil C. Th omson
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C H A P T E R                Defi nitions 

    Defi nitions of diseases evolve over time as our 
understanding of them changes. For example, 
until recently, the presence or absence of  revers-
ibility  was considered to be the key distinction 
between asthma and chronic obstructive pul-
monary disease (COPD) – with reversible air-
fl ow obstruction the hallmark of asthma, and 
irreversible airfl ow obstruction the hallmark of 
COPD. Better understanding of both diseases 
has brought new defi nitions that acknowl-
edge the overlap and highlight the similarities 
and diff erences between them. Th e important 
change in our understanding is the recognition 
that chronic infl ammation underlies both dis-
eases. Th e nature of the infl ammation diff ers, 
however, as does the response to anti-infl am-
matory medications, as described in detail in 
later chapters. Th is chapter draws heavily on the 
latest information on asthma and COPD that 
is included in the guidelines on the diagnosis 
and management of these diseases from two 
widely respected global initiatives, the Global 
Initiative for Asthma (GINA)  [1]  and the 
Global Initiative for Chronic Obstructive Lung 
Disease (GOLD)  [2] , as updated in 2006. 

    DEFINITIONS   

    Asthma 

   Most of the defi nitions for asthma have empha-
sized the characteristics of fl uctuations over 
time in bronchoconstriction and the reversible 
nature of the disease        [1, 3] . As the pathophysi-
ological basis of asthma became clearer, defi ni-
tions began to include a statement about the 
pathological characteristics. Th e 2006 revision 

of the GINA Guidelines  [1]  proposes an oper-
ational description of asthma as: 

 a chronic infl ammatory disorder of the air-
ways in which many cells and cellular ele-
ments play a role. Th e chronic infl ammation 
is associated with airway hyperresponsiveness 
that leads to recurrent episodes of wheezing, 
breathlessness, chest tightness, and coughing, 
particularly at night or in the early morn-
ing. Th ese episodes are usually associated with 
widespread, but variable, airfl ow obstruction 
within the lung that is often reversible either 
spontaneously or with treatment.   

   Th is is very similar to the defi nition pro-
posed by the National Asthma Education and 
Prevention Program in their 1997 guidelines  [3] . 
Both defi nitions imply that asthma is one disor-
der, rather than multiple complex disorders and 
syndromes – a notion that is receiving increasing 
attention        [4, 5] .  

    COPD 

   Until quite recently, defi nitions of COPD used 
to include the terms  “ chronic bronchitis ”  and 
 “ emphysema ” . Th e GOLD Guidelines, fi rst 
published in 2002  [6] , and revised in 2006 
 [2] , the American Th oracic Society/European 
Respiratory Society (ATS–ERS) Guidelines 
published in 2004  [7] , and the NICE 
Guidelines        [8, 9]  published in 2004 deliberately 
omitted these terms and used just the umbrella 
term COPD. Th e main reason for this is that 
the use of many diff erent terms for COPD has 
led to confusion on the part of health-care pro-
viders and the public. Th is in turn has stood in 
the way of COPD becoming widely recognized. 

  1 
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Th e 2006 revision of the GOLD guidelines  [2] defi nes 
COPD as: 

 a preventable and treatable disease with some signifi cant 
extrapulmonary eff ects that may contribute to severity in 
individual patients. Its pulmonary component is charac-
terized by airfl ow limitation that is not fully reversible. 
Th e airfl ow limitation is usually progressive and associ-
ated with an abnormal infl ammatory response of the lung 
to noxious particles of gases.   

   Th is defi nition includes the phrase  “ preventable and 
treatable ”  to emphasize the importance of a positive attitude 
to outcome and encourage a more active approach to man-
agement. Th is defi nition also stresses that extrapulmonary 
eff ects  [10, 11]  are an integral part of COPD and need to be 
taken into consideration in the diagnosis and management.   

    SIMILARITIES AND DIFFERENCES 

   Over the past 30 years, the thinking about asthma and 
COPD has swung between the concept of asthma and 

COPD belonging to a spectrum of diseases that all cause 
airfl ow obstruction, to the concept of them as very diff er-
ent diseases, and most recently to them both being infl am-
matory diseases with important similarities and diff erences, 
a theme that is taken up more fully in subsequent chapters. 
Th e present thinking is illustrated in  Fig. 1.1    from the 2006 
GOLD guidelines, which shows both diseases involving an 
infl ammatory response that causes airfl ow limitation, but 
through gene–environment interactions with diff erent sen-
sitizing agents, cell populations, and mediators. Th e airfl ow 
limitation ranges from completely reversible (the asthma end 
of the spectrum) to completely irreversible (the COPD end 
of the spectrum). It is important to emphasize that COPD 
and asthma often coexist, so the clinical picture may refl ect 
both conditions which may complicate the diagnostic proc-
ess and the pathological features. For example, some patients 
with COPD have features of asthma and a mixed popula-
tion of infl ammatory cells; some patients with longstanding 
asthma develop the pathological features of COPD. 

   Although the similarities between the diseases are 
striking, it is the diff erences in the infl ammatory processes 
between the two diseases that defi ne their natural histories, 
clinical presentations, and approaches to management. Th e 
major diff erences in the pulmonary infl ammation between 
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 FIG. 1.1          Infl ammatory cascade in 

COPD and asthma (adapted from 

Ref. [2] with permission).    
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asthma and COPD are described in  Table 1.1    from the 
2006 GOLD report. Th ese diff erences are further explored 
in later chapters. 

    Severity classifi cation 

   Both asthma and COPD are often stratifi ed by severity, 
but the reason for this stratifi cation is diff erent for the two 
conditions. In the 2006 GINA guidelines, the emphasis has 
changed from using a severity classifi cation to guide man-
agement to using a classifi cation based on asthma control to 
guide management. Th e GINA guidelines now recommend 
that asthma classifi cation based on severity should now only 
be used for research purposes.        Tables 1.2 and 1.3        show the 
GINA severity classifi cations based on lung function and 
asthma control, respectively. 

   For COPD, a severity classifi cation based on spirometry 
is recommended for educational purposes, but not for guiding 
management ( Table 1.4   ). Th e current recommendation is that 
treatment of COPD should be driven by the need to reduce 
and control symptoms, not by level of lung function.  

    Diff erentiating between asthma 
and COPD 

   It would be easy to diff erentiate between asthma and COPD 
if the latter occurred only in smokers and asthma in non-
smokers. In fact, there is a clear diagnostic bias on the part of 
physicians, with COPD more likely to be diagnosed in men 
and asthma in women  [12]   . It is important to emphasize 
that both conditions may coexist in an i ndividual, so many 
will have the clinical and pathophysiological features of both 

 TABLE 1.1          Diff erences in pulmonary infl ammation in COPD and asthma.  

   COPD  Asthma  Severe asthma 

 Cells  Neutrophils  �  �   Eosinophils  �  �   Neutrophils  �  

   Macrophages  �      �      �   Macrophages  �   Macrophages 

   CD8  �   T-cells (Tc1)  CD4  �   T-cells (Th2)  CD4  �   T-cells (Th2), CD8  �   T-cells (Tc1) 

 Key mediators  IL-8  Eotaxin  IL-8 

   TNF- α , IL-1 β , IL-6  IL-4, IL-5, IL-13  IL-5, IL-13 

   NO  �   NO      �      �  �   NO      �      �  

 Oxidative stress   �  �  �    �    �  �  �  

 Site of disease  Peripheral airways  Proximal airways  Proximal airways 

   Lung parenchyma    Peripheral airways 

   Pulmonary vessels     

 Consequences  Squamous metaplasia  Fragile epithelium   

   Mucous metaplasia  Mucous metaplasia   

   Small airway fi brosis   ↑  Basement membrane   

   ParenchymaI destruction  Bronchoconstriction   

   Pulmonary vascular remodeling     

 Response to therapy  Small b/d response  Large b/d response  Smaller b/d response 

   Poor response to steroids  Good response to steroids  Reduced response to steroids 

   Source : From Ref. [2] with permission.

   Notes : NO: nitric oxide; b/d: bronchodilator.  

 TABLE 1.2          Classifi cation of asthma severity by clinical features before 

treatment.  

  Intermittent  

 Symptoms less than once a week 

 Brief exacerbations 

 Nocturnal symptoms not more than twice a month 

        ●      FEV 1  or PEF  �  80% predicted  

      ●      PEF or FEV 1  variability  �  20%    

  Mild persistent  

 Symptoms more than once a week but less than once a day 

 Exacerbations may aff ect activity and sleep 

 Nocturnal symptoms more than twice a month 

        ●      FEV 1  or PEF  �  80% predicted  

      ●      PEF or FEV 1  variability  �  20–30%    

  Moderate persistent  

 Symptoms daily 

 Exacerbations may aff ect activity and sleep 

 Nocturnal symptoms more than once a week 

 Daily use of inhaled short-acting  β 2-agonist 

        ●      FEV 1  or PEF 60–80% predicted  

      ●      PEF or FEV 1  variability  �  30%    

  Severe persistent  

 Symptoms daily 

 Frequent exacerbations 

 Frequent nocturnal asthma symptoms 

 Limitation of physical activities 

        ●      FEV 1  or PEFs 60%  �  predicted  

      ●      PEF or FEV 1  variability  �  30%    

   Source : From Ref. [1] with permission.  
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diseases. Th is makes diff erentiating the diseases sometimes 
challenging for the clinician, especially in older adults who 
are or have been smokers. 

   Th e clinician can be guided by information in the clin-
ical history such as smoking history, age of onset of symp-
toms, history of atopic conditions, and description of acute 
episodes of shortness of breath (see  Table 1.5   ). 

   Asthma usually has its onset in early childhood. 
However, adult-onset asthma does exist, and many are una-
ble to remember childhood events that would provide a clue 
to the early stages of asthma. Th erefore, unless symptoms 
are continuous from childhood, the onset of asthma symp-
toms in adult life may be hard to interpret, especially in the 
presence of other risk factors such as smoking. COPD typi-
cally becomes clinically apparent in the sixth and seventh 
decades of life. If an individual is physically active, he or she 
may notice reduced exercise tolerance earlier. 

   COPD in developed countries is mostly a disease of 
smokers. Th is is not necessarily true in developing co untries 

where other risk factors, such as heavy outdoor and indoor/
occupational air pollution, may be important risk fac-
tors that are causally related to COPD  [2] . Th e relation-
ship between asthma and smoking is complex. Individuals 
with asthma may be non-smokers, smokers, or ex-smokers. 
Since asthma genes and genes leading to the susceptibility 
to develop airfl ow obstruction with smoking are common in 
the population, the likelihood that an individual may have 
both is high. Likewise, COPD may occur in lifetime non-
smokers          [13–15] . In some, this may be longstanding asthma 
that may have been undiagnosed. In others, genes that are 
as yet unrecognized may be responsible. Alpha-1 antitrypsin 
defi ciency is the model for such a genotype. 

   Pulmonary function tests can also provide guidance. 
Both diseases are characterized by airfl ow obstruction except 
in the early or mild stages. In asthma, lung function either 
remains normal or can be normalized with treatment in 
patients with mild intermittent or mild persistent disease  [1] . 
COPD, in comparison with asthma, is defi ned by i rreversible 

 TABLE 1.3          Levels of asthma control.  

 Characteristic 

 Controlled (all of the 

following) 

 Partly controlled (any measure 

present in any week)  Uncontrolled 

 Daytime symptoms  None (twice or less/week)  More than twice/week 

 Three or more features of partly 

controlled asthma present in any week 

  

 Limitations of activities  None  Any 

 Nocturnal symptoms/awakening  None  Any 

 Meed for reliever/rescue treatment  None (twice or less/week)  More than twice/week 

 Lung function (PEF or FEV 1 ) a   Normal   � 80% predicted or personal best 

(if known) 

 Exacerbations  None  One or more/year b   Once in any week c  

  Source: From Ref. [1] with permission.  

  a   Lung function is not a reliable test for children 5 years and younger.  

  b   Any exacerbation should prompt review of maintenance treatment to ensure that it is adequate.  

  c   By defi nition, an exacerbation in any week makes that an uncontrolled asthma week.  

 TABLE 1.5          Clinical features of COPD and asthma.  

 Diagnosis  Suggestive features 

 COPD  Onset in mid-life 

   Symptoms slowly progressive 

   Long history of tobacco smoking 

   Dyspnea during exercise 

   Largely irreversible airfl ow limitation 

 Asthma  Onset early in life (often childhood) 

   Symptoms vary from day to day 

   Symptoms at night/early morning 

   Allergy, rhinitis, and/or eczema also present 

   Family history of asthma 

   Largely reversible airfl ow limitation 

   Source : From Ref. [2] with permission.  

 TABLE 1.4          Spirometric classifi cation of COPD severity based on post-

bronchodilator FEV 1 .  

 Stage 1: Mild  FEV 1 /FVC  �  0.70 

   FEV 1   �  80% predicted 

 Stage II: Moderate  FEV 1 /FVC  �  0.70 

   50%  �  FEV 1   �  80% predicted 

 Stage III: Severe  FEV 1 /FVC  �  0.70 

   30%  �  FEV 1   �  50% predicted 

 Stage IV: Very severe  FEV 1 /FVC  �  0.70 

   FEV 1   �  30% predicted or FEV 1   �  

50% predicted plus chronic 

respiratory failure 

   Source : From Ref. [2] with permission.

   Notes : FEV 1 : forced expiratory volume in 1       s; FVC: forced vital capacity: respiratory 

failure: arterial partial pressure of oxygen (PaQ 2 ) less than 8.0       kPa (60       mmHg) with 

or without arterial partial pressure of CO 2  (PaCO 2 ) greater than 6.7       kPa (50       mmHg) 

while breathing air at sea level.  
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airfl ow limitation, and this becomes progressively greater 
as the disease advances. Lung function in asthma is char-
acterized by reversibility and variability.  Reversibility  refers 
to the short-term response to an inhaled bronchodilating 
agent, and is preferably measured with spirometry or peak 
fl ow (acceptable but not as helpful as spirometry).  Variability  
refers to the improvement and deterioration in symptoms 
and lung function over time (both short- and long-time 
periods) that is characteristic of asthma. Th e GINA guide-
lines  [1]  recommend that  reversibility  be defi ned as a  � 20% 
improvement post-bronchodilator in the 1-second forced 
expiratory volume (FEV 1 )   or peak fl ow (PEF)  . GINA fur-
ther defi nes  variability  as a diurnal variation in PEF of more 
than 20% (with twice daily reading, more than 10%). 

   Th e GOLD COPD guidelines  [2]  recommend that 
spirometry be used to establish that the airfl ow limitation is
not fully reversible (defi ned as a post-bronchodilator 
FEV 1 /FVC ratio of  � 0.7 and FEV 1       �      80% predicted), 
and to stage the severity of the disease. However, GOLD 
emphasizes that bronchodilator reversibility testing does 
not predict a patient’s response to treatment or predict dis-
ease progression.   

    OVERLAP BETWEEN ASTHMA AND COPD 

   Not acknowledged in the defi nitions is the fact that long-
standing asthma can lead to airway remodeling and partly 
irreversible airfl ow obstruction  [16] . So, in many (but not 
all) with longstanding asthma, there is an appreciable com-
ponent of chronic irreversible airfl ow obstruction with 
reduced lung function and incomplete response (or at least, 
not complete reversibility) to a short-acting bronchodilator 
or to oral or inhaled corticosteroids  [17] . Th is complicates 
the diagnosis of asthma in older adults, and requires that 
the goals of treatment be modifi ed since maintenance of 
normal lung function can no longer be a realistic goal. 

   Whether longstanding asthma with remodeling can 
be called COPD is intensely controversial. In so far as there 
is irreversible or poorly reversible airfl ow obstruction in the 
remodeled lungs, the term seems appropriate. Conceptually 
and practically, the recognition that remodeling is a feature 
of longstanding asthma in many (but not all) reinforces the 
notion that these diseases constitute a spectrum of disease, 
as illustrated in  Fig. 1.1 , ranging from fully reversible to 
fully irreversible.  

    EXACERBATIONS 

   Th e defi nition of asthma highlights the importance of exac-
erbations as a feature of asthma, and emphasizes the fl uctua-
tions of the disease        [1, 3] . Th e defi nition of COPD does not 
include any mention of exacerbations            [2, 6–8] . Nevertheless, 
they may be as important in the natural history of COPD as 
they are in asthma  [1]    and account for approximately 70% 
of the COPD-related costs in the United States  [2] .  

    LIMITATIONS OF THE DEFINITIONS 

   Defi nitions for both asthma and COPD have limitations since 
they can refl ect only our current understanding of the diseases, 
which is quite limited. Both diseases will continue to be rede-
fi ned as our understanding of them deepens, and as new eff ec-
tive preventive strategies and treatments become available.   
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                Epidemiology 

     DEFINING THE DISEASES   

    Asthma 

   Th e study of asthma epidemiology has been 
plagued by lack of consensus regarding standards 
for diagnosis. Most defi nitions have included var-
iable airfl ow obstruction, but asthma is a clinical 
syndrome, without a widely accepted case defi ni-
tion. Epidemiology studies have used question-
naires to assess for the presence of disease, but are 
limited by recall and misclassifi cation bias. Some 
have suggested that symptoms should be assessed 
in conjunction with airway hyperresponsiveness 
 [1] . Others argue that airway hyperresponsive-
ness and symptoms should be analyzed separately 
owing to the poor correlation between clinical 
asthma and hyperresponsiveness  [2] . Population-
based epidemiology studies have demonstrated a 
low sensitivity of airway hyperresponsiveness for 
detecting individuals with p hysician-diagnosed 
asthma versus a sensitivity of greater than 90% in 
clinic studies  [3] . A standard defi nition of asthma 
is as a chronic infl ammatory disease of the air-
ways. A commonly referenced formal defi ni-
tion is that promulgated in the Global Initiative 
for Asthma (GINA) guideline, which defi nes 
asthma as  

 a chronic infl ammatory disorder of the airways 
in which many cells and cellular elements play a 
role. Th e chronic infl ammation causes an associ-
ated increase in airway hyper-responsiveness 
that leads to recurrent episodes of wheezing, 
breathlessness, chest tightness and coughing, 
particularly at night or in the early morning. 
Th ese episodes are usually associated with wide-
spread but variable airfl ow obstruction that is 
often reversible either spontaneously or with 
treatment  [4] .   

   However, this defi nition is non-specifi c 
and does not provide absolute criteria to facili-
tate diff erentiating asthma from other airway 
diseases  [5] . 

   Beyond defi nitions, there are diff erences 
between languages for the words used to describe 
asthma symptoms. A novel approach to this 
problem has been used in the International Study 
of Asthma and Allergies in Children (ISAAC), 
which includes an asthma video questionnaire 
demonstrating clinical signs of asthma, as an 
attempt to improve uniformity in surveying for 
asthma  [6] . Th is multi-modality approach rep-
resents an improvement in asthma surveillance 
and has captured more individuals with asthma. 
However, diagnostic heterogeneity remains, as 
even within the ISAAC project, prevalence esti-
mates of current asthma may vary depending 
upon the assessment tool used (i.e. video versus 
questionnaire).  

    Chronic obstructive pulmonary 
disease 

   COPD includes chronic bronchitis, small airways 
disease and emphysema, and is characterized by 
airway obstruction that is fi xed or only partially 
reversible. Th e diagnosis of COPD attached to 
a given patient varies depending on the degree 
of airfl ow obstruction considered diagnostic 
within a given set of guidelines. Th us the long-
standing lack of international standardization of 
criteria for diagnosis of COPD makes under-
standing relative incidence and prevalence quite 
challenging. Th is is well illustrated by a study by 
Lindberg  et al.   [7] , who compared COPD prev-
alence rates using European Respiratory Society 
(ERS), British Th oracic Society (BTS), Global 
Initiative for Chronic Obstructive Lung Disease 
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(GOLD), and clinical and spirometric American Th oracic 
Society (ATS) criteria. In this study, ERS criteria revealed a 
14.0% prevalence of COPD, BTS criteria 7.6% prevalence, 
GOLD criteria 14.1% prevalence, clinical ATS criteria 
12.2% prevalence, and spirometric ATS criteria 34.1%. 

   Th is example highlights the diffi  culty of comparison 
between international studies/standards and the eff orts to 
understand COPD epidemiology on a global scale. Similar 
prevalence diff erences depending upon reference criteria 
have been observed by other authors        [8, 9] , further highlight-
ing the challenges inherent in making comparisons between 
populations. 

   Recently, an international committee convened to 
refi ne and promote standardization of a COPD defi nition. 
Th e GOLD has defi ned COPD as   

a preventable and treatable disease with some signifi cant 
extra pulmonary eff ects that may contribute to the severity 
in individual patients. Its pulmonary component is char-
acterized by airfl ow limitation that is not fully reversible. 
Th e airfl ow limitation is usually progressive and associ-
ated with an abnormal infl ammatory response of the lungs 
to noxious particles or gases  [10] .   

   GOLD stages are defi ned using post-bronchodilator 
spirometry, with an FEV 1 /FVC ratio of less than 0.7 defi n-
ing the presence of obstruction, and the FEV 1  reduction 
translating into the severity of COPD. A key element of 
this updated defi nition is that it includes capturing features 
of extra-pulmonary co-morbidities which have relevance 
for disease severity  [11] . Th e GOLD initiative has aimed to 
promote studies to understand the increasing prevalence of 
COPD worldwide, as well as to standardize the collection 
of data for international comparison of research  [12] . 

   In summary, for many years both asthma and COPD 
have lacked widely accepted case defi nitions, but international 
eff orts have been developed to rectify this. Defi nitions of both 
diseases include both symptoms and spirometric features. 
Refi ning the standardization of clinical diagnosis will facili-
tate comparability in epidemiological studies. However, given 
the wide variability in disease defi nitions for both diseases, 
comparisons of studies of asthma and COPD between popu-
lations and between countries must be viewed in the light of 
diff erences in criteria used for disease diagnosis. Although 
the GINA and GOLD guidelines have brought some stand-
ardization and consensus to diagnosing asthma and COPD 
respectively, diagnostic heterogeneity remains and further 
refi nement of these guidelines is an important goal.   

    INCIDENCE 

   Incidence rates for asthma and COPD vary depending on 
the age of the population under consideration. For exam-
ple, asthma is commonly diagnosed in early childhood and 
COPD is commonly diagnosed after age 60. Interestingly, 
cases of adult-onset asthma and early-onset COPD pre-
dominate in women, suggesting that there may be a c ommon 
hormonal infl uence on the age-of-onset of these diseases 
       [13, 14] . 

   Global burden of disease estimates suggest that at least 
300 million people worldwide have asthma, with the poten-
tial for an additional 100 million more cases by the year 2025 
 [15] . In childhood, incidence rates for asthma are highest 
among the youngest age groups and among male children 
until puberty                [16–21] . In a study of an adult Swedish popu-
lation, Toren and Hermansson  [22]  found the incidence 
rate for adult-onset asthma to be highest among females of 
all ages greater than 20, with an incidence of 1.3 per 1000 
p erson-years; among women 16–20 years of age the rate was 
3 per 1000 person-years. Analysis of data from a prospec-
tive cohort study in Finland demonstrated no increase in 
asthma incidence from 1982 to 1990 in adults aged 18–45 
years  [23] . Early investigation into the increasing preva-
lence of asthma in the United States was noted in a review 
of medical records from Olmsted County, Minnesota, where 
the annual incidence of asthma was found to increase from 
183 per 100,000 in 1964 to 284 per 100,000 in 1983. Th e 
most signifi cant increase was in children aged 1–14 years, 
suggesting a potential cohort eff ect early in life. Despite this 
increased incidence in asthma among children from 1964 to 
1983, constant rates were observed among adults  [16] . 

   Although these data indicate that asthma incidence 
has been increasing, minimal information has been available 
for trends in COPD incidence. One challenge of studying 
COPD incidence is that the disease is usually moderately 
advanced at diagnosis, and thus true incidence rates have 
remained elusive. However, a recent study observed that cough 
and phlegm may identify a group at high risk for incident 
COPD  [24] . Th is study by de Marco and colleagues focused 
on a cohort of 5002 subjects without asthma and with nor-
mal lung function. Th e observed incidence rate of COPD was 
2.8 cases/1000/year; the incidence rate ratio for chronic cough 
and phlegm was 1.85 (95% CI 1.17–2.93) with a 10-year 
cumulative incidence of COPD in the overall cohort of 2.8%. 
Two other studies have reported on incidence rates of COPD 
using GOLD criteria, with a 10-year cumulative estimate of 
13.5% noted by Lindberg  et al.   [25] , and a 9-year cumulative 
incidence of 6.1% in a study by Johannessen  et al.   [26] .  

    PREVALENCE 

   Trends in the prevalence of obstructive lung disease have 
been suggested by an analysis of the Th ird National Health 
and Nutrition Examination Survey (NHANES III)  [27] . 
Th is survey included subjects with asthma, chronic bron-
chitis, and emphysema ( Fig. 2.1   ). In this cohort, the case 
defi nitions were a physician diagnosis of chronic bronchitis, 
asthma or emphysema, respiratory symptoms, and low lung 
function. Of note, the investigators defi ned low lung func-
tion as present when the FEV 1 /FVC ratio was  � 0.70 and 
the FEV 1  was less than 80% of predicted. Of the investigated 
population of 20,050 adults, 6.8% had low lung function as 
thus defi ned; 7.2% of the population had an FEV 1 /FVC 
ratio less than 0.70 with an FEV 1  greater than 80% pre-
dicted, and were not included as having low lung function. 
Of the entire population, 8.5% reported obstructive lung 
disease. Importantly, 63.3% of those with documented low 
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lung function had no current or prior doctor diagnosis of 
obstructive lung disease. In addition to prevalence informa-
tion regarding low lung function, NHANES III data suggest 
that there is still a signifi cant proportion of disease that goes 
undiagnosed in the mild stages, leading to an underestima-
tion of the true prevalence of obstructive lung disease. 

    Asthma 

   Data from the United States have suggested an increase in 
prevalence of asthma in children as well as in older adults 
( Fig. 2.2   )  [28] . During the last several decades studies have 
suggested an increase in prevalence worldwide of 5–6% 
per year. Data from the National Health Interview Survey 
(NHIS) reveal a 75% increase in self-reported asthma rates 
from 1980 to 1994. Th is trend was demonstrated in all age 
and race strata as well as in both genders. Th e most signifi -
cant increase demonstrated by the NHIS was among chil-
dren 0–4 years of age (increase of 160%) and persons 5–14 
years of age (increase of 74%)  [29] . 

   Repeatedly, the prevalence of asthma amongst inner-
city children has been demonstrated to be much higher 
than among similar aged children living outside the inner 
city          [29–31] . It has been suggested that a doctor’s diagno-
sis of asthma is made less frequently than asthma symptom 
reporting, raising concern that despite increasing prevalence 
there is still a tendency to under-diagnose asthma, and con-
sequently underestimate true prevalence values  [32] . 

   Th e GINA project  [15]  has compiled asthma preva-
lence data for 20 regions of the world, with the main 
sources of data in children including the ISAAC project, 

and the main source of prevalence data in adults includ-
ing the European Community Respiratory Health Survey 
(ECRHS). Higher prevalences of asthma ( � 10%) have been 
noted in developed countries including Canada, the United 
States, United Kingdom, New Zealand, and Th e Republic 
of Ireland  [15] . In parallel with urbanization, the rates of 
asthma have increased in developing countries as well. 

   Th e ISAAC has as its aim to describe, across 155 
centers, the prevalence and severity of asthma in children 
in 56 countries  [6] . Phase 1 of this trial has demonstrated 
a large variation in the prevalence of asthma symptoms in 
children throughout the world, with the highest preva-
lence in centers from Australia, New Zealand, the United 
Kingdom, and Ireland            [32–35] . While the prevalence of 
allergic rhinitis has been noted to be scattered in the groups 
with the highest prevalence of asthma, the lowest preva-
lence for rhinitis has been found in countries where the 
asthma prevalence was lowest, such as in Eastern Europe, 
Indonesia, Greece, and India. In addition to defi ning preva-
lence rates, the ISAAC study represents an eff ort to estab-
lish an international standard to facilitate comparability of 
data from epidemiological studies of asthma. Th e rising 
asthma prevalence rates in children heralds rising asthma 
rates for adults, as two-thirds of children with asthma still 
have symptoms by early adulthood  [36] .  

    Chronic obstructive pulmonary disease 

   COPD is best understood by understanding fi rst the trends 
for smoking in populations. Although projected smoking rates 
throughout the world have increased, smoking p revalence in 

 FIG. 2.1          Age-specifi c percentage of individuals, 

stratifi ed by race and sex, with COPD and 

asthma, current COPD, current asthma, and 

past chronic bronchitis or asthma. Reproduced 

from National Center for Health Statistics,  Plan 

and Operation of the Third National Health and 

Nutrition Examination Survey, 1988–1994 , US 

Department of Health and Human Services 

publication PHS 94–1308, 1994, with permission.    
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the United States has been decreasing. Estimates from the 
year 2005 suggest that 21% of Americans smoke cigarettes, 
with cigarette smoking prevalence rates varying by both sex 
and race. Recent prevalence estimates  [37]  for smoking were 
highest for American Indian/Alaska Natives (37.5% men and 
26.8% women). Th e prevalence of current smoking is 20.0% 
in white women, 17.3% in African American women, 24.0% 
in white men, and 26.7% in African American men. 

   However, in the context of COPD, susceptibility 
to cigarette smoke is not uniform and varies as a function 
of the amount of cigarette smoking  [38] . Stang  et al.   [39]  
utilized smoking rates to create a mathematical model for 
estimating COPD prevalence. Using their model, they esti-
mated that 15.3 million people in the United States aged 
40 years or more have COPD; this was a reasonable esti-
mate compared to the spirometric prevalence of 17.1 mil-
lion as estimated by the NHANES III. Using this model, 
they also predicted the prevalence of COPD in Germany 
(2.7 million), the United Kingdom (3.0 million), Spain (1.5 
million), Italy (2.6 million), and France (2.6 million), and 
suggested smoking rates as a useful surrogate for estimating 
COPD prevalence. 

   Th e World Health Organization prediction is that by 
2020 COPD will rise from being the twelfth to the fi fth 
most prevalent disease worldwide, and from being the sixth 
most common cause of death to the third most common 
 [40] . Prevalence estimates of COPD in the United States in 
1996, before widespread implementation of GOLD criteria, 
indicated approximately 15 million people have COPD with 

14.1 million with chronic bronchitis and 1.8 with emphy-
sema. By these measures, there was no change in the preva-
lence of emphysema from 1982 to 1996, although from 1983 
to 1995 the prevalence of chronic bronchitis continued to 
increase. In a study of the Canadian population, prevalence 
rates of COPD were 4.6% in the 55–64 age group, 5.0% in 
the 65–74 age group, and 6.8% in the greater than 75 age 
group  [41] . Th ese data may be an underestimation, as there 
is a suggestion that COPD prevalence rates are underesti-
mated in the elderly, especially in those with lower incomes 
 [42] . By 2001, in distinction to the many asthma prevalence 
studies, only 32 prevalence surveys of COPD were reported 
( Fig. 2.3   )  [9]  with comparability somewhat limited by 
COPD case defi nitions. Th e Burden of Obstructive Lung 
Disease (BOLD) project is a large-scale study of COPD, 
with one goal of measuring COPD prevalence using stand-
ard GOLD criteria. A recent report from the study in 1258 
subjects reported a 26.1% prevalence of at least GOLD 
Stage 1 COPD, and 10.7% for GOLD Stage 2 or higher 
 [44] . Pooled estimates based on GOLD criteria have sug-
gested a prevalence of GOLD Stage 1 or higher COPD of 
5.5% and 9.8% for GOLD Stage 2 or higher  [9] . 

   COPD is likely under-diagnosed in both North 
American and European populations. For example, the 
IBERPOC Project ( Estudio Epidemiologico de la EPOC 
en España ) was a population-based study of prevalence of 
COPD in Spain  [45] . Th e prevalence of COPD in this 
population (26% current smokers, 24% ex-smokers, 76% 
men), defi ned according to ERS criteria, was 9.1%. Only 
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 FIG. 2.2          Changes in the prevalence of asthma and asthma symptoms   in children and young adults. Reproduced from Ref.  [28] , with permission.        
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22% of those diagnosed had a prior diagnosis, while 48% 
had prior respiratory symptoms. More recently, despite 
prevalence estimates for GOLD Stage 1 or higher COPD 
in the BOLD study in Salzburg, only 5.6% of subjects 
reported ever receiving a doctor diagnosis of COPD  [44] ; 
the prevalence has yet to translate into widespread use of 
spirometry for COPD screening. 

   Th e high-prevalence estimates for both asthma and 
COPD have translated into signifi cant morbidity associ-
ated with both diseases. In 2001, asthma was ranked as the 
25th leading contributor to disability adjusted life years 
(DALYs) worldwide; COPD was ranked 12th. In this con-
text, together with the high-prevalence estimates for both 
disease, the global burden of disease and economic costs for 
both diseases are high. 

   In summary, the prevalences of both asthma and 
COPD are increasing in both Western developed and devel-
oping countries. As both asthma and COPD are both likely 
under-diagnosed, the prevalence estimates underestimate the 
true burden of these diseases. Variability in defi nitions of both 
asthma and COPD contribute to inexact prevalence estimates 
and problems with comparisons of prevalence data. ISAAC 
(for childhood asthma), ECRHS (for adult asthma), and 
GOLD (for COPD) represent international eff orts under-
way to standardize the defi nitions used in studies to enhance 
comparisons of incidence, prevalence, and burden of disease.   

    HEALTHCARE UTILIZATION AND 
HOSPITALIZATION TRENDS 

   In the United States, the estimated cost for year 2000 for 
asthma was projected to be 12.7 billion dollars (8.1 for direct 
cost, 2.6 related to morbidity, 2.0 related to mortality) and 30.4 
billion dollars for COPD (14.7 for direct cost, 6.5 related to 
morbidity, 9.2 related to mortality). Utilization of health serv-
ices has continued to increase for both diseases. An increase 
in health service use has been documented in many c ountries, 
including the United Kingdom, Canada, and the United 

States; the utilization increase has been concomitant with the 
documented increase in asthma prevalence          [46–48] . 

   Increased hospital visits have been documented 
worldwide, including in England, New Zealand, the United 
States, Greece, Australia, and Canada                    [49–56] . In capturing 
the epidemiology trend from the 1960s to the 1980s, Evans 
 et al.  reported on a 200% increase in rates of hospitaliza-
tion of adults with asthma (and a 50% increase for children 
with asthma)  [57] . Overall, hospitalizations with asthma 
as a primary diagnosis increased most steeply in the 1970s 
until the mid-1980s and then remained constant; this is in 
contrast to asthma as a secondary diagnosis which increased 
until 1997. From 1975 to 1995, offi  ce visits for asthma more 
than doubled, from 4.6 to 10.4 million  [29] . 

   Based on the National Ambulatory Medical Care 
Survey and the National Hospital Ambulatory Medical Care 
Survey, in 1998 more than 14 million visits were made to 
physicians for diagnoses related to COPD, and this was an 
increase from 5.5 million visits reported in 1980. In 2000, 
there were approximately 726,000 hospitalizations coded 
as COPD or allied conditions  [58] . Care must be taken in 
interpretation of these data because of non-uniform case 
d efi nitions; more than half of the discharge diagnoses were 
non-specifi cally coded as COPD or allied conditions. 

   In summary, increased health service utilization has 
occurred for asthma and COPD during the last two decades. 
Overall, hospital admissions and discharges have increased 
for both diseases.  

    MORBIDITY AND MORTALITY 

    Asthma 

   Th e New Zealand epidemic of asthma in the 1970s prompted 
a review of asthma deaths in Western countries; among such 
countries there was a notable increase of 1.5- to 2-fold in the 
asthma mortality rates between the mid-1970s and the mid-
1980s  [59] . Th e highest mortality rates in the United States 
have been in the inner-city regions, with particularly high-
risk populations studied in East Harlem, New York City, 
and Cook County, Chicago        [31, 60] . One study observed 
that socioeconomic and racial disparities were attributable to 
higher incidence of asthma exacerbations among inner-city 
children, with no excess utilization of medical resources  [61] . 

   International comparisons of mortality rates have 
been limited by diff erences in recording statistics of cause of 
death  [62] . Th ere is variability in the mortality rates ascribed 
to asthma, with signifi cant variation by region of the world 
( Fig. 2.4   ), with the highest asthma case fatality rates in 
China (36.7/100,000 asthmatics)  [15] . Mortality rates for 
asthma have decreased over the past 20 years, likely due to 
improvements in pharmacotherapy, although it has been sug-
gested that most deaths from asthma now occur in adults, 
potentially consequent to medical non-compliance  [63] . 
Comparison of mortality rates is diffi  cult also because of the 
lack of standardized defi nitions for the disease, and because 
of environmental, genetic, socioeconomic, and occupational 
infl uences unique to a given population.  
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    Chronic obstructive pulmonary disease 

   Since 1960 mortality associated with COPD has continued 
to rise. In the year 2000, the number of women who died 
from COPD surpassed the number of men  [58] , and stand-
ardized mortality rates have been observed to be higher in 
women versus men with COPD (4.8 versus 2.7 re spectively) 

 [64] . In l ongitudinal follow-up of 13,756 individuals in the 
Atherosclerosis Risk in Communities (ARIC) study, rapid 
lung function decline over a 3-year period was associated 
with an increased risk for COPD-related hospitalization 
and death  [65] . 

   International mortality trends demonstrate high rates 
of deaths for COPD in many countries. Th ese diff erences 

Countries shaded according to case fatality rate (per 100,000 asthmatics)

�10.0 5.1–10.00–5.0 No standardized data available

 FIG. 2.4          Asthma case fatality rate in individuals 5–34 years of age calculated as the number of deaths per 100,000 cases of asthma. Reproduced from Ref.  [15] , 

with permission.      
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may be accounted for in part by diff erent smoking behav-
iors, which include tobacco type, along with other environ-
mental, infectious, and genetic factors. Diff erences among 
these death rates are striking ( Fig. 2.5   ), but again lack of 
standardization in coding practices and death certifi cation 
as well as practice diff erences and quality of care are rele-
vant when comparing estimates  [12] . 

   Although overall asthma mortality remains low com-
pared with COPD, mortality rates for both asthma and 
COPD have increased in the last decade. Diff erences in 
death rates for asthma and COPD between countries are 
multifactorial (genetic, environmental, occupational, socioe-
conomic), but diff erential coding of cause-of-death statistics 
hinders accuracy of estimates for both diseases.   

    SMOKING 

   Burrows and colleagues  [38]  have demonstrated that, 
for a given level of tobacco smoke exposure, FEV 1  varies 
s ubstantially ( Fig. 2.6   ). In addition, the dose–eff ect relation-
ship between cigarette smoking and FEV 1  decline depends 
on the year of life when an individual is exposed. Dose and 
timing of tobacco smoke exposure have a diff erential eff ect 
on FEV 1  depending on the stage of the life cycle ( Table 2.1   )  . 
Cunningham  et al.   [66]  observed that maternal smoking 
during pregnancy resulted in a 1.3% reduction in FEV 1  when 
children were 8–12 years old. Tager  et al.   [67]  found that 
adolescents who smoke when aged 15–20 have an e stimated 

8% reduction in FEV 1 . Th e Vlagtwedde/Vlaardingen study 
 [68]  demonstrated a large eff ect of cigarette smoking in 
decreasing maximal lung function in individuals less than 
age 20; this eff ect exceeded the eff ect of cigarette smoking 
on lung function decline seen in older subjects. 

   Smoking is a notable risk factor for both asthma and 
COPD in children and adults, and active smoking perpetu-
ates pulmonary (and likely systemic) infl ammation. Overall, 
smoking is associated with an increase in asthma incidence 
       [69, 70] , as well as an increased symptom severity, increased 
morbidity and lung function decline, and an increased 
risk of death            [71–74] . Passive exposure to cigarette smoke 
increases the risk for the development of asthma and allergic 
sensitization          [75–77] . Th ere has also been a suggestion that 
non-specifi c airways responsiveness is increased by environ-
mental and personal smoke exposure  [78] . 

   Maternal smoking is a risk factor for the development 
of asthma in children up to 1 year of age  [79] . In a case-
control study of children whose mothers were heavy smok-
ers, one group demonstrated an odds ratio of 2.15 among 
3–4-year olds for the development of asthma; these data 
were controlled for family history, past infections, gender, 
and other demographic variables  [80] . In a 6-year f ollow-up, 
the odds ratio for asthma among those exposed to maternal 
smoking was 3.8  [81] . 

   As noted above, the single most signifi cant risk fac-
tor for COPD is tobacco smoking. Although an oft quoted 
estimate is that only 10–15% of smokers actually go on to 
develop obstructive lung disease, this is a marked underes-
timate, with many researchers suggesting that all i ndividuals 

 FIG. 2.6          Distribution of percentage predicted forced expiratory volume in 1       s (FEV 1 ) in adults with varying smoking histories as measured in pack-years. The 

proportion of smokers with normal fl ow decreased with increasing pack-year histories. Yet, many have near-normal FEV 1  with extensive smoking history. 

Subjects with  “ respiratory trouble ”  before age 16 were excluded. Medians and means  � 1 SD are shown for each group in the abscissae. Note that among the 

425 persons with 20 �  pack-years, only 15% have an FEV 1  of 60% of predicted or less. Reproduced from Ref.  [38] , with permission.    
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who smoke will go on to develop COPD. Among those 
smokers already with a decreased FEV 1 , lung injury and sub-
sequent decrements in lung function secondary to  cigarette 
smoking are more dramatic. In the Lung Health Study, 
middle-aged smokers (with FEV 1  between 55% and 90%) 
who continued smoking for 5 years had further losses of 
several hundred milliliters of FEV 1   [82] . However, COPD 
has been identifi ed in non-smokers as well. Prevalence has 
been noted to increase with age, to be higher in women 
than in men, to be particularly high in Hispanic individuals, 
and to be higher in low income versus affl  uent individuals 
 [83] . Recent data from NHANES III suggests that 25% of 
cases of COPD in the United States occurs in lifelong non-
s mokers  [84] , a fi nding that is echoed by estimates of 23% 
in the United Kingdom  [85]  and 23% in Spain  [86] . Th ese 
observations reinforce that although cigarette smoking is the 
most important risk factor for COPD, it is not  necessary  for 
the development of irreversible airfl ow obstruction. 

   In summary, smoking has a lifetime infl uence on 
asthma and COPD. Th is starts  in utero  and continues into 
older age. Smoking is associated with enhanced airway 
responsiveness, both in asthma and COPD. Smoking is suf-
fi cient but not necessary for the development of COPD. 
Smoking is only one of several risk factors for asthma.  

    INTERMEDIATE PHENOTYPES 

    Allergy 

   Allergy represents immediate hypersensitivity to an antigen 
and is associated with an increased production of a specifi c 

immunoglobulin by sensitized lymphocytes. Elevations in 
specifi c IgE and/or total IgE, total eosinophil counts, and 
skin test reactivity to specifi c allergens have been used clini-
cally to detect allergic individuals. As measured by skin test 
reactivity, allergy increases with age until about age 15, at 
which point it is maximal. Th e decline in skin test reactivity 
after age 35 confounds the measurement of this phenotype 
in older individuals. Th is reported association between skin 
test reactivity and decline in FEV 1  is not consistent in the 
literature. In retrospective studies, Taylor  et al.   [87]  and Frew 
 et al.   [88]  demonstrated no relation of skin test positivity to 
decline in FEV 1 . However, Gottlieb  et al.   [89]  investigated 
this prospectively in the Normative Aging Study and found 
that skin test positivity predicted increased annual rates of 
decline in both FEV 1  and FEV 1 /FVC ratio. 

   Allergic infl ammation is characteristic of asthma; 
80–90% of childhood asthmatics are atopic, and the degree 
of atopy appears to be associated with prognosis in child-
hood asthma  [90] . Studies have demonstrated that the asth-
matic phenotype is associated with elevated serum IgE levels 
more so than skin test positivity  [91] , and that increased air-
ways responsiveness is related to total serum IgE levels  [92] . 

   Weiss has suggested that immediate type I hyper-
sensitivity is a risk factor for the development of chronic 
obstructive lung disease, and suggests that atopy may infl u-
ence childhood asthma and limit maximal lung function, 
accelerate FEV 1  decline, and potentially enhance interaction 
with cigarette smoking to result in FEV 1  decline progressing 
to the development of COPD  [93] . Hargreave and Leigh 
 [94]  demonstrated, in a subset of COPD patients, that eosi-
nophilic infl ammation is important in COPD exacerbations, 
and potentially leads to a decline in lung function. As well, 
an inverse association of serum IgE with the FEV 1 /FVC 
ratio has been observed  [95] . Th ese data indicate that aller-
gen sensitization may represent an intermediate phenotype 
which needs to be considered in understanding disease onset 
and progression in both asthma and COPD.  

    Airways responsiveness 

   Airways responsiveness to methacholine and histamine has 
been used in population-based studies to help defi ne indi-
viduals susceptible to the development of obstructive lung 
disease. Th is intermediate phenotype is a feature of both 
asthma and a subset of patients with COPD. Baseline levels 
of lung function, allergy, age, and cigarette smoking history 
all infl uence airways responsiveness. 

   Airways hyperresponsiveness has been demonstrated to 
predict accelerated decline in lung function and the develop-
ment of COPD  [96] . More recently, airways responsiveness 
has been demonstrated to predict COPD mortality  [97] . 

   Airways responsiveness has been demonstrated to pre-
dict the development of asthma  [98] . Th e prevalence of air-
way hyperresponsiveness exceeds the prevalence of asthma; 
the former is about 20% in the general population. Data 
from the Childhood Respiratory Disease Study demonstrate 
that increased airway responsiveness predicts the develop-
ment of asthma in children and young adults with a 2- to 3-
fold risk  [99] . Some have observed this risk to be increased 
as much as 5-fold  [100] . 

 TABLE 2.1          Eff ects of cigarette smoking at diff erent stages of the life cycle.  

   Life phase 

(gender)  Cigarette dose 

 Total FEV 1  

reduction 

 FEV 1  reduction 

(ml/year per 

packs/day) 

    In utero  

(M and F) 

 Variable exposure 

for 9 months 

 27.3       ml a    36 

   Adolescence 

(M) 

 15 cigarettes/day 

for 5 years b  

 390       ml  104 

   Adolescence 

(F) 

 10 cigarettes/day 

for 5 years b  

 340       ml  136 

   Adult (M)  Variable  N/A   13 c  

   Adult (F)  Variable  N/A    7 c  

   Source : Adapted from Weiss ST, Silverman EK. Risk factors for the development of chronic 

obstructive pulmonary disease. In:  Severe Asthma , New York: Marcel Dekker, 2000. 

  Notes : M: male; F: female.  

  a   Adjusted for gender and maternal smoking in the past year; based on 1.3% reduction 

and mean FEV 1       �      2.1       l, 1 pack/day in smoking mothers during pregnancy is assumed 

for relative FEV 1  reduction (Ref.  [65] ).  

  b   Median values for cigarette smoking (Ref.  [66] ).  

  c   Estimated values (Ref.  [67] ).  
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   Airways hyperresponsiveness in COPD patients may 
be demonstrated in more than two-thirds of individuals in 
situations where it is actually measured  [101] . Some individ-
uals who develop COPD have an allergic asthma phenotype, 
as suggested by the Dutch hypothesis  [102] . Alternatively 
the hyperresponsiveness may be a consequence of COPD. 
Results from a 25-year longitudinal study in the Netherlands 
revealed that increased airways responsiveness is an inde-
pendent risk factor for FEV 1  decline  [103] . Among individu-
als with early-onset COPD, the degree of baseline airways 
responsiveness determined the response to cigarette smoking; 
those with early-onset COPD who have increased airways 
responsiveness appeared more sensitive to the eff ects of ciga-
rette smoke and had an accelerated decline in FEV 1   [104] . 
Th us, airway hyperresponsiveness, together with features of 
allergy and smoking, likely represent common risk factors for 
both asthma and COPD.  

    Gender/sex-related infl uences 

   Th e impact of gender and sex-biology-related features on 
airway disease are complex, and include both social para-
digms (gender-related) as well as hormonal and genetic (sex-
related) infl uences. 

   Th e epidemiology of asthma is characterized by age-
related sex diff erences. Asthma and wheezing have been 
demonstrated to be more prevalent in young boys than 
young girls  [20] . Th is trend disappears during puberty  [105] . 
A recent analysis of the European Respiratory Health Survey 
 [106]  found that girls had a lower risk of developing asthma 
than did boys during childhood; about the time of puberty 
the risk was equal. After puberty, the risk in young women 
was higher than in young men, and this was a consistent 
trend in the 16 countries included in this study. 

   Women older than 20 years have higher prevalence 
and morbidity rates from asthma, and women are more like 
to present to the emergency department and be admitted 
with a diagnosis of asthma        [107, 108] . In the multicenter 
Asthma Collaboration Study  [109] , women were more likely 
to be admitted to the hospital and report ongoing symptoms 
at follow-up, although overall men had less outpatient care 
and lower pulmonary function. Although it is unclear why 
women have more severe disease and higher mortality from 
asthma, hormonal, genetic, environmental, and social factors 
are likely contributory  [110] . 

   For many years COPD has traditionally been con-
sidered a disease of men, as men have been noted to have 
a higher prevalence of COPD at the population level. Yet, 
Prescott  et al.   [111]  have suggested that women are more 
susceptible to the development of COPD, and observed 
that smoking was associated with a greater decrement in 
FEV 1  per pack-year of cigarette smoked, when compared 
to male smokers. Mannino  et al.   [112]  analyzed data for 
deaths from obstructive lung disease from 1979 until 1993 
and found that the mortality rates for men with COPD 
have started to stabilize but were continuing to increase 
among women, likely refl ecting smoking trends. In the year 
2000, the number of women dying from COPD has sur-
passed the number of men. Women have been observed to 
be more susceptible to the eff ects of tobacco smoking  [113] , 

more susceptible to develop severe early-onset COPD  [14] , 
have worse quality of life  [114] , and higher mortality from 
COPD  [115]  than men. Th ese gender/sex diff erences most 
likely represent infl uences of both dose of tobacco exposure 
and underlying genetic and hormonal susceptibilities, and is 
a topic of active research. 

   In summary, in the adult years women have a higher 
prevalence of asthma. Th e prevalence of COPD in women 
is increasing, in keeping with the historical trends of ciga-
rette smoking and disease. Th e gender and sex diff erences 
between asthma and COPD highlight the importance of 
hormonal and genetic infl uences relevant to disease expres-
sion in men versus women.   

    DEMOGRAPHICS 

   In the United States, morbidity from asthma has been 
demonstrated in multiple studies to be greater in children of 
African American descent. In the United States, physician-
diagnosed asthma has been reported in 13.4% of African 
American children and 9.7% of white children  [116] . 
African American children have also been reported to have 
greater limitation on activity due to asthma, with more hos-
pital admissions and fewer doctors ’  visits when compared 
with white children  [117] . Mortality from asthma has been 
higher for African American children when compared 
with children of other races since the mid-1980s                [47, 57, 
118–121] . Data from the NHANES II and the Hispanic 
Health and Nutrition Survey have noted that the preva-
lence of childhood asthma was higher in children of Puerto 
Rican versus African American descent (20.1% versus 9.1% 
respectively)  [122] . An extensive review on the topic has 
noted that amongst the diff erent ethnic groups living in the 
United States, the prevalence of asthma is highest in Puerto 
Ricans  [123] . 

   Studies in Chicago have demonstrated socioeconomic 
gradients and diff ering outcomes by race. In 1996, asthma 
hospitalization rates were more than twice as high as the 
United States ’  rates overall. Age-adjusted mortality was 4.7 
times higher in non-Hispanic African Americans   than in 
non-Hispanic whites  [124] . An association with poverty has 
been suggested  [125] , and it has also been suggested that 
severe asthma may occur more frequently in poorer com-
munities        [126, 127] . Th e association of lower socioeconomic 
status with increased asthma prevalence is most likely mul-
tifactorial: the eff ects of indoor air pollution, passive ciga-
rette smoke exposure, allergen exposure, and reduced access 
to medical care may all be relevant. 

   Some have suggested, based on the use of education 
as a surrogate for lower socioeconomic status, that there is 
an association of socioeconomic status with the develop-
ment of obstructive lung disease. Bakke  et al.   [128]  dem-
onstrated that completion of only primary schooling was 
associated with an odds ratio of 2.9 for the development 
of obstructive lung disease when compared with those who 
achieved university level education. Exposure to smoking 
and occupational hazards decreased with increasing educa-
tional status.  
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    AGE 

   Infants born prematurely, when compared to those born at 
term, have a risk for asthma that is increased approximately 
4-fold  [129] ; reduced lung function measured with birth has 
been associated with incident asthma by age 10  [130] . Th ere 
are data that breastfeeding is protective against asthma and, 
as previously noted, the risk for asthma increases in chil-
dren exposed to cigarette smoke both  in utero  and during 
childhood. Asthma that begins after age 50 is thought to be 
more severe and less reversible than asthma that is incident 
in childhood  [131] . In childhood, the remission of asthma 
before adulthood has been suggested to be about 50%          [69, 
132, 133] . Less information is available on the epidemi-
ology of asthma in the middle-aged and elderly, yet some 
suggest that older patients are more severely aff ected than 
younger patients  [134] . 

   Some data support the proposition that individuals 
may  “ outgrow ”  asthma (with remission rates decreasing with 
increasing age)  [135] . Other data suggest that remission of 
asthma and respiratory symptoms are uncommon  [136] . 
Aging has been associated with increased airway obstruc-
tion overall  [137]  and asthma is a risk factor for COPD in 
adult lifetime never smokers  [84] . Th e association of aging 
with the development of COPD most likely represents the 
cumulative insult of a lifetime of smoking and environmen-
tal exposure interacting with a susceptible host.  

    CONCLUSION 

   Ninety percent of all childhood asthma is diagnosed before 
the age of 6 years. Since there is a crude inverse relationship 
between respiratory symptoms and level of lung function, it 
is not surprising that as lung function increases in childhood 
respiratory symptoms decrease and often disappear. Th us, 
a large number of individuals are left with the intermedi-
ate phenotypes of increased airways responsiveness and/or 
allergy at the time that they reach their maximally attained 
level of lung function between the ages of 15 and 30. Th ese 
intermediate phenotypes represent defi nable host character-
istics that confer increased susceptibility to a variety of envi-
ronmental exposures encountered in adult life, such as viral 
respiratory illness, occupation, allergen exposure, and perhaps 
most importantly, cigarette smoking. 

   Th e most clearly defi ned (non-genetic) susceptibility 
factors for premature or early-onset COPD are cigarette 
smoking, childhood asthma, increased airways responsive-
ness, and allergy. It is now clear that most airways hyperre-
sponsiveness in adults antedates, precedes, and predicts the 
development of COPD. Obviously, this construct suggests 
that most genes that predict susceptibility to asthma may 
also be important genetic predictors of COPD susceptibil-
ity, and this is a topic of ongoing research. 

   Both asthma and COPD are defi ned as syndromes, 
and the defi nitions are loose; thus it is not surprising that 
there is substantial overlap between the conditions at any 
given age. Indeed, there are no substantive data to suggest 

that individuals cannot have both reversible and fi xed airfl ow 
obstruction, and hence asthma and COPD at the same time. 

   Th e importance of early life and  in utero  events for the 
subsequent development of disease is a theme that is com-
mon to a variety of complex traits. Th ese same issues also 
present themselves with disorders of the airways. Th e major 
barrier to applying a life-cycle approach to disease risk fac-
tors and natural history relates to the problem of recall bias 
and potentially missing or inadequate information about 
past events in both childhood and adult life, which may 
then distort the clinical picture. It is only through careful 
analysis of longitudinal cohort data that the true history of 
the relationship between the major environmental expo-
sures and disease natural history can be deduced. We need 
to continue to gather such data, particularly data to link 
childhood asthma with adult COPD.   
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              Natural History 

    INTRODUCTION 

   Th ere is increasing interest in developing a better 
understanding of the natural history of the two 
most frequent chronic lower respiratory diseases, 
asthma and chronic obstructive pulmonary dis-
ease (COPD). Th e main reason for this interest is 
the shift in the therapeutic approach to both con-
ditions. In the case of asthma, a growing body of 
evidence suggests that, although several current 
treatments for the d isease are extremely eff ec-
tive in controlling symptoms, none can change 
its natural course. It is thus evident that new 
approaches to the primary and secondary pre-
vention of asthma are needed. Th ese approaches 
will require a thorough understanding of the fac-
tors that determine the inception of asthma and 
its progression with age. In the case of COPD, 
it is apparent that, although smoking is the main 
demonstrated cause of this condition, a simple 
strategy of discouraging tobacco consumption 
has proven insuffi  cient to prevent the enormous 
impact of nicotine addiction on public health. 
A new understanding of the factors that increase 
the risk of COPD in smokers seems a more real-
istic approach, and could perhaps contribute to 
palliate the increasing social toll of COPD  . 

   When discussing the natural history of 
asthma and COPD, an important issue is the 
overlap between these two conditions  [1] . It has 
been conclusively shown that, at the population 
level, adults who report asthma are more likely to 
also report chronic bronchitis and/or emphysema 
as compared with subjects with no asthma  [2]  
and recent epidemiological evidence shows that 
active asthma is a strong risk factor for acquir-
ing a subsequent diagnosis of COPD  [3] . Th is 
overlap may be explained by the fact that asthma 

and COPD share common risk factors or, alter-
natively, by the possible progression of persistent 
asthma into chronic airfl ow limitation, the clini-
cal hallmark of COPD  [4] . It is often not pos-
sible to determine whether persons with airfl ow 
limitation have asthma or COPD. However, 
understanding the natural history of the disease 
will have critical implications for identifying 
optimal prevention and treatment strategies.  

    METHODOLOGICAL APPROACH 

   Any discussion about the natural history of a 
chronic condition ought to address the diff erent 
hypothetical phases that such condition under-
goes during its lifetime course ( Fig. 3.1   ). 

   Th ere is fi rst a pre-illness period during 
which subjects without overt disease have the sus-
ceptibility for the development of the condition, 
because of a genetic predisposition or because 
of injuries or developmental variations that have 
mutated one or more of the individual’s disease-
associated phenotypes. During this pre-illness 
phase, the susceptible individual is not yet des-
tined to develop the disease. More likely, he or 
she may be exposed to environmental factors that, 
in the presence of genetic variants that predispose 
to the chronic condition, can further modify their 
phenotype. Th is model applies to both asthma 
and COPD, as they are both likely to represent 
heterogeneous diseases with multiple ways to 
reach fi nal common pathways and an array of 
diverse pathogenetic mechanisms giving rise to 
more or less reversible airway obstruction. 

   It would obviously be of great help for any 
prevention strategy if markers of s usceptibility 
were identifi ed that could be measured during 
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this pre-i llness phase. But the absence of a marker in a spe-
cifi c individual may not exclude susceptibility if that is not the 
pathway that may be active in that individual. Th us, because 
the marker  phenotype  may be infl uenced by determinants 
other than the factors that infl uence asthma or COPD risk, 
ascertainment of a marker may be fraught with diffi  culties. 
Th is  “ context-dependency ”   [5]  of the phenotypes of markers 
of disease creates a further layer of complexity for the identifi -
cation of susceptible individuals. 

   Th e above discussion points to the importance of 
determining the  “ true ”  time of incidence of the disease under 
study. Although the event that is easiest to ascertain is the age 
of initiation of symptoms, this event is modifi ed by patients ’  
perceptions. What is important is that time of onset ought 
to be ascertained before the disease has become chronic, that 
is before the individual has evidence of physiological or ana-
tomical changes caused by the disease itself and that predis-
pose to persistent or recurrent symptoms. During this  initial 
phase of the disease , the aff ected individual has some clinical 
manifestations, but the condition has not yet fully developed. 
Moreover, some individuals may not go beyond this initial 
phase, because remission or stabilization may be fostered by 
the presence of environmental or genetic protective factors. 
During this initial phase secondary prevention is possible, 
but again knowledge of the natural h istory becomes essential.  

    NATURAL HISTORY OF ASTHMA PHENOTYPES 

   Asthma is a heterogeneous condition, and one of the main 
obstacles in understanding its natural history has been 
the lack of well-defi ned markers for the diff erent disease 
p henotypes grouped under this common label. Th is hurdle 
has been addressed lately by a series of longitudinal s tudies 
that have assessed incidence and prevalence of asthma 
at d iff erent ages or defi ned the outcome of persons with 
asthma-like symptoms enrolled at diff erent ages and espe-
cially during childhood                    [6–13] . 

    Most cases of chronic, persistent asthma 
start in early life 

   Several longitudinal studies have confi rmed that, in most 
cases of chronic, persistent asthma, the initial clinical 

manifestations of asthma occur during the fi rst 5 years of 
life          [6, 11, 13] . Studies have ascertained this age of onset of 
symptoms either by asking parents about the prevalence of 
wheezing or other asthma-like symptoms in their children 
at diff erent ages, or by reviewing previous clinical charts in 
subjects who present to outpatient clinics with signs and 
symptoms of asthma at any age. Although these studies 
strongly suggest that asthma started at an early age in these 
individuals, a simple connection between these two phe-
nomena is not warranted. Many children have asthma-like 
symptoms during viral infections in their preschool years, 
but most have transient conditions that subside with age, 
and only a minority will go on to have persistent asthma 
 [14] . Th us it is diffi  cult to distinguish who will go on to 
develop chronic asthma from those who will not. 

   Studies of this issue have suggested that there are at 
least three quite distinct groups of children with asthma-like 
symptoms coexisting up to the adolescent years ( Fig. 3.2   ).
Th e great majority of infants who wheeze during the fi rst 
1–2 years of life do so during viral infections, especially 
those caused by the respiratory syncytial virus (RSV) and 
by rhinovirus. Most of these children will have one or only 
a few episodes of wheezing, with no further symptoms 
beyond the age of 2–3 years. Th is condition, which has been 
identifi ed as  transient wheezing of infancy   [16] , is the most 
frequent form of recurrent airway obstruction in this age 
group, aff ecting over two-thirds of all infants with asthma-
like symptoms. Th e main predisposing factors for transient 
wheezing of infancy are maternal smoking during preg-
nancy and lower levels of lung function, as assessed during 
the very fi rst months of life and before any wheezing epi-
sode has occurred. Interestingly, infants (especially females) 
whose mothers smoke during pregnancy do have lower 
levels of lung function early in life than those whose moth-
ers do not smoke  [17] . Th is has suggested the possibility 
that both inherited and acquired characteristics of the lung, 
the airways, or both may create the structural conditions for 

 FIG. 3.1          Hypothetical representation of the natural history of a chronic 

condition. For explanation see text.    
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the development of airway obstruction during lower respi-
ratory illnesses  [18] . 

   Th e factors that determine the remission of early life 
wheezing in these children are not well understood, but 
it is likely that growth of the airways may outpace that of 
the lung parenchyma after age 2–5 months, the period of 
the highest incidence of wheezing episodes  [19] . Since the 
airways are growing faster than the parenchyma, the condi-
tions required for airfl ow to be dynamically obstructed may 
not be easily reached and noisy breathing is less likely  [19] . 
It is also possible that changes in the regulation of airway 
tone may result in decreased bronchial hyperresponsiveness 
and decreased likelihood of respiratory symptoms with age 
       [20, 21] . However, despite remission of wheezing with age 
in this group, children with early transient wheezing appear 
to have lower levels of lung function, in terms of FEF 25 � 75 , 
FEV 1 , and FEV 1 /FVC ratio values, throughout childhood 
as compared with their peers who did not wheeze in the 
fi rst 6 years of life  [22] . It is established that individuals 
who enter adulthood with lung function defi cits are more 
likely to develop COPD during the late adult years, sug-
gesting that children with early transient wheezing may be 
particularly predisposed to COPD in adult life if exposed 
to cigarette smoking. Whether this is the case is at present 
unknown. 

   Th e factors that determine enduring or newly devel-
oped abnormalities in lung function during the fi rst years 
of life are the subject of intense scrutiny, because they seem 
to be clearly associated with the risk of persistent asthma. 
Zeiger  et al.   [23]  showed an inverse relationship between 
duration of symptoms and level of lung function in school-
age children with asthma, and this suggests that the ear-
lier onset of asthma symptoms is associated with greater 
losses in lung function. Sensitization to local aeroaller-
gens is strongly associated with increased risk of chronic 
asthma-like symptoms into adult life. Using this knowledge, 
Halonen  et al.   [24]  divided children who had a diagnosis of 
asthma by age 6 years into two main groups: those who at 
age 6 were skin-test positive for  Alternaria , the main aeroal-
lergen associated with asthma in the study area  [25] , and 
those who were not. Th ey observed that, in the majority of 
children in both groups, symptoms had started before age 
3 years. However, among children with asthma who were 
skin-test negative to  Alternaria , inception of the disease had 
occurred mainly during the fi rst year of life; while in those 
who were skin-test positive to  Alternaria , peak incidence 
occurred during the second and third years of life ( Fig. 3.3   ). 

   Th e fact that young children who will go on to 
develop chronic, atopy-related asthma by age 6 are diag-
nosed 1 or 2 years later than those with nonatopic asthma 
suggests that the mechanisms of disease are likely to be 
diff erent in these two groups. Support for this contention 
comes from a slightly diff erent analysis of the data from 
the same cohort on which Halonen and coworkers based 
their report quoted above. Stein  et al.   [14]  assessed the out-
come of children with confi rmed lower respiratory tract ill-
nesses due to RSV (RSV-LRI), after adjusting for all other 
known risk factors for subsequent asthma, including skin 
test reactivity, maternal history of asthma and birth weight, 
among others. Th ey found that, as previously reported, risk 
of wheezing during the school years was higher in children 

with a history of RSV-LRI than in those with no such 
history. However, the risk decreased with age and was not 
statistically signifi cant by early adolescence. Th ere was also 
no association between RSV-LRI and subsequent risk of 
sensitization to local aeroallergens either at age 6 or at age 
11 years. Th e only factor that was strongly associated with 
RSV-LRI in early life was diminished baseline levels of 
FEV 1 , as measured at age 11. Interestingly, these defi cits 
were reversed by use of a bronchodilator, suggesting that 
they were likely to be due to increased bronchomotor tone. 
Longitudinal studies performed in the early 1980s had also 
suggested that the outcome of RSV-LRIs is usually benign 
and unrelated to increased allergic sensitization  [26] . 

   It thus appears that at least three diff erent forms of 
 “ asthma ”  coexist during infancy and early childhood ( Fig. 3.2 ). 
Transient infant wheezing is quite frequent, is usually trig-
gered by viruses (especially RSV), and, although it is con-
fi ned to the fi rst 3 years of life, may be associated with 
long-term lung function defi cits. Other children who 
wheeze during viral infections in early life continue to have 
recurrent respiratory symptoms during the early school 
years. Th is form of nonatopic wheezing is associated with 
lower levels of lung function during the school years, but 
these lower levels seem to be reversible after use of a bron-
chodilator. Finally, children who will develop atopy-related 
asthma start having symptoms mainly during the second 
and third years of life.  

    Chronic asthma is most often related 
to atopy 

   Th ere is now strong evidence indicating that, as a group, 
individuals with chronic asthma at any age between the ele-
mentary school years and mid-adult life are either sensitized 

 FIG. 3.3          Age of diagnosis of asthma for children who are skin-test positive 

for  Alternaria  or skin-test negative for  Alternaria  at age 6 in the Tucson 

Children’s Respiratory Study. Adapted from Ref.  [24] .    
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to local aeroallergens, have elevated total levels of circulat-
ing IgE, or both  [27] . Although the association between 
asthma and total and specifi c IgE is well established, the 
nature of the association is not well understood. For years 
it was thought that sensitization to specifi c allergens, espe-
cially in early life, was a cause of asthma  [28] , and that 
development of specifi c IgE against these allergens was the 
fi rst step in the natural history of the disease. Th e strong 
association between risk of having asthma and sensitiza-
tion to the allergens of house dust mites in coastal regions 
seemed to argue in favor of this hypothesis, and strategies 
for the primary prevention of asthma based on avoidance 
of exposure to these allergens were proposed  [29] . However, 
several studies performed in desert areas with low exposure 
to house dust mites showed that the prevalence of asthma 
was either similar or even higher in these regions than 
that observed in zones where mite infestation rates were 
high        [25, 30] . In desert regions, the allergens of the mold 
 Alternaria  appeared to be strongly associated with asthma. 
Moreover, studies in northern Sweden, where indoor expo-
sure to either dust mites or molds is very low, showed that 
the prevalence of school-age asthma is very similar to that 
observed in southern Sweden, where exposure to house dust 
mites is high  [31] . Interestingly, only 50% of all schoolchil-
dren with asthma are sensitive to known aeroallergens in 
northern Sweden (especially cat and dog), compared with 
over 90% of children in more temperate regions, but skin-
test negative children with asthma have signifi cantly higher 
IgE levels than nonasthmatic children  [31] . Th ese obser-
vations suggest that, regardless of the nature of the asso-
ciation between elevated IgE and asthma, this link is not 
allergen-specifi c. 

   Recent epidemiological studies have challenged the 
view of a unidirectional link between atopy and asthma. 
Our group found that parental asthma is a strong predictor 
not only for asthma in the child (as one would expect), but 
also for the child’s total IgE levels and skin test reactivity 
 [32] . Th ese relationships remained signifi cant after adjusting 
for the intensity and other characteristics of parental atopy, 
supporting independent eff ects of parental asthma on the 
development of atopy in the child. Previous studies had also 
shown that, although the level of allergen exposure early in 
life predicts the development of allergic sensitization and 
allergic sensitization is associated with subsequent develop-
ment of asthma, no direct link between allergen exposure 
early in life and subsequent development of asthma could 
be demonstrated. 

   All these studies suggest that the essential causal 
mechanism associated with asthma is not sensitization to 
any specifi c allergen, but more likely is an alteration in the 
regulation of responses to many diff erent antigens with 
the potential of eliciting IgE responses, and especially to 
aeroallergens. IFN γ  production might be among these 
altered immunological responses. In the Tucson cohorts of 
the Children’s Respiratory Study        [33, 34]  and the Infant 
Immune Study  [35] , our group found strong associations 
between reduced IFN γ  production from polyclonally stimu-
lated peripheral blood mononuclear cells in the fi rst year of 
life and the subsequent development of both allergic sensi-
tization and asthma-related respiratory symptoms. Reduced 
IFN γ  responses may be related to a delayed maturation of 

the immune system and, in turn, they may lead to susceptibil-
ity to viral infections, favor a Th 2 skewed polarization of the 
immune system, and aff ect airway growth. Whether defi cits 
of early IFN γ  responses can explain the link between asthma 
and atopy or simply represent one of multiple pathways that 
are shared by these two phenotypes remains unknown.  

    Outcome of childhood asthma in adolescence 
and adult life: Remission of mild asthma and 
persistence of severe disease 

   Only a few population-based studies have addressed the 
outcome of childhood asthma in adolescence and adult life. 
Th ese studies have used longitudinal assessment of asthma 
symptoms and lung function in children who were enrolled 
at birth  [12]  or during the early school years        [36, 37]  or 
who were part of birth cohorts for which assessment of 
asthma symptoms in early life was made through retrospec-
tive questionnaires            [7, 8, 10, 38] . 

   Th e transition of asthma from childhood into adoles-
cence has been studied in the birth cohort of the Tucson 
Children’s Respiratory Study  [12] . In that study, most 
children who experienced only infrequent wheezing dur-
ing childhood had remission of wheezing after puberty. 
However, almost 60% of children with frequent wheezing 
and/or a physician-confi rmed diagnosis of asthma expe-
rienced wheezing at some point during adolescence. Th ese 
results challenge the commonly held view that most chil-
dren with asthma outgrow the disease in adolescence and 
suggest that complete remission of the disease may be the 
exception rather than the rule, at least among cases of mod-
erate to severe asthma. 

   Th is link between severity and persistence of asthma 
has been confi rmed by long-term prospective studies that 
have followed cohorts of children into mid-adult life. Th e 
longest such ongoing study is that initiated by Williams and 
McNicol in Melbourne, Australia [ 39] . Children with a his-
tory of recurrent episodes of wheezing were enrolled at the 
age of 7 years, together with a small group of controls with-
out such a history. Th ese individuals were then periodically 
reassessed, and the latest published data refer to information 
collected when their mean age was 42 years. Information 
about the age upon initiation of symptoms was obtained 
by use of questionnaires and, as a consequence, data on a 
crucial period of life for the development of asthma was 
possibly biased by preferential recall        [36, 40] . Th e sec-
ond study was the British 1958 birth cohort, in which 
over 18,000 subjects born between March 3 and March 9, 
1958 were enrolled  [8] . Of these persons, 31% contributed 
information for ages 7, 11, 16, 23, and 33 years. As with 
the Melbourne study, information for the fi rst 7 years of 
life was obtained retrospectively at age 7. Similarly, in the 
Dunedin Multidisciplinary Health and Development Study 
(New Zealand) parents completed fi rst respiratory ques-
tionnaires when children were already 9 years old. To date, 
participants have been followed up to age 26 with repeated 
questionnaires and lung function measurements  [7] . Finally, 
the Tasmanian asthma survey enrolled over 8000 chil-
dren born in 1961 who were also fi rst contacted at age 7 
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 [10] . Two thousand randomly chosen individuals were 
re-e xamined when they were 29–32 years of age. 

   Th e most important fi ndings of all four studies were 
that asthma remits, at least transiently, in early adulthood 
in a sizable proportion of asthmatic children, and that the 
severity of asthma tracks signifi cantly with age. Th is second 
point is important because it refl ects a  “ stability ”  in the dis-
ease: most children with severe symptoms still have severe 
symptoms as adults, and asthmatic children with mild symp-
toms either have no asthma or have mild asthma as adults. 

      ●      Children enrolled in the Melbourne study were divided 
at the time of enrollment into fi ve groups according to 
their previous history of wheezing: a control group (no 
wheezing), a group with mild wheezy bronchitis (less 
than fi ve lifetime episodes of wheezing associated with 
colds), a group with wheezy bronchitis (fi ve or more such 
episodes), a group with asthma (wheezing apart from 
colds), and a group with severe asthma (selected at age 
10 based on severe impairment of lung function). At age 
42 years, less than a quarter of children with either form 
of wheezy bronchitis showed frequent asthma episodes 
(wheezing during the previous 3 months, but less than 
once a week) or persistent asthma (once a week or more). 
However, 52% of children with asthma and 76% of 
those with severe asthma at the time of enrollment had 
frequent or persistent wheeze at age 42  [40] .  

      ●      Similar results have been reported based on the British 
1958 study: 27% of all children whose parents reported 
they had wheezed before age 7 reported wheezing during 
the previous year at age 33  [8] .  

      ●      In the Dunedin study, 37% of children who ever 
wheezed had wheezing that persisted from childhood to 
adulthood or that relapsed after remission  [7] .  

      ●      For the Tasmanian study, 25.6% of subjects with  “ asthma 
or wheezy breathing ”  by age 7 reported current asthma 
at the age of 29–32 years, compared with only 10.8% of 
subjects without parental reports of childhood asthma 
 [10] . As with the Melbourne study, those who had a 
history of more than 10 attacks of asthma by age 7 were 
almost twice as likely to have persistent wheezing as 
adults than those who did not.    

   A consistent factor associated with persistent asthma 
in all four cohorts was evidence of an allergic predisposition. 
In the Melbourne study, severe asthma in early life was 
associated with signifi cantly higher prevalence of allergic 
rhinitis at age 35. In the British cohort, allergic symptoms 
(e.g. allergic rhinitis or eczema) were signifi cantly associ-
ated with persistence of symptoms into adult life. In the 
Dunedin cohort, skin sensitization to house dust mites 
increased more than twice the odds for both persistence and 
relapse of wheezing, independent of other predisposing fac-
tors  [7] . Finally, in the Tasmanian cohort, having a history 
of eczema in early life was also signifi cantly associated with 
persistent wheezing at ages 29–32. 

   Childhood defi cits in lung function are another fac-
tor that has been consistently associated with persistence 
of asthma into adult life across diff erent cohorts. In the 
Tasmanian, the Melbourne, and the Dunedin studies, low 

lung function as measured in early school age was a sig-
nifi cant predictor of subsequent persistent wheezing. In the 
Melbourne study, lung function for each subgroup of sub-
jects classifi ed according to their wheezing history by age 7 
was repeatedly assessed up to the age of 42 years. Children 
with severe asthma at age 10 had very low initial levels of 
lung function, and this was to be expected because defi cits 
in lung function were used to classify them as having severe 
asthma in the fi rst place. When compared with their peers, 
these children did not show further defi cits in lung func-
tion growth with age, and by age 42 their position relative 
to subjects with milder symptoms or with no asthma was 
substantially unchanged. A similar pattern of relatively sta-
ble lung function growth was observed for patients with 
mild asthma who had shown loss of lung function at enroll-
ment, albeit much less pronounced than persons with severe 
asthma. Similarly, in the Dunedin study children with per-
sistent wheezing had consistently lower values of the FEV 1 /
FVC ratio from age 9 up to age 26, as compared with con-
trols. Th e mean defi cit was almost 7%, but no signifi cant 
diff erences in the slopes of change in the FEV 1 /FVC ratio 
were found between persistent wheezers and controls. Th us, 
persistent wheezers had decreased values of FEV 1 /FVC, but 
not steeper slopes of decline. Th ese fi ndings are very rele-
vant for our understanding of the natural history of COPD, 
and will be discussed in more detail below. 

   Th e potential role of bronchial hyperresponsiveness in 
school age has been explored in two of the above referenced 
cohorts. In the Dunedin study, the presence at 9 years of 
age of either a value of methacholine PC 20   �  8       mg/ml or 
an increase of FEV 1       �      10% from baseline in response to a 
bronchodilator was associated with fourfold increased odds 
for persistent wheezing and with almost sevenfold increased 
odds for relapse of wheezing  [7] . In that study, bronchial 
hyperresponsiveness remained signifi cantly associated with 
both outcomes after adjusting for other risk factors. In the 
Tucson Children’s Respiratory Study, we found 68% of the 
children whose asthma persisted after the onset of puberty 
to have had a positive test for bronchial hyperresponsiveness 
at age 11, as compared with only 37% of children whose 
asthma remitted during adolescence  [12] . Another interest-
ing fi nding of that study was the strong association between 
childhood obesity and persistence of asthma after the onset 
of puberty. Multiple recent reports have consistently linked 
obesity not only to persistence but also to incidence of 
asthma            [41–44] . Th e nature of this association remains at 
present not fully understood and warrants further research.  

    Relapse of asthma symptoms in patients 
whose asthma remitted in childhood 

   Little is known about prevalence and risk factors for relapses 
of asthma in adult life among subjects whose symptoms 
remitted during childhood. Taylor and colleagues found 
one-third of subjects who had childhood asthma that was in 
remission at age 18 to have relapses of the disease in young 
adulthood  [45] . In the British cohort study, a group of over 
1300 persons with a history of wheezing illnesses from 
birth to age 16 years had symptom remission by age 23. Th is 
group was 50% more likely to report wheezing at age 33 
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than those with no history of asthma or wheezy bronchitis 
during childhood  [8] . Th ese fi ndings suggest that complete 
remission of asthma in adulthood may be less common 
than previously thought and are consistent with results 
from clinical studies supporting the presence of active, 
subclinical forms of the disease among asthmatics in clini-
cal remission. In a Dutch cohort of 119 patients who were 
diagnosed with asthma during school age and re-examined 
30 years later (at age 32–42), bronchial hyperresponsiveness 
and/or reduced lung function were present among 57% of 
those who were in clinical remission as adults  [46] . Previous 
studies have shown that indicators of airway infl ammation, 
such as eosinophils and IL-5 in bronchial biopsies, eosi-
nophil percent in bronchoalveolar lavage, and exhaled nitric 
oxide levels, are higher among children and adolescents in 
clinical remission of asthma, as compared with their peer 
controls          [47–49] . Bronchial hyperresponsiveness and other 
clinical abnormalities among these apparently remitting 
asthma cases may pose these subjects at increased risk for 
obstructive lung disease in adult life and their potential role 
as determinants of COPD will be discussed below.   

    NATURAL HISTORY OF COPD 

   According to the Global Initiative for Chronic Obstructive 
Lung Disease (GOLD)  [50] , the pulmonary component 
of COPD is characterized by airfl ow limitation that is not 
fully reversible, usually progressive, and associated with 
an abnormal infl ammatory response of the lung to nox-
ious particles or gases. Th us, the natural history of COPD 
overlaps extensively with that of the level of lung function 
(usually FEV 1 , expressed as percent of predicted value in 
relation to a certain height) during adulthood. Th ree are the 
main factors that can determine the level of lung function 
achieved at any age during adult life ( Fig. 3.4   ). 

   First, the individual may either start life with a low level 
of lung function or show a signifi cant decline in lung func-
tion growth during the fi rst years of life (line  “ b ”  in  Fig. 3.4 ). 
Th e individual’s level of lung function will fall after a certain 
age, at the same rate as normal peers, but at a lower level 
overall. Th e level of lung function attained by late adoles-
cence or early adult life will thus be lower. Th rough the nor-
mal process of aging, decline in lung function will naturally 
occur, and this decline, although parallel to that occurring 
in all the population, will nevertheless predispose to the 
attainment of a level of lung function (expressed as percent-
age of normal level in early adulthood) that will be lower 
than the threshold for the expression of clinical symptoms 
of airway obstruction. 

   A second potential mechanism is that of an early 
decline in lung function occurring either at the end of ado-
lescence or in early adult life (line  “ c ”  in  Fig. 3.4 ). Again, the 
main result of such a mechanism would be the attainment 
of lower level of lung function in these individuals as com-
pared with the rest of the population. 

   A third mechanism is that of a faster rate of decline 
of lung function during adult life (line  “ d ”  in  Fig. 3.4 ). Th is 
may obviously occur both in individuals with a normal level 

of lung function at the beginning of adult life as in individ-
uals who already have a diminished level of lung function to 
begin with. 

   Th e essential determinants of the natural history of 
COPD are the rate of growth of lung function up to late 
childhood, the timing and length of the plateau phase, and 
the rate of decline of lung function during adult life. 

    Growth of lung function during childhood 

   Th e three most important determinants of growth of lung 
function during childhood are: 

      ●      the level of lung function at birth,  

      ●      the incidence of lower respiratory illnesses during the 
fi rst years of life,  

      ●      the development of persistent asthma-like symptoms 
during childhood.    

    Level of lung function at birth 

   Th e availability of lung function tests that can be performed 
shortly after birth, and which appear to show good correlation 
with more invasive tests of airway function  [52] , has allowed 
us to study the potential role of the development of the lung 
 in utero  on subsequent levels of lung and airway function 
attained by the individual. Since these methods have been 
available only for the last 25 years, it is not pos sible to deter-
mine the role of airway function in the postnatal period on 
events occurring beyond young adult life. Nevertheless, it is 
now apparent that there is quite signifi cant tracking between 
the level of lung function measured shortly after birth and 
that measured during childhood        [53, 54] , adolescence  [22] , 
and up to young adulthood  [55] . Th is may explain, at least in 
part, the strong association between lower respiratory illness 

 FIG. 3.4          Hypothetical mechanisms that may lead to a critically low level 

of lung function in adult life and to chronic airway obstruction (horizontal 

line): (a) normal growth and decline; (b) impaired lung growth with a lower 

plateau phase but a normal rate of decline compared to (a); (c) normal 

plateau with rapid initial decline in lung function and a subsequent normal 

rate of decline; (d) normal plateau with normal initial rate of decline but a 

subsequent accelerated loss in lung function. Adapted from Ref.  [51] .    
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in early life and level of lung function in late childhood and 
early adulthood (see the discussion below). 

   Th e factors that determine growth of lung and air-
ways  in utero  are only partly understood. Th e two main 
determinants of the level of lung function measured shortly 
after birth are gender and exposure to tobacco smoke prod-
ucts  in utero   [56] . Boys have been found to have consist-
ently lower maximal fl ows at functional residual capacity 
( V  max FRC) throughout the fi rst year of life in comparison 
with girls. Indeed, females have larger airway size, rela-
tive to the size of lungs and to body size, as compared with 
males both at birth and during childhood, up to the plateau 
of lung growth  [57] . However, the role of these gender dif-
ferences in infl uencing airway function and predisposing to 
obstructive lung disease is not well understood. Maternal 
smoking during pregnancy is associated with lower levels 
of  V  max FRC in both genders in comparison with unexposed 
infants  [56] . Postnatal exposure to tobacco smoke appears 
to be less important than prenatal exposure, at least in most 
developed countries  [58] . Th e eff ects of intrauterine expo-
sure to tobacco smoke products persist for the fi rst year 
of life  [56] , and even beyond the fi rst year up to the early 
a dolescent years  [59] . 

   Independent of what factors determine  in utero  lung 
growth, evidence has been accumulating that lung func-
tion at birth aff ects lung health far beyond infancy. In addi-
tion to the well-established association between reduced 
 V  max FRC shortly after birth and wheezing in the fi rst years 
of life            [18, 56, 59, 60] , recent studies have associated lung 
f unction measured in the fi rst month of life to persistent 
wheezing and asthma at 10–11 years        [54, 61] . Turner  et al . 
found wheezing at 11 years to be associated with a reduced 
mean z score for  V  max FRC at 1 month of age  [54] , whereas a 
reduced fraction of expiratory time to peak tidal expiratory 
fl ow to total expiratory time (t PTEF /t E ) as assessed 3 days 
after birth predicted asthma and bronchial hyperrespon-
siveness at age 10 years in a Norwegian birth cohort  [61] . 
Of note, in the latter study t PTEF /t E  at birth did not cor-
relate with FEV 1  or FVC at 10 years of age. Th ese fi ndings 
are complemented by results from the Tucson Children’s 
Respiratory Study, in which we found  V  max FRC measured 
at 2 month of age to correlate strongly with FEV 1  and the 
FEV 1 /FVC ratio assessed at age 11, 16, and 22 years  [55] . 
Participants in the lowest quartile for infant  V  max FRC had   
a 5% mean defi cit in the FEV 1 /FVC ratio through age 22 
compared to the upper three quartiles and this association 
was independent of wheezing and asthma status. Taken 
together, this evidence suggests that lung function at birth 
accounts for part of the lung function levels attained in 
young adult life and, in turn, may infl uence predisposition 
to subsequent obstructive lung disease.  

    Role of lower respiratory illnesses in early life 

   It has been known for decades that children who have 
lower respiratory illnesses during the fi rst years of life have 
lower levels of lung function during childhood and into 
adult life  [62] . One possible explanation for this association 
is that viral infections, which are the main etiological fac-
tor for lower respiratory illnesses in early life, may damage 
lung and airways, and this may predispose for lower levels 

of lung function  [63] . Th is hypothesis seemed attractive, 
because it suggested a potential strategy for the prevention 
of early losses in lung function that could predispose to 
COPD. However, several studies in which the techniques 
to assess lung function in infants, described earlier, were 
used showed that children who developed lower respira-
tory symptoms during viral infections in early life had 
diminished pre-illness levels of lung function          [18, 56, 59] . 
Th e hypothesis was thus suggested that lower levels of lung 
function observed after lower respiratory illnesses in early 
life could be explained by preexisting diminished lung func-
tion, the latter being therefore the link between early life 
episodes of airway obstruction and subsequent defi cits in 
lung function. 

   Unfortunately, the number of infants in whom lung 
function has been ascertained in early life and who have 
been followed for a number of years after birth is rather 
small. Th erefore, the possibility that lower respiratory ill-
nesses by themselves may alter lung and airway growth in 
groups of susceptible individuals cannot be excluded. It is 
unlikely that pre-illness lung function may explain all forms 
of infection-associated wheezing during early childhood, 
and it is legitimate to surmise that immune responses to the 
viruses themselves may also play a signifi cant role. 

   Evidence from studies in the United Kingdom would 
support the validity of both hypotheses          [64–66] . In a cohort 
of children enrolled in 1964 and reassessed in 2001 for cur-
rent lung function, smoking status, and respiratory symp-
toms, a signifi cant linear trend was found between birth 
weight and FEV 1  at age 45–50 years after adjusting for 
confounders, including smoking  [65] . Th is association was 
confi rmed by a recent meta-analysis  [66]  of eight stud-
ies reporting a pooled increase of 48       ml in FEV 1  per 1       kg 
in birth weight. As modest as this association may appear, 
these fi ndings support a direct infl uence of  in utero  growth 
on lung function in adulthood. However, another very long-
term study in England provides evidence in support of addi-
tional eff ects of childhood respiratory infections on adult 
lung function  [64] . In this study, men born between 1911 
and 1930, whose birth weights, weights at 1 year, and child-
hood respiratory illnesses were recorded in early life, were 
studied at ages 59–70 years. Death from chronic obstruc-
tive disease, FEV 1 , and respiratory symptoms were the main 
outcome variables. Th e main early life determinants of the 
level of FEV 1  in old age were birth weight and history of 
bronchitis or pneumonia in infancy, and these eff ects were 
independent of smoking habit and social class. Th ese data 
would thus suggest that both intrauterine growth (and 
presumably lung development) and lower respiratory ill-
nesses during the fi rst years of life exert independent eff ects 
on the level of lung function attained late during adult 
life, and thus may be important determinants of the risk 
of COPD.  

    Persistent asthma-like symptoms during 

childhood 

   Epidemiological evidence supports that persistent asthma-
like symptoms are a signifi cant risk factor for the devel-
opment of lower levels of lung function in childhood and 
young adult life        [7, 36]  and, in turn, may predispose to the 
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development of COPD. One proposed explanation for 
these associations has been that asthma is a progressive 
disease  [67] . It has thus been proposed that the presence of 
chronic airway infl ammation is associated with signifi cant 
lung remodeling and that the latter fosters a signifi cant 
alteration in lung growth. 

   Although some studies were able to show impair-
ment in the development of lung function in children 
with asthma        [67, 68] , the main outcome variable used in 
these studies was pre-bronchodilator lung function. Th e 
Childhood Asthma Management Program (CAMP) study 
was specifi cally designed to test the hypothesis that mild to 
moderate childhood asthma is associated with signifi cant 
deterioration in airway growth and that treatment with 
inhaled anti-infl ammatory therapy could reverse this dete-
rioration in lung function  [69] . Children aged 6–12 years 
were treated for 4–6 years with either an inhaled corticos-
teroid (budesonide), nedocromil, or a placebo. Post-bron-
chodilator FEV 1  was considered the outcome variable, 
because pre-bronchodilator FEV 1  could be aff ected by the 
degree of activity of the disease at the time of testing. Th e 
results of the study showed that, although children with 
asthma have levels of lung function that are signifi cantly 
lower than those of children without the disease at any time 
between the ages of 6 and 15, these levels do not further 
deteriorate even among subjects who are not systematically 
treated with anti-infl ammatory therapy. Moreover, system-
atic treatment with anti-infl ammatory therapy improves 
bronchial hyperresponsiveness, but is not associated with a 
signifi cant improvement in lung function with time. Based 
on these fi ndings, more recently the Prevention of Early 
Asthma in Kids (PEAK) trial was designed to determine 
whether the lack of sustained eff ects of inhaled corticoster-
oids on the natural history of childhood asthma was attrib-
utable to the initiation of the intervention too late in life. In 
fact, the PEAK trial failed to detect any long-term eff ects 
of a 2-year treatment with inhaled corticosteroids on the 
natural history of asthma in a group of high-risk preschool 
children, despite the temporary benefi cial eff ects of the 
treatment on disease symptoms and exacerbations  [70] . 

   An interpretation of these results is that, in chil-
dren with a diagnosis of asthma, most of the deterioration 
in lung function observed during the school years occurs 
early in life. Th e results of studies by our group suggest that 
children who go on to have persistent asthma-like symp-
toms during childhood start life with levels of lung func-
tion that are slightly lower than those of children who will 
not have these persistent symptoms  [71] . It is also possi-
ble that persistent childhood asthma aff ects lung function 
through mechanisms that are at least partly unrelated to 
airway infl ammation and, therefore, insensitive to corticos-
teroid treatment. Finding the answer to these questions will 
have crucial implications for the prevention of long-term 
obstructive lung disease among these children.   

    Determinants of early losses in lung 
function 

   Very little is known about the factors that determine early 
losses in lung function at the age in which the plateau level 

of lung function is reached in early adult life. Xuan  et al.  
 [72]  observed that, between the ages of 17 and 19 years, 
when growth in height had stopped, FEV 1  continued to 
grow in both males and females. However, children who 
had recent episodes of wheeze and those with evidence of 
bronchial hyperresponsiveness showed a reduced rate of 
growth in airway caliber. Unfortunately, lung function was 
not assessed after use of a bronchodilator, and it is thus not 
possible from these data to assess whether the changes are 
due to increased airway tone or to irreversible alterations 
in airway structure. In addition to active wheezing and 
bronchial hyperresponsiveness, early initiation to cigarette 
smoking has been associated with detrimental eff ects on the 
plateau level of lung function. Holberg  et al.   [73]  showed 
that, at age 16, the level of lung function achieved by males 
who had started smoking was signifi cantly lower than 
that of those who had not. No such eff ect was observed in 
females.  

    Determinants of increased slope of lung 
function decline 

   Several longitudinal studies have addressed the role of dif-
ferent intrinsic and extrinsic factors on the rate of decline 
of lung function after the plateau phase. Th e role of ciga-
rette smoking has been clearly and consistently established. 
Camilli  et al.   [74]  examined changes in FEV 1  in over 1700 
adults enrolled in a prospective study of a general popula-
tion sample. Individuals who smoked more than 10 ciga-
rettes per day had excessive rates of decline in FEV 1  as 
compared with nonsmokers. Th e excess decline of smokers 
was age dependent, particularly in men: much of the excess 
loss of lung function occurred between 50 and 70 years of 
age. Interestingly, ex-smokers showed declines in FEV 1  val-
ues that were similar to those of nonsmokers. Th e authors 
also examined the eff ect of quitting smoking on the decline 
of FEV 1 . In subjects younger than 35 years, quitting smok-
ing during follow-up was associated with an actual increase 
in FEV 1 . In men above 50 years, smoking cessation early in 
the study led to a return to normal rate of functional decline 
during follow-up. In addition to cigarette smoking, exposure 
to other toxic gases and particles – including environmental 
tobacco smoke, indoor and outdoor pollution, occupational 
dust, gases, and fumes – has been consistently associated 
with COPD and a steeper decline of lung function        [75, 76] . 

   However, the observation that only a more  [77]  or less 
 [78]  sizable fraction of smokers develop COPD strongly 
suggests the existence of intrinsic factors that can modify 
the eff ect of smoking and other deleterious exposures on 
the rate of decline of lung function. Bronchial hyperre-
sponsiveness has been long hypothesized to be one of these 
factors        [79, 80] . Indeed, bronchial hyperresponsiveness has 
been consistently shown to be a strong and independent 
risk factor for accelerated decline of lung function in pro-
spective studies among smokers with early COPD as well 
as asymptomatic individuals          [81–83] . Findings from these 
epidemiological studies have been confi rmed in the clinical 
setting. For instance, Postma and coworkers  [84]  assessed 
the course of lung function after 2–21 years of follow-up 
in 81 nonallergic patients with considerable lung function 
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impairment ( � 55% FEV 1 /FVC ratio) at the beginning of 
the study. Th ey reported that a more favorable rate of change 
in FEV 1  was not only associated with fewer pack-years of 
smoking but also with less nonspecifi c bronchial hyperreac-
tivity and a higher degree of reversibility of airfl ow obstruc-
tion. Th ese eff ects were independent of baseline FEV 1  value, 
both in smokers and in ex-smokers. Whether the association 
between bronchial hyperresponsiveness and decline in lung 
function is the consequence of an ongoing COPD-related 
infl ammatory process and to what extent this infl ammatory 
process diff ers from that associated with bronchial hyperre-
sponsiveness in asthma remain at present open questions. 

   Airway infl ammation and its structural  sequelae  may 
be also involved in the causal mechanisms linking acceler-
ated decline of lung function in smokers with two other risk 
factors: chronic bronchitis (i.e. chronic cough and phlegm) 
and lower airway colonization/infection. Although the pre-
dictive value of chronic bronchitis for the development of 
COPD remains somewhat controversial        [85, 86] , this phe-
notype has been consistently associated with steeper rates of 
FEV 1  decline        [87, 88] . It has been suggested that the clini-
cal impact of chronic bronchitis may be dependent upon 
the stage of COPD, with this phenotype having stronger 
eff ects on the severe forms of COPD when lower airways 
become colonized and/or infected  [89] . Acute exacerbations 
and lower airway colonization are strongly associated with 
decline of lung function among smokers and patients with 
COPD. In a prospective study  [90] , patients with frequent 
exacerbations (mean number of episodes per year  � 2.9) had 
a signifi cantly faster decline of FEV 1  than infrequent exac-
erbators. Lower respiratory illnesses had a similar deleteri-
ous eff ect on decline of FEV 1  over 5 years among smokers 
in the Lung Health Study  [91] . 

   Of note, airway infections may also aff ect lung func-
tion decline through mechanisms that are independent of 
(and may indeed precede) the presence of COPD. Burrows 
and coworkers reported that smokers who recalled a history 
of  “ respiratory trouble ”  before 16 years of age had signifi -
cantly steeper rates of decline in lung function as compared 
with those with no such history  [92] . Th is eff ect was inde-
pendent of a current or past diagnosis of asthma. It thus 
appears that intrinsic factors that modify the eff ects of 
smoking may be related to events occurring during the fi rst 
years of life. Th is conclusion is compatible with the obser-
vation by Barker and coworkers quoted earlier  [64] , that 
elderly individuals with a history of lower respiratory illness 
early in life were more likely to have lower levels of lung 
function than those with no such history. 

   Although it is not well established how the eff ects of 
these intrinsic and extrinsic factors on the rate of decline 
of lung function are modulated, genetics are likely to play a 
major role. In the large cohort of the Tucson Epidemiological 
Study of Airway Obstructive Disease (TESAOD), our 
group observed signifi cant intra-family correlation in the 
rate of decline of lung function within smokers  [93] , sug-
gesting that these rates of decline have an important genetic 
component. However, the identifi cation of the genetic com-
ponents of COPD, as well as of those of asthma, is proving 
a challenging task and at present defi ciency of  α 1-antit-
rypsin remains the only established genetic risk factor for 
this disease.   

    INTERSECTION OF THE NATURAL HISTORY OF 
ASTHMA AND COPD 

   It is not uncommon in the clinical setting to observe 
patients with asthma showing COPD-like phenotypes, 
and  vice versa . Consistently, it has been long known that 
diagnoses of asthma, chronic bronchitis, and emphysema 
are frequently associated at the population level  [2] . Th is 
evidence indicates that the natural history of asthma and 
COPD can converge in some cases during adult life. A pos-
sible explanation for these observations is that a signifi cant 
proportion of cases with severe and/or persistent asthma can 
develop in the long-term COPD-like phenotypes. Support 
for this contention is provided by another report from the 
TESAOD study  [19] , in which adult subjects with active 
asthma were found to have a 12 times higher risk of acquir-
ing a diagnosis of COPD over time than subjects with no 
asthma, after adjusting for covariates including smoking. 

   Since chronic airfl ow limitation is the central hall-
mark of COPD, much attention has been paid to under-
stand the natural history of lung function of patients who 
develop COPD as a  sequela  of asthma. Much like for indi-
viduals from the general population ( Fig. 3.4 ), in patients 
with asthma FEV 1  defi cits can develop mainly as a result 
of either lower FEV 1  levels at the beginning of adult age 
or an accelerated FEV 1  decline during adulthood  [51] . 
Interestingly, most birth cohort studies – including the 
Dunedin Multidisciplinary Health and Development Study 
 [7] , the Melbourne Asthma Study  [36] , and the British 
1958 Birth Cohort  [94]  – have shown that, in a s ignifi cant 
proportion of cases of persistent childhood asthma, lung 
function defi cits are established before the early adult years, 
and track over time. Th ese fi ndings, together with the obser-
vation that, among children who start life with low levels 
of lung function, expiratory fl ows remain lower than those 
of their peers throughout childhood and adolescence  [22] , 
point toward the importance of early events in aff ecting 
lung growth and/or airway remodeling in childhood and, in 
turn, in infl uencing early predisposition to COPD. As for 
the second potential mechanism of lung function impair-
ment (i.e. accelerated decline of lung function) in asthmat-
ics, prospective cohort studies on adult populations have 
provided somewhat inconsistent fi ndings. In the Busselton 
Health Study  [95]  and in the Copenhagen City Heart 
Study  [96] , asthmatics showed both initial FEV 1  defi cits 
at age 20 years and an increased slope of FEV 1  decline in 
adulthood. However, the increase in FEV 1  decline associ-
ated with asthma was only 4       ml/year in the Busselton Study. 

   A possible reconciliation for these inconsistent results 
is provided by a recent study from the TESAOD cohort  . 
We identifi ed adult participants who had FEV 1 /FVC ratio 
consistently lower than 70% (as a hallmark of persistent air-
fl ow limitation) and compared the natural history of their 
lung function based on the presence of asthma. Patients 
with asthma accounted for about one-third of all cases of 
persistent airfl ow limitation. Persistent airfl ow limitation 
was strongly associated with smoking among nonasthmat-
ics and with eosinophilia among subjects who had asthma 
onset  �  25 years. Most importantly, the natural course of 
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lung function diff ered substantially between the two groups 
( Fig. 3.5   ), with subjects with asthma onset  �  25 years 
having lower FEV 1  levels at age 25 but not steeper FEV 1  
decline in adulthood as compared with expected values 
from healthy controls. In contrast, subjects who developed 
persistent airfl ow limitation but had no asthma showed only 
moderate FEV 1  defi cits at age 25 years but had greater than 
expected FEV 1  loss between age 25 and 75. Interestingly, 
the natural course of lung function of subjects who had 
adult-onset asthma (after age 25 years) included both mod-
erate FEV 1  defi cits in young adulthood and accelerated 
FEV 1  decline thereafter. 

   Taken together, fi ndings from this and previous stud-
ies suggest that: (1) asthma accounts for a sizable fraction 
of COPD cases at the population level; (2) while develop-
ment of traditional COPD is strongly associated with expo-
sure to noxious agents (e.g. cigarette smoking), patients with 
asthma may develop persistent airfl ow limitation through 
pathways that are independent of smoking and related to 
allergic and eosinophilic infl ammation; (3) among sub-
jects who had severe and/or persistent asthma in childhood 
s ignifi cant defi cits in lung function are already present in 
early adult life; (4) during adulthood accelerated decline of 
FEV 1  might be present for subgroups of asthmatics, but this 
accelerated decline is likely to account for a limited propor-
tion of the asthma-related defi cits in lung function up to 
mid-adult life; (5) childhood versus adult-onset asthma may 
be associated with a diff erent natural history of lung func-
tion that might explain part of the inconsistencies of results 
on FEV 1  decline in asthmatics across diff erent studies. 

   Th e implications of these conclusions for prevention 
and treatment are crucial because they indicate that the tim-
ing and nature of prevention strategies for COPD-like phe-
notypes need to be diff erent for subjects with and without 
asthma. While smoking prevention and cessation is vital 
against inception of traditional COPD, any intervention to 
prevent development of persistent airfl ow limitation among 
patients with childhood asthma will need to target these 
patients before they enter adult life because by then the bulk 

of their lung function impairment is already established. 
Similarly, the diff erent trajectories by which patients with 
traditional COPD and patients with asthma may develop 
chronic airfl ow limitation in their adult life support the phe-
notypic heterogeneity that has emerged from clinical stud-
ies on these two groups  [97] . Future research is required to 
determine whether multiple functional, morphological, and 
immunological assessments can be developed to capture the 
heterogeneity of these diseases and to identify optimal pre-
vention and treatment strategies for these patients.   
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C H A P T E R

          

     Genetics of Asthma and COPD 

    INTRODUCTION 

   It is now a well-established fact that genetic fac-
tors contribute to the development of asthma and 
chronic obstructive pulmonary disease (COPD). 
Th is chapter sets out the current knowledge 
focusing on the heritability of asthma and 
COPD and the genes found by positional clon-
ing and association studies. It also focuses on par-
ticular genes to provide insight into the current 
knowledge on genetic approaches to understand-
ing diseases like asthma and COPD.  

    HERITABILITY OF ASTHMA AND COPD 

   It has been known for centuries that asthma 
clusters in families (familial aggregation). 

   Th e fi rst segregation studies in families 
with an asthmatic proband already showed that 
no single-gene accounts for a major part of the 
expression of the disease. A polygenic model 
with some evidence of oligogenic loci (i.e. a 
handful of loci being responsible for most of 
the genetic control) provided the best fi t to the 
data  [1] . 

   For COPD, a role for genetic factors has 
been less obvious, because cigarette smoking 
is such a major environmental risk factor. Th e 
identifi cation of alpha 1-antitrypsin (AAT) 
defi ciency in the 1960s proved that genes could 
infl uence COPD susceptibility  [2] . AAT defi -
ciency is largely caused by homozygosity for 
the Z allele (PI ZZ) at the SERPINA1 locus, 
although multiple other rare defi ciency alle-
les have been identifi ed. PI ZZ subjects are at 
markedly increased risk for COPD, especially 

if they smoke cigarettes. However, the develop-
ment of COPD among PI ZZ subjects is highly 
variable, and environmental, developmental, and 
genetic factors likely contribute to this variabil-
ity. DeMeo and colleagues recently confi rmed 
that male gender and asthma (especially in 
childhood), as well as cigarette smoking, are risk 
factors for COPD in PI ZZ subjects  [3] . 

   Evidence that COPD unrelated to AAT 
defi ciency is also infl uenced by genetic factors 
has been provided by many familial aggregation 
studies. Pulmonary function levels in the general 
population cluster in families  [4] . Moreover, stud-
ies of relatives of COPD subjects have confi rmed 
familial aggregation of COPD, probably related 
to gene-by-smoking interactions. Silverman and 
colleagues found that fi rst-degree relatives of 
severe, early-onset COPD subjects who smoke, 
had an approximately threefold increased risk 
of airfl ow obstruction and chronic bronchitis 
 [5] ; nonsmoking relatives had increased risk for 
abnormalities in sensitive spirometric measures 
such as FEF25-75 but not for severe airfl ow 
obstruction  [6] . McCloskey and colleagues con-
fi rmed that COPD showed familial aggregation, 
which was only apparent in smokers  [7] . Multiple 
genes likely contribute to the susceptibility for 
COPD and its phenotypic expression. 

   In the studies of the heritability of asthma 
and COPD, the absence of unambiguous crite-
ria for their diagnosis and the fact that asthma 
and COPD are not one disease entity but are 
both heterogeneous diseases, for example 
COPD can encompass both chronic bronchitis 
and emphysema and the latter occurs homoge-
neously or locally in the lung, have been major 
obstacles to pinpointing the exact polymor-
phisms in genes contributing to disease devel-
opment. Another explanation for the failure to 
identify loci may lie in the genetic component 
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of the disease. For instance, diff erent genes can be involved 
in the same phenotype (genetic heterogeneity) or the 
same genotype may result in diff erent phenotypes (pleiot-
ropy). Mutated genes do not always express the phenotype 
(incomplete penetrance) and vice versa. Th e specifi c phe-
notype under study can be expressed without the genetic 
mutation (phenocopy).  

    ASSESSING GENES FOR ASTHMA AND COPD 

   Th e human genome consists of approximately 3 billion base 
pairs. Th e sequence of the whole human genome has recently 
been published  [8] . Th e genetic distances are expressed in 
centiMorgans (cM). One cM is about 100,000 base pairs on 
a physical map and corresponds to 1% recombination during 
meiosis. Th is means that one crossing-over event between 
two loci that are one cM apart occurs in every hundred 
meioses. Th e estimation of the total number of genes in the 
human genome is about 20,000  [9] . Most genes in the pop-
ulation have multiple locations where more than one variant 
is commonly found; the variants at these polymorphic loca-
tions are known as alleles. Only a minority of human DNA 
is responsible for the coding for a biological product. 

   Th e main strategies to identify susceptibility genes are 
positional cloning and the candidate gene approach. 

    Positional cloning  starts with the investigation of 
families without a predetermined hypothesis regarding the 
location or identity of the underlying susceptibility gene or 
genes. Markers are randomly spaced throughout the entire 
genome and tested for linkage (i.e. coinheritance) with a 
disease phenotype. After the fi nding of linkage between a 
particular marker and a phenotype, further fi ne spaced typ-
ing of genetic markers (fi ne mapping) is required to pin-
point the exact gene causing the linkage. Th e approach is 
time consuming, as in-depth analysis of a particular region 
of linkage that still can cover a large part of a chromosome, 
requires considerable molecular analysis. 

   An alternative approach is to select candidate genes 
that putatively contribute to the underlying pathological 
process of the disease. Th e gene is screened for polymor-
phisms, which are tested for association with the disease 
or phenotype in question. Th e results can be interpreted in 
three ways, as shown in  Box 4.1   . 

   Replication of any genetic study is required to exclude 
spurious fi ndings especially if multiple genes are involved in 
the disease process, like in asthma and COPD. 

   Candidate genes of unknown function or unknown 
role in disease pathogenesis can also be selected for genetic 
analysis based on their diff erential expression in diseased 
versus normal tissue        [10, 11] . Another approach is to select 
a gene that is a proven cause of a monogenic syndrome 
that has the disease of interest as a component of its syn-
drome constellation. Th e hypothesis that can be tested is 
that mutations in the gene with a milder functional eff ect 
can contribute to the development of a complex genetic 
disorder in the general population. Th e gene  SPINK5  that 
encodes the serine protease inhibitor LEKTI on chromo-
some 5q32 as the cause of Netherton syndrome is such an 
example  [12] . Netherton syndrome is a severe autosomal 
recessive disorder with a congenital skin disease associ-
ated with defective cornifi cation and severe atopic mani-
festations. A common coding polymorphism of  SPINK5,  
E420K, has been shown to be associated with atopy and 
atopic dermatitis in two independent family cohorts  [13] , 
although replication attempts have had varying success        [14, 
15] . In COPD, cutis laxa is a rare dermatological syndrome 
related to abnormal connective tissue elasticity; some cases 
are caused by mutations in the distal part of the elastin 
(ELN) gene. Emphysema often occurs in cutis laxa at a very 
early age. Kelleher and colleagues found a rare mutation 
in the fi rst base of the last exon of ELN in an early-onset 
COPD subject  [16] . Th is variant, which was not a private 
mutation in that pedigree, interfered with the assembly of 
the elastic fi ber, changed the proteolytic pattern of the ELN 
protein, and altered cellular adhesion of the ELN molecule. 
Th us, in both asthma and COPD, the assessment of can-
didate genes from monogenic syndromes has led to some 
insights into the disease etiology. 

   Both the positional cloning and the candidate gene 
approaches have their own limitations. Population associa-
tion between a disease and a genetic marker can arise as an 
artifact of the population structure. Linkage studies with 
modest numbers of aff ected sib pairs may be underpowered 
and fail to detect linkage, especially if there is genetic het-
erogeneity. Furthermore, although linkage analysis has been 
successful to identify genes underlying single-gene disor-
ders, in complex diseases it is frequently very diffi  cult to 
suffi  ciently narrow a region of linkage to just a single gene. 
Nevertheless positional cloning in asthma has identifi ed 
some genes. 

   A truly comprehensive genetic association study must 
consider all putative causal alleles in a gene of interest or 
in the entire human genome if resources are available. Until 
recently, this was practically impossible. With the comple-
tion of the International HapMap Project  [17] , it is now 

   Box 4.1.             POTENTIAL CAUSES OF GENOTYPE–PHENOTYPE ASSOCIATION      

        1.     Th e trait of interest is due to a genotyped variant in the candidate gene.  

    2.     Th e trait is determined by one or more genetic variants in linkage disequilibrium with a genotyped variant; that is, a 
genotyped variant is very close to the disease gene.  

    3.     Th e association is the result of population admixture, that is, a certain trait has a higher prevalence in a specifi c ethnic 
subgroup within a mixed population. Any allele with a higher frequency within this subgroup will show association 
with the trait.      
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possible to target a large proportion of the genetic variation 
across the genome, either directly or indirectly (via LD). 
HapMap is a freely available reference panel of genotype 
data from diff erent worldwide populations ( http://www.
hapmap.org ). Th is resource can be used to guide the design 
of disease association studies and prioritization of single 
nucleotide polymorphism (SNP) genotyping assays. With 
this dataset, it is possible to study genetic variants for any 
locus of interest. Th e HapMap dataset has clearly demon-
strated the existence of correlations between nearby variants. 
By taking advantage of these correlations, one can select 
informative SNPs (tagging SNPs) that provide information 
about neighboring variants that are not genotyped. Only a 
small fraction of SNPs need to be genotyped to capture the 
full information in a specifi c region. If a causal variant is not 
genotyped, its eff ect can be indirectly tested with the corre-
lated tag SNP that has been genotyped. 

   Th e single-gene approach described earlier can also 
be extended to the entire genome. Genome-wide asso-
ciation scans are emerging as powerful tools to identify 
genes involved in complex diseases. On the basis of phase 
I HapMap data, it was shown that approximately 250,000–
500,000 SNPs are required to capture all common SNPs 
in human populations. Although these numbers appear 
impressive, current technologies can evaluate 1,000,000 
SNPs simultaneously        [18, 19] . By selecting SNPs properly, 
we can now interrogate the entire genome in one assay. Th is 
allows us to undertake genome-wide association studies, 
combining the fi ne mapping and power of association anal-
ysis and the ease of case–control cohort recruitment with 
a genome-wide hypothesis–independent approach. Th ese 
promising tools will certainly have a major impact on our 
understanding of the genetic basis of complex diseases such 
as asthma and COPD. Genome-wide association stud-
ies have already led to important and novel insights into 
the genetic architecture of a rapidly expanding list of com-
plex diseases, including age-related macular degeneration 
and adult-onset diabetes mellitus        [20, 21] . Although not 
yet reported in COPD, Moff att and colleagues have per-
formed a genome-wide association analysis in asthma  [22] . 
Th ey identifi ed a region of highly signifi cant association to 
asthma on chromosome 17q, which was replicated in sev-
eral other study populations. Using microarray gene expres-
sion data, they observed that the expression of one of the 
genes in that region, ORMDL3, was strongly associated 
with the same SNPs that were associated with asthma –
 suggesting that asthma susceptibility is related to ORMDL3 
gene expression.  

    LINKAGE ANALYSIS OF ASTHMA AND COPD 

   Linkage analysis includes a group of genetic epidemiologi-
cal methods that are used to identify chromosomal regions 
that are likely to contain one or more genetic determinants 
infl uencing a phenotype of interest. A panel of genetic 
markers is genotyped within family units, which can be 
as small as sib pairs or as large as extended pedigrees, and 

the linkage between the markers and a hypothetical disease 
susceptibility locus is determined. Th e evidence for linkage 
is often expressed as an LOD score, which is the logarithm 
to the base 10 of the odds for linkage. Depending on the 
study design, LOD scores above 3.3 (for extended pedi-
grees) or 3.6 (for sib pairs) correspond to signifi cant linkage 
 [23] . Although the location of genes for classic Mendelian 
disorders can usually be determined quite accurately by 
linkage analysis, the locations of complex disease suscepti-
bility loci are typically less precisely localized due to genetic 
heterogeneity, incomplete penetrance, and environmental 
phenocopies. Linkage can be assessed for quantitative phe-
notypes as well as disease aff ection status. 

   A large number of genome scan linkage studies have 
been performed in asthma, which were summarized by 
Celedon and colleagues  [24] . Based on follow-up studies 
after linkage analyses, six potential susceptibility genes for 
asthma have been reported using positional cloning                [25–30] . 
Th e only published genome scan linkage studies in COPD 
have been performed in the Boston Early-Onset COPD 
Study, implicating chromosomes 2q, 12p, and 19q as likely 
locations of COPD susceptibility genes        [31, 32] . Of interest, 
a linkage study of spirometric phenotypes in a set of families 
unselected for respiratory disease identifi ed chromosome 
2q, a location of signifi cant linkage to COPD, and chromo-
some 5q, a location of signifi cant linkage to asthma, as likely 
locations for genetic infl uences on FEV 1 /FVC in the gen-
eral population  [33] . In an adjacent region on chromosome 
2q, Postma and colleagues found signifi cant evidence for 
linkage to FEV 1 /VC in families ascertained through asth-
matic probands  [34] . Th us, there may be genetic infl uences 
on asthma, COPD, and pulmonary function in the general 
population located within chromosome 2q.  

    ASSOCIATION STUDIES IN ASTHMA AND COPD 

   A large number of SNPs in the promoters and coding 
regions of a wide range of candidate genes have been exam-
ined for genetic association in asthma. Th ere are now over 
500 studies that have examined polymorphisms in over 200 
genes for association with atopy and allergic disease pheno-
types          [35–37] . Th ese studies have provided us with increas-
ing insight into genetic susceptibility to asthma, the role of 
gene–environment interaction and the role of genetic varia-
tion in inter-individual response to treatment. 

   In this part we will focus on fi ve of the candidate genes 
that have the best evidence for involvement in asthma sus-
ceptibility (Table 4.1); these genes have been identifi ed in 
various ways, including positional cloning ( ADAM33 ) and 
positional and/or biological candidates ( IL-13, IL-4, IL-4R, 
CD-14 ). We will also review an example from asthma phar-
macogenetics ( ADRB2 ). 

   Subsequently, we will consider fi ve of the COPD 
candidate genes with the strongest evidence for associa-
tion to COPD susceptibility, including positional candi-
dates ( TGFB1 and SERPINE2 ) and biological candidates 
( GSTP1, EPHX1, and SOD3 ) ( Table 4.2   )  .  

http://www.hapmap.org
http://www.hapmap.org
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    ASTHMA GENETIC ASSOCIATION STUDIES 

    Gene found by positional cloning: ADAM33 

    ADAM33  was discovered by positional cloning in 460 
Caucasian families from the US and UK on chromosome 
20p. It was associated with asthma, specifi cally when bron-
chial hyperresponsiveness (BHR) was present, and there 
were variations in total and as well as specifi c IgE levels 

 TABLE 4.1          Summary of positive and negative association studies in the genes  ADAM33 ,  IL-3 ,  IL-4 , and  IL-4R α   with asthma and its related phenotypes.  

   Gene 

 Studies supporting 

association 

 Studies refuting 

association  Comments 

   A disintegrin and 

metalloprotease 

33  (ADAM33)  

    

  [25]  Caucasian   [38]  Puerto Rican, 

Mexican 

  

  [39]  African Americans, 

Caucasian, Hispanic, Dutch 

  [40]   Raby children 

      [41]  Japanese   [42]  Chinese  Cheng allergic rhinitis 

     [43] )   Korean   [44]  German  Schedel children. Positive and negative associations with various phenotypes 

      [45]  Caucasian    Jongepier association with FEV 1  decline 

      [46]  Caucasian     
      [47]  Caucasian    Simpson low lung function in children 

      [48]      
      [49]  Japanese    Noguchi children 

    IL-13, IL-4, IL-4R    [50]   [51]  Celedon IL-13 83 trios children

Deichmann IL-13     �     , IL-4R �  

      [52]     IL-13 �  

      [53]     IL-13 �  

      [54]     IL-13      �      Children 

      [55]     IL-13      �      Children 

      [56]     IL-4R      �     /IL-4−Children 

      [57]     IL-13      � /IL-4R− 

      [56]     IL-4R �  

      [53]     IL-13 �  

      [58]     IL-13     �     , IL-4     �      Interaction �  

      [59]     IL-13     �      Children 

      [60]     IL-13 �  

      [61]     IL-4R �  

      [62]     IL-13     �     /IL-4R �  Interaction �  

      [63]     IL-13     �      Children 

      [64]     IL-13     � /IL-4 �      Children 

      [65]     IL-13     �     /Il-4/IL-4R Children, Interaction− 

      [66]     IL-4     �     /IL-4R     �      Interaction− 

      [67]     IL-13     �      Children 

     [68)      IL-4     � / IL-4R     �      Children 

     [69]      Children 

      [70]     IL-13 �  

      [71]      
      [72]     IL-13     �     /IL-4     �     /IL-4R � Interaction �      Children 

      [73]     IL-4R/IL-13 Interaction      �      Children 

      [74]     IL-13     �      Children 

  SNPs in the IL13/IL4 pathway have been reported as single gene association. When interaction was present, this has been assigned as interaction       � ,   and when interaction was 

absent, this has been assigned as interaction �.

 [25] . Multiple SNPs within  ADAM33  were signifi cantly 
associated with asthma and BHR in a US or UK popula-
tion, or with these two populations combined. Th e nomen-
clature typically used for ADAM33 SNPs is unusual; the 
exons have been assigned sequential letters, and the SNPs 
have been sequentially numbered within each exon (e.g. S_2 
is the second SNP in exon S). SNPs occurring in the intron 
before an exon are designated with a minus sign (e.g. Q-1
is an intronic SNP before exon Q), and SNPs occurring in 
an intron immediately after an exon are designated with 
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a plus sign (e.g. F      �      1 is an intronic SNP after exon F). 
Th e majority of associated SNPs were located in the 3 
  
half of the gene, extending from exon Q to the last exon, 
exon V. Subsequently, there have been a large number of 
case–control and family-based association studies focused 
on  ADAM33 , with the majority                  [39, 43, 45, 46, 48, 49, 82]  
but not all            [38, 40, 42, 44] , confi rming the original fi nding 
( Table 4.1 ). For example, the Collaborative Study on the 
Genetics of Asthma, comprising eight US genetic cent-
ers, demonstrated positive association between SNPs in 
 ADAM33  and asthma as well as BHR in African-American, 
Hispanic, and white populations  [39] . In a further study 
involving 1299 asthma cases, 1665 control subjects, and 
4561 family members, Blakey and colleagues  [48]  applied 
a literature-based meta-analysis, which supplemented 
the database with new asthma cases from populations in 
Iceland and the United Kingdom, and demonstrated sig-
nifi cant association for 4 of the 13 SNPs tested. 

   It is well recognized that in patients with chronic per-
sistent asthma, baseline lung function declines more rapidly 
over time when compared with that of normal individuals 
 [98] . Jongepier  et al.  showed in 200 patients with chronic 
asthma who were studied annually for 25 years  [45]  that 
the rare allele of the S_2 polymorphism (minor allele fre-
quency      	      0.25) was signifi cantly associated with excess 
decline in FEV 1  over time and concluded that this variant 
of  ADAM33  was not only important in the development 
of asthma but also in disease progression, possibly related 
to enhanced airway remodeling. A further study by the 
same group investigated whether SNPs in  ADAM33  could 
also predict an accelerated FEV 1  decline at a population 

level  [99] . A total of 1390 subjects from a Dutch general
population cohort were genotyped for eight asthma-
associated SNPs. Individuals homozygous for the minor 
alleles of SNPs S_2 and Q-1 and heterozygous for the 
SNP S_1 had a signifi cantly accelerated FEV 1  decline over 
25 years follow-up of 4.9, 9.6, and 3.6       ml/year, respectively, 
when compared with the wild-type allele. A further analysis 
demonstrated a higher prevalence of the SNPs F      �      1, S_1, 
S_2, ST      �      5, and T_2 in subjects with COPD at GOLD 
(Global Initiative for Chronic Obstructive Lung Disease) 
stage II or higher. Th us, in addition to asthma, it seems that 
polymorphic variation in  ADAM33  also infl uences the rate 
of decline of lung function at a population level, which may 
then lead to COPD. Subsequently, the authors confi rmed 
the association with COPD in a second cohort  [100]  and 
interestingly found that the same ST_5 SNP was associ-
ated with the severity of BHR in COPD patients, as well 
as to the number of sputum cells and CD8 cells in bron-
chial biopsies. Th is links the increase in cells in COPD with 
hyperresponsiveness and  ADAM33 . 

   Finally, the Manchester Asthma and Allergy Study, 
a prospective cohort study of the development of asthma 
and allergies in children, investigated the relation between 
SNPs in  ADAM33  and lung function at ages 3 and 5  [47] . 
At the age of 5 years, four of the SNPs were associated 
with reduced FEV 1  (F      �      1, N      �      1, T1, and T2;  p       �      0.04). 
Linkage disequilibrium mapping of  ADAM33  pointed to 
functional SNPs lying between F      �      1 and B      �      1. 

   Taken together, these studies support the notion that 
 ADAM33  may be a gene involved in lung development 
and further remodeling over a lifetime ( Fig. 4.1   ). Th is may 

 TABLE 4.2            Summary genetic association evidence for fi ve candidate genes in COPD.  

   Gene 

 Studies supporting 

association 

 Studies refuting 

association  Comments 

   Microsomal epoxide hydrolase (EPHX1)   [75]    [76]   Yoshikawa reported association with COPD severity 

      [77]    [78]    
      [79]    [80]    
      [81]    [81]   Hersh found association in their case-control study but 

not their family study 

        [82]   Cheng reported association with COPD severity 

   Glutathione  S -transferase P1 (GSTP1)   [83]    [84]    
      [85]    [81]   He found increased risk for Val105 as opposed to Ile105 

      [86]    [82]   Cheng found increased COPD risk for combination of 

Ile105 with GSTM1 and EPHX1 variants 

   Extracellular superoxide dismutase (SOD3)   [87]

[88]  

   Arg213Gly variant has low frequency 

   Transforming growth factor beta 1 (TGFB1)   [89]    [90]    
      [91]    [92]    
      [93]      
      [94]     Van Diemen found association with COPD aff ection 

status but not FEV 1  decline 

   Serpin peptidase inhibitor, Clade E, Member 

2 (SERPINE2) 

  [95]    [96]    

      [97]      
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 FIG. 4.1           The phases of lung function growth and decline: growth, plateau 

and decline phase. In all three phases ADAM33 may contribute to the 

course of lung functions over a lifetime.    

then contribute to an accelerated loss of lung function and 
contribute as well to BHR. Given the associations with 
diff erent SNPs,  ADAM33  may have diff erential function 
inducing diff erent phenotypes in men.  

    Gene–gene interaction: 
IL-13, IL-4, and IL-4R 

   Il-13 and IL-4 are cytokines produced by Th 2 cells that are 
capable of inducing isotype class switching of B-cells to pro-
duce IgE. Th ey also share a receptor component, IL-4R α , 
which is an important factor in the development or expres-
sion of atopy and asthma. Th e IL-13 receptor consists of one 
IL-4R α  subunit and either a low-affi  nity IL-13R α 1 or a 
high-affi  nity IL-13R α 2 subunit. Th e complete receptor for 
IL-4 is composed of one IL-4R α  subunit and an IL-4R γ  
subunit, or IL-13 α  subunit ( Fig. 4.2   ). IL-4 and IL-13 are 
located on chromosome 5q and share the IL-4 receptor 
 α -chain, which is located at chromosome 16p12. 

   In  IL-13  seven frequent polymorphisms exist of 
which at least three could be of functional relevance: 
Polymorphism G2044A alters an amino acid in the protein 
domain involved with receptor binding (Arg 130Gln)  [71] . 
Th is SNP and two other polymorphisms in the promoter 
(A-1512C and C-1112T) showed association with asthma 
and IgE regulation in diff erent populations        [54, 65] . Results 

from gene expression studies and transcription factor 
binding analysis on C-1112T strongly support a functional 
role of this polymorphism in gene expression  [101] . Genetic 
variations in  IL-13  have been associated with asthma and 
related phenotypes in almost all studies that assess SNPs in 
 IL-13  ( Table 4.1 ), and this is present in ethnically diverse 
populations living in variable environmental circumstances 
                                           [50–55, 57–60, 62–65, 67, 70, 72–74, 102] . 

   In the coding region of the IL-4Ralpha gene, at least 
14 polymorphisms have been identifi ed and for some of the 
more frequent genetic variations, functional data is available. 
SNP A148G alters an amino acid in the extracellular part of 
the receptor (I50V) which leads to increased IgE produc-
tion in B cells  [102] . Polymorphisms T1432C and A1652G 
lead to amino acid changes Ser478Pro and Gln551Arg in 
the intracellular domain of the IL-4Ra chain, respectively. 
Diff erent studies have assessed the eff ect of these polymor-
phisms on atopic diseases                          [50, 56, 59, 61, 62, 64, 66, 68, 
72, 73, 103] . However, overall, the associations between 
 IL-4Ralpha  polymorphisms and the diagnosis of asthma as 
well as serum IgE levels were only minor. In 2002, Howard 
 et al.  published a combined analysis of two polymorphisms 
in the IL-4/ IL-13 pathway  [62] . In a longitudinal popula-
tion of Dutch adults with asthma, one polymorphism in the 
promoter of  IL-13  (C-1112T) and one in the  IL-4Ra  gene 
leading to an amino acid change (Ser478Pro) were assessed. 
Th e SNP in  IL-13  (C-1112T) was previously found to be 
associated with BHR in this population. Th e SNP in  IL-4Ra  
was associated with higher levels of IgE. As both traits are 
associated with asthma the authors studied interaction of 
these genes. When individuals with polymorphic alleles in 
both locations were compared to individuals with wild-type 
alleles in both locations the risk for asthma increased fi vefold. 

   Also, the interaction between the polymorphism in 
the coding region of  IL-13  (G2044A) and the promoter 
polymorphism C-589T in  IL-4  has been studied  [64] . Th e 
 IL-13  G2044A polymorphism and haplotypes consisting of 
 IL-13  G2044A and  IL-4  C-589T were associated with the 
development of atopy and atopic dermatitis. As children in 
this analysis were only followed up to the age of 24 months, 
no information on asthma was available. 

   Th ree polymorphisms in the  IL-4 receptor alpha  gene 
(Arg551Glu, Ile50Val, and Pro478Ser) have been  investigated 
in combination with a promoter polymorphism in the  IL-4  
gene (C-589T)  [68] . Th e risk for asthma increased up to an 
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 FIG. 4.2            Interaction between IL4 and IL13 and their respective receptors, that have some similarities.    
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odds ratio (OR) of 1.97 (95% CI 1.07–3.71) in individuals 
with the Arg allele at position 551 while the other two SNPs 
in the  IL-4Ra  gene did not show any signifi cant eff ects. Th e 
combination of the  IL-4Ralpha  Arg allele with the IL-4 
589T allele increased the OR to 3.70 (95% CI      	      1.07 –
12.78). Th is study extends the initial fi ndings by Howard in 
the sense that a second combination of genes seems to inter-
act in the IL-4/ IL-13 pathway. In a similar British study, 
two polymorphisms in the  IL-4Ra  gene (Arg551Glu and 
Ile50Val, respectively) and two in the  IL-4  gene (the highly 
linked SNPs C-589T and C-33T, respectively) were ana-
lyzed concomitantly. While transmission disequilibrium tests 
and haplotype analysis showed signifi cant associations with 
asthma for both genes individually, the authors state that no 
interaction between the two genes was observed. However, 
no data and no information on how interaction was tested, is 
provided  [66] . 

   Other researchers also failed to replicate interactions 
between polymorphisms in the IL-4/IL-13 pathway. Liu 
 et al.  investigated six polymorphisms in  IL-4 ,  IL-13 , and 
 IL-4Ra  in almost 1000 children who were followed from 
birth. Th e eff ects of genetic variation in the IL-4/IL-13 
pathway on specifi c and total serum IgE levels were ana-
lyzed  [65] . Th e authors confi rmed a role of  IL-13  polymor-
phisms in the regulation of total and specifi c IgE, but SNPs 
in  IL-4  and  IL4-Ra  were only associated with specifi c IgE 
responses in that study population. Although the interac-
tion analysis is not shown, the authors state that no signifi -
cant interactions between polymorphisms in the three genes 
were found. A further study on  IL-4, IL-4Ra, IL-13 , and 
 IL-13Ra1  provided association of the  IL-13  G2044A poly-
morphism with asthma in two populations, without signifi -
cant interaction  [53] . In contrast, recent studies by Kabesch 
 et al.   [72]  and Chan  et al.   [73]  found signifi cant interactions 
between the genes in the IL-4/IL-13 pathway. 

   Diff erences in observations may result from small 
study population sizes and from characteristics of the popu-
lation under study, for example the diff erences due to age, 
gender, prevalence of atopy, high- and low-risk population 
and so on. Th us the fi ndings need more study. However, it is 
shown that gene–gene interaction may contribute to asthma 
and atopy development. Analyses of genes in pathways that 
are relevant to atopy, asthma and or its subphenotypes like 
BHR need further attention.  

    Gene–environment interaction: CD14 

   Innate immunity genes provide the interface between the 
immune system and microbial products. Many microbes 
have specifi c pattern molecules on their surfaces and these 
molecules interact with pattern-recognition receptors. 
CD14 is such a receptor. CD14 is part of the receptor com-
plex for lipopolysaccharide (LPS, endotoxin) together with 
toll-like receptors (TLR) 2 and 4. CD14 does not have a 
transmembrane domain and thus does not signal itself but 
contributes to the affi  nity of the interaction between the 
microbial products and TLRs by formation of a receptor 
complex. Downstream eff ects include the upregulation of 
accessory molecules and release of cytokines, such as IL-10 
and IL-12. Th ese cytokines are potentially important in 

directing the adaptive immune response. Th e CD14 gene 
contains several SNPs, the most important one being the 
CD14/-159 (also called CD14/-260). Functional genomic 
studies showed that monocytic cells with the T allele are 
transcriptionally more active  [103] . 

   Th e initial study by Baldini  et al.   [104]  demonstrated 
that the C-159T polymorphism was associated with elevated 
soluble CD14 levels, and reduced total serum IgE levels in 
children who were skin prick test positive to common aeroal-
lergens. Not all studies have been consistent however, rais-
ing the possibility that the level of environmental exposure 
to endotoxin may alter the eff ect of CD14 polymorphisms 
 [105] . A number of recent studies have supported this notion. 

    Endotoxin . Th e hygiene hypothesis proposes that 
microbial exposure during early life development reduces 
the development of asthma and allergic disease  [106]  and 
has been the subject of many genetic association studies 
 [107] . Th e timing, dose, and route of microbial exposures, 
such as endotoxin, are likely to interact with genetic infl u-
ences, thus altering the response to these exposures  [106] . 
Exposure to endotoxin is known to occur indoors from 
contact with house dust. In the Barbados Asthma Genetics 
Study, subjects with low house dust endotoxin exposure, 
who had the CD14-159TT genotype had a reduced risk of 
asthma whereas high exposure increased the risk of asthma 
with this genotype  [107] . Taken together, these studies pro-
vide support for an  “ endotoxin switch ”  in which there is a 
dose-dependent response to endotoxin exposure for specifi c 
risk genotypes  [108] . Exposure to endotoxin is also encoun-
tered in occupational settings such as farming. Adult farm-
ers with the CD14-159TT and -1691GG genotypes had 
signifi cantly lower lung function and increased wheezing 
compared with other genotypes, possibly due to increased 
soluble CD14 levels interacting with inhaled endotoxin 
from the agricultural environment  [103] . 

    Animal exposure . Th e type of microbial exposure 
during immune system maturation may infl uence the 
development of atopy and asthma. In children with the 
CD14-159C allele who had regular contact with pets, 
serum IgE levels were higher than with the T allele  [109] . 
Th e opposite occurred in children with regular contact with 
stable animals where the C allele was associated with lower 
IgE levels. In another study, early life farm environment and 
the CD14-159TT genotype combined to give the lowest 
risk of nasal allergies and atopy  [110] . 

    Environmental tobacco smoke . Exposure to environ-
mental tobacco smoke may increase the risk of asthma 
in susceptible individuals. In a study of Puerto Rican 
and Mexican families, people with asthma who had the 
CD14      �      1437GG or GC genotypes and exposure to envi-
ronmental tobacco smoke had a mean forced expiratory 
volume in 1       s that was lower by 8.6% of that predicted as 
compared with GG or GC   subjects that were not exposed 
to environmental tobacco smoke  [111] . In addition, people 
with asthma with the CD14-159TT genotype and expo-
sure to environmental tobacco smoke had lower serum IgE 
levels. Th e mechanism for this interaction could involve 
exposure to endotoxin found in cigarettes. Sex diff erences 
may also exist in response to tobacco smoke. Girls whose 
mothers had smoked during pregnancy or whose parents 
had asthma had lower mean soluble CD14 levels  [112] .  
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    Asthma pharmacogenetics: The 
beta 2 -adrenergic receptor 

   Th e therapeutic response to beta 2 -agonists is heterogeneous 
in asthmatic subjects  [113] , a fi nding suggested to be due 
in part to genetic variation in the beta 2 -adrenergic receptor 
gene ( ADRB2 ). A number of  ADRB2  polymorphisms have 
been described  [114] , with the greatest attention devoted to 
the SNPs causing amino acid substitutions at positions 16 
and 27, namely the Gly16Arg and the Gln27Glu polymor-
phisms        [115, 116] . Many of the early studies on the acute 
bronchodilator response to a beta-agonist diff ered substan-
tially from one another with respect to study design, type of 
agonist utilized, and primary outcome assessed        [117, 118] . 
Not surprisingly, there was marked inconsistency in results 
between trials. Subsequently, larger studies have demon-
strated that bronchodilator responses were higher and more 
rapid among Arg16 homozygotes as compared to Gly16 
homozygotes and heterozygotes        [119, 120] . 

   Th e second phenotypic outcome evaluated has been 
the potential for downregulation of beta-agonist receptor 
responsivity (tachyphylaxis) with the chronic administration 
of beta-agonists in association with  ADRB2  genetic vari-
ants. In a key study, 255 asthmatics of mild severity were 
randomized to either regular (180        μ g QID) or as-needed 
albuterol use and were assessed over a 16-week period for 
evidence of tachyphylaxis and clinical deterioration (as 
measured by fall in AM peak expiratory fl ow rate (PEF)). 
No diff erence in PEF variation was observed between treat-
ment groups  [121] . However, Arg16 homozygotes sig-
nifi cantly decreased their pre-albuterol PEF with regular 
utilization of albuterol therapy, compared to both Arg16 
homozygotes receiving as-needed albuterol and Gly16 
homozygotes in either treatment group  [121] . Th e diff er-
ence in evening PEF between these groups was 31.6  �  10.2 
l/min comparing Arg16 homozygous regular users ver-
sus Gly16 homozygous regular users ( p       	      0.002) and 
31.1  �  13.0 l/min versus the Arg16 homozygous as needed 
group ( p       	      0.02)  [122] . Similar diff erences in morning PEF 
were noted ( Fig. 4.3   ). 

    β  2 AR desensitization was further evaluated in a 
prospective, genotype-stratifi ed study of Arg16Gly on 

tr eatment-related changes in lung function. Israel  et al.  
 [123]  matched asthmatic individuals homozygous Arg/Arg 
( n       	      37) to those Gly/Gly ( n       	      41), by level of FEV 1 . Th e 
genotype-stratifi ed individuals were then randomized in a 
double-blind, cross-over study of regularly scheduled qid 
albuterol therapy versus placebo over two 16-week periods. 
Again, those with the Arg/Arg genotype had lower morn-
ing PEF versus placebo ( � 10       l/min,  p       	      0.02), while those 
with Gly/Gly had higher PEF (14       l/min,  p       	      0.02). Th e dif-
ference between Arg/Arg and Gly/Gly genotypes was sig-
nifi cant for morning PEF ( � 24       l/min,  p       	      0.0003), evening 
PEF, FEV 1 , morning symptom score, and need for rescue 
medication. 

   Further studies have focused on asthma exacerbations 
as an outcome. With regular use of both short- and long-
acting beta-agonists, presence of at least one Gly16 allele is 
protective against exacerbations  [124] . Moreover, in a meta-
analysis evaluating long-acting beta-agonist usage, subjects 
with at least one Arg allele demonstrated signifi cant decre-
ments in PC 20  when compared to placebo, suggesting that 
the downregulation of the receptor accompanying tachyph-
ylaxis may result in decreased bronchoprotection  [125] . 

   Several studies have assessed the eff ects of long-
acting beta-agonists          [126–128] . Wechsler  et al.  showed 
decreased responses to salmeterol in Arg/Arg subjects com-
pared with Gly/Gly subjects  [126] . In the Salmeterol or 
Corticosteroids (SOCS) trial, morning peak fl ow worsened 
in Arg/Arg asthmatic subjects ( n       	      12) who were treated 
with salmeterol alone after inhaled corticosteroids (ICS) 
withdrawal when compared with subjects who received 
placebo; no decrease in morning peak fl ow was observed 
in Gly/Gly subjects ( n       	      13). In the Salmeterol and/or 
Inhaled Corticosteroid (SLIC) trial, Arg/Arg ( n       	      8) asth-
matic subjects did not show a sustained improvement in 
lung function as compared with Gly/Gly ( n       	      22) subjects 
on salmeterol, regardless of whether subjects were admin-
istered concomitant ICS. As these studies were all of small 
size that may confound the outcome of the analyses, larger 
studies are required to fi rmly establish whether polymor-
phisms in the  ADRB 2 gene do aff ect the benefi cial clinical 
eff ects of long-acting beta 2 -antagonists (LABA) treatment 
when added to inhaled steroids. Th e size of the study popu-
lation is of importance, particularly given the variability of 
individual responses to pharmacotherapy both between sub-
jects and within subjects on a day-to-day basis. 

   Finally, previous studies have illustrated that rela-
tively few  ABRB2  haplotypes account for the majority of 
the haplotypic diversity of this gene, and that the frequency 
of common haplotypes diff ers between population groups 
       [115, 129] . An eff ect of  ADRB2  haplotype on acute bron-
chodilator responses to albuterol has been demonstrated in 
some studies  [128]  but not in others        [115, 130] . 

   Studies on  ADRB2  provide evidence that the gene 
is likely to be associated with bronchodilator response but 
that genetic prediction of this response may vary by eth-
nic group. Additionally, individuals homozygous for Arg16 
demonstrate signifi cant  β  2 AR desensitization and these 
individuals (approximately 15% of population) are at risk of 
clinical deterioration with the regular use of beta-agonists. 
Future studies have to assess whether this is still the case if 
patients are being treated with ICs.   

10

5

0

�5

�10

�15

�20

�25
0 5 10 15 20

Run out
Weeks after randomization

Arg/Arg-regular

Arg/Arg-as needed Gly/Gly-regular

Δ 
A

M
 P

E
F

 (
l/

m
in

)

 FIG. 4.3            Change in morning PEF (Peak Expiratory Flow) with beta-agonist 

(albuterol) treatment, according to ADRB2 genetic variants.    



4Genetics of Asthma and COPD

45

    COPD GENETIC ASSOCIATION STUDIES 

    Biological candidate gene: Microsomal 
epoxide hydrolase 

   Microsomal epoxide hydrolase is a xenobiotic enzyme that 
detoxifi es highly reactive epoxides, which are created by cig-
arette smoking. Th us, variation in the activity of this enzyme 
has been hypothesized to contribute to variable COPD 
susceptibility. In an early COPD genetic association study, 
Smith and Harrison studied two genetic variants in the 
EPHX1 gene  [75] , one of which had been reported to cause 
reduced activity of this xenobiotic enzyme (Tyr113His) 
and the other which had been reported to cause increased 
enzyme activity (His139Arg). Th ey analyzed two small case 
groups that included 68 subjects with spirometrically proven 
COPD and 94 patients with both pathologically proven 
emphysema and lung cancer. Th eir control group of 203 
blood donors was not phenotyped. Both their COPD and 
emphysema/lung cancer case groups had signifi cantly higher 
frequencies of homozygosity for the His113  “ slow ”  allele 
associated with reduced EPHX1 enzyme activity. Somewhat 
paradoxically, a higher frequency of the Arg139  “ fast ”  allele 
associated with increased EPHX1 enzyme activity was also 
found in the COPD cases compared to controls. 

   In a study of 180 former poison gas factor workers 
in Japan, followed to determine the impact of these toxic 
exposures on the development of lung disease, Yoshikawa 
and colleagues compared the distributions of the Tyr113His 
and His139Arg variants in 40 subjects with COPD 
(FEV 1       �      70% predicted) and the remaining 140 subjects 
 [76] . No signifi cant diff erences were observed in allele fre-
quencies between these groups. However, when they sub-
divided their 40 COPD cases into 20 mild (FEV 1       �      60% 
predicted) and 20 moderate/severe (FEV 1       �      60% pre-
dicted) subjects, a higher frequency of the  “ slow ”  His113 
allele was observed in the more severely aff ected subjects. 
Th us, they speculated that EPHX1 variants were associated 
with COPD severity rather than susceptibility. 

   Two other small case–control genetic association 
studies, performed in Asian populations and published in 
2000, found no association between the Tyr113His and 
His139Arg variants and COPD        [78, 80] . In a subsequent 
study of 184 COPD cases and 212 control smokers from 
Taiwan, the genotype frequencies for the Tyr113His and 
His139Arg SNPs did not diff er between the cases and 
controls  [41] . However, using the genotypes at both posi-
tions to assign two functional EPHX1 categories (slow/very 
slow versus normal/fast), did lead to a signifi cant diff erence 
between cases and controls. Moreover, homozygosity for 
the His113 allele was more prevalent in severe versus mild 
COPD cases. More recently, Brogger and colleagues stud-
ied 244 subjects meeting spirometric criteria for COPD 
and 248 control subjects  [77] . Th ey found that the His113 
variant was associated with COPD. 

   Sandford and colleagues studied the impact of haplo-
types formed by the two widely studied EPHX1 SNPs on 
rate of decline in FEV 1  among continuing smokers in the 
Lung Health Study  [79] . Th ey selected 283 subjects with the 

most rapid FEV 1  decline and 308 subjects who had no meas-
urable FEV 1  decline over 5 years. EPHX1 haplotypes were 
associated with rate of FEV 1  decline, and this association 
was more signifi cant among individuals who reported a fam-
ily history of COPD – potentially related to other COPD 
genetic risk factors, which act additively with EPHX1 or 
which interact with EPHX1 to increase COPD risk. 

   Hersh and colleagues studied a total of eight EPHX1 
SNPs, which included the two widely studied nonsynony-
mous SNPs above, in a family-based study and a case–con-
trol study  [81] . Th e family-based Boston Early-Onset 
COPD Study subjects included 127 extended pedigrees 
(949 total subjects) ascertained through a proband with 
severe, early-onset COPD; the case–control study included 
304 severe COPD subjects from the National Emphysema 
Treatment Trial (NETT) and 441 control smokers from the 
Normative Aging Study. None of the EPHX1 SNPs were 
associated with quantitative or qualitative airway obstruc-
tion phenotypes in the early-onset COPD families under an 
additive model. However, the Arg139 allele showed modest 
evidence for association to COPD in the case–control study. 

   Overall, there is reasonable but not uniformly con-
sistent evidence for association between EPHX1 SNPs and 
COPD. Th e small sample sizes of many of these studies 
could contribute to inconsistent replication. A further expla-
nation might be diff erences in ethnicities; however, another 
potential contribution to these inconsistent results is phe-
notypic heterogeneity within the COPD cases. COPD 
includes both emphysema and airway disease in varying 
proportions between diff erent subjects, and emphysema dis-
tribution also varies widely between subjects. DeMeo and 
colleagues studied emphysema distribution in 282 of the 
304 NETT Genetics Ancillary Study participants studied 
by Hersh and colleagues who had chest CT scans with den-
sitometric and radiologist assessment of emphysema sever-
ity and distribution  [131] . Th e EPHX1 His139Arg SNP 
was signifi cantly associated with emphysema distribution 
assessed by densitometry ( p       	      0.005) and by radiologist 
scoring ( p       	      0.01). To determine whether utilizing a more 
homogeneous set of COPD cases would improve the abil-
ity to detect genetic association, the association results using 
all NETT COPD cases were compared to the results using 
only 171 upper lobe predominant emphysema cases; the 
same set of 441 control subjects was used for both com-
parisons. Despite including a smaller number of COPD 
cases, the upper lobe predominant emphysema group asso-
ciation analysis indicated that the Arg139  “ fast ”  allele was 
more protective (OR 0.60 with  p       	      0.005) compared to 
the association analysis using all COPD cases (OR 0.73 
with  p       	      0.02). Th ese results suggest that phenotypic het-
erogeneity could contribute to the inconsistent replication 
of EPHX1 (and other COPD candidate gene SNPs) asso-
ciations with COPD; more comprehensive phenotyping of 
COPD cases, including chest CT scans, should be consid-
ered for future COPD genetic studies.  

    Another xenobiotic enzyme gene: GSTP1 

   Like EPHX1, glutathione  S -transferase P1 (GSTP1) 
detoxifi es oxygen radicals produced by cigarette smoke; it 



Asthma and COPD: Basic Mechanisms and Clinical Management

46

has been extensively studied as a COPD candidate gene. 
Ishii and colleagues studied two nonsynonymous SNPs in 
GSTP1 in 53 COPD cases and 50 control subjects from 
Japan  [81] . A higher frequency of Ile105 homozygotes 
at the Ile105Val SNP was observed in COPD cases (79% 
versus 52%); some evidence suggests that the Ile105 variant 
confers reduced functional activity of the GSTP1 enzyme 
 [132] . In a Korean population of 89 COPD cases and 94 
smoking controls, Yim and colleagues found no association 
of the Ile105Val SNP with COPD  [84] . In the Lung Health 
Study, He and his colleagues compared 544 subjects with 
the highest baseline FEV 1  values (mean FEV 1       	      91.8% 
predicted) to 554 subjects with the lowest baseline FEV 1  
values (mean FEV 1       	      62.6% predicted); all of these subjects 
had COPD based on reduced FEV 1 /FVC ratio  [85] . Th ey 
observed a higher frequency of Val105 homozygotes among 
the low lung function group (13.2% versus 9.3%), as well as 
a faster rate of FEV 1  decline in high lung function subjects 
who were Val105 homozygotes. 

   Th ere are multiple potential explanations for the incon-
sistent results of these previous studies, including population 
diff erences (ethnicity, COPD status), failure to analyze the 
actual functional variant in GSTP1, and small samples in sev-
eral of the studies. However, it is also possible that gene–gene 
interactions need to be considered to identify key COPD 
susceptibility genes. Studies of combinations of GSTP1 vari-
ants with other potential susceptibility genes have also been 
performed. Calikoglu and colleagues did fi nd a higher fre-
quency of Ile105 homozygotes in a male Turkish population 
of 149 COPD cases (61%) compared to 150 control subjects 
(38%)  [86] . Th ey also examined the impact of including vari-
ants in GSTT1 and GSTM1 in combination with GSTP1 
and found a markedly increased risk of COPD when a com-
bination of variants in these three genes was considered. In 
addition to EPHX1, Cheng and colleagues also studied the 
GSTP1 Ile105Val variant in their set of 184 COPD cases 
and 212 control subjects from Taiwan  [41] . Although the 
Ile105Val SNP was not associated with COPD when ana-
lyzed individually, the combination of at least one EPHX1 
 “ slow ”  allele (His113), homozygosity for the GSTM1 Null 
allele, and homozygosity for the Ile105 allele was signifi cantly 
more common in COPD cases (36%) versus controls (8.5%). 
Formal tests of interaction in large samples will be required 
to replicate these fi ndings and to determine whether these 
results represent the combination of susceptibility alleles act-
ing independently or signifi cant gene–gene interactions.  

    Association with a relatively uncommon 
allele: SOD3 

   Although genetic association studies typically analyze common 
genetic variants with allele frequencies above 10%, it is quite 
likely that less common variants contribute to the susceptibility, 
and resistance, to complex diseases like COPD. Extracellular 
superoxide dismutase (EC-SOD or SOD3) detoxifi es oxy-
gen radicals by scavenging superoxide anions. A variant in this 
gene, Arg213Gly, has been shown to have a functional eff ect 
on the processing of the EC-SOD protein, leading to substan-
tially elevated plasma levels of the pr otein  [133] . Young and 

colleagues genotyped the Arg213Gly variant in 230 COPD 
cases and 210 control smokers  [87] . Importantly, as the Gly213 
variant was hypothesized to confer resistance to COPD among 
smokers, their control subjects had normal spirometry with a 
heavy smoking history (mean pack-years      	      42). Th e allele fre-
quency of Gly213 was only 1% in the COPD cases but it was 
5% in the control smokers ( p       	      0.02). Carriers of at least one 
Gly213 allele were signifi cantly more common among controls 
than cases ( p       	      0.005). 

   In the Copenhagen City Heart Study, Juul and col-
leagues studied the Arg213Gly variant in 9258 Danish sub-
jects  [88] . Th ey confi rmed the marked eff ect of this variant 
on EC-SOD plasma levels, with mean values of 142       ng/ml 
in Arg213 homozygotes, 1278       ng/ml in Arg213/Gly213 
heterozygotes, and 4147       ng/ml in Gly213 homozygotes. 
In a multivariate model adjusting for gender, age, smoking, 
and occupational dust exposure, smokers who were hetero-
zygous (Arg213/Gly213) had substantially lower risk for 
COPD than Arg213 homozygotes (OR 0.4, with 95% CI 
0.2–0.8). Among nonsmokers, no protective eff ect of the 
Gly213 variant for COPD was observed. Only two Gly213 
homozygous subjects were identifi ed in the entire cohort. 
Th is confi rms the potentially protective eff ect of the Gly213 
allele among smokers, and it emphasizes the utility of large 
sample sizes – especially when studying relatively uncom-
mon genetic variants.  

    TGFB1: Convergence of biological and 
positional candidate gene approaches 

   Transforming growth factor beta 1 (TGFB1) is a cytokine 
that acts as a central regulator of the infl ammatory response; 
thus, it is a logical biological candidate gene for COPD. 
A potentially functional variant has been identifi ed at 
codon 10, which changes a leucine to a proline (Leu10Pro); 
individuals that carry at least one proline allele have higher 
TGFB1 mRNA in peripheral blood mononuclear cells and 
higher serum TGFB1 protein levels  [134] . Wu and col-
leagues genotyped this nonsynonymous SNP in Caucasian 
subjects from New Zealand. Th ey included 165 COPD 
cases and two control groups – 76 control smokers and 140 
unphenotyped blood donors  [89] . Th e Pro10 allele was less 
common in COPD cases (33%) than in either the blood 
donor controls (45%) or smoking controls (45%). 

   Celedon and colleagues identifi ed TGFB1 as a posi-
tional candidate gene on chromosome 19q after performing 
linkage analysis in 72 extended pedigrees (585 individuals) 
ascertained through severe, early-onset COPD probands  [91] . 
Th e initial evidence for linkage of FEV 1  to 19q was mod-
est (LOD score      	      1.40). However, genotyping additional 
short tandem repeat markers to increase the information 
available for linkage analysis, as well as performing a strati-
fi ed analysis in smokers only (to identify genomic regions 
likely infl uenced by gene-by-smoking interactions), led to 
more substantial evidence for linkage (LOD score      	      3.30). 
TGFB1 is located within the linkage region, and fi ve SNPs 
were genotyped in both Boston Early-Onset COPD Study 
pedigrees for family-based association analysis and in a set of 
304 COPD cases and 441 smoking control subjects. Th ree 
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SNPs were signifi cantly associated with COPD phenotypes 
in each population, and one SNP in the promoter region of 
TGFB1 (rs2241718) replicated in both study populations. 
Th e Leu10Pro variant was only signifi cantly associated in the 
case–control analysis, but a lower Pro10 allele frequency was 
noted in COPD cases – indicating the same directionality of 
eff ect as in the study by Wu and colleagues. 

   Following these initially supportive studies using the 
biological and positional candidate gene approaches, further 
replication eff orts of TGFB1 in COPD susceptibility have 
had mixed results. In a small study comparing 84 COPD 
cases and 97 control subjects from China, signifi cant dif-
ferences in both allele and genotype frequencies were noted 
for two TGFB1 promoter SNPs  [93] . However, association 
analysis of the Leu10Pro SNP and two promoter SNPs 
in 102 COPD cases and 159 control smokers from Korea 
showed no evidence for association  [90] . Furthermore, in 
a comparison of 283 continuing smokers with rapid FEV 1  
decline versus 307 continuing smokers with slow FEV 1  
decline in the Lung Health Study, Ogawa and colleagues 
found no association between three TGFB1 SNPs (includ-
ing the Leu10Pro SNP) and FEV 1  decline  [92] . van Diemen 
and colleagues studied three TGFB1 SNPs including one 
promoter SNP (rs1800469, C-509T), one nonsynonymous 
SNP (rs1982073, Leu10Pro), and one 3 
  untranslated region 
SNP (rs6957) in a general population sample of 1390 indi-
viduals in the Netherlands who were followed longitudinally 
for 25 years  [94] . Although they found no association of 
TGFB1 SNPs with FEV 1  decline, rs6957 was signifi cantly 
more common in 188 subjects meeting criteria for GOLD 
Stage II COPD than among the remainder of the cohort 
( p       	      0.001). Additional studies of TGFB1 in COPD will 
be required, including larger numbers of SNPs in larger 
study populations, to defi nitively confi rm or refute the role 
of TGFB1 genetic variants in COPD susceptibility.  

    SERPINE2: Integrating genomics and 
genetics in COPD 

   Although genetic linkage studies can point to chromo-
somal regions that are likely to include susceptibility genes 
for a complex disease, such regions typically contain many 
genes. In addition to the approaches of selecting a biologi-
cally plausible positional candidate gene (as for TGFB1) 
or dense genotyping of SNP markers (not yet reported for 
COPD) within linkage regions, assessment of gene expres-
sion can point to promising candidate genes that would 
not have been suspected based on our current knowledge 
of disease pathobiology. DeMeo and colleagues integrated 
gene expression microarray results from two data sets – one 
data set analyzed mouse lung development and the other 
data set compared gene expression in human lung tissue – 
for the genes located within their linkage region to airway 
obstruction on chromosome 2q  [95] . Based on these gene 
expression results, SERPINE2 (Serpin Peptidase Inhibitor, 
Clade E, Member 2) was selected as a candidate gene, and 
48 SNPs were genotyped in a family-based cohort (949 
individuals from 127 Boston Early-Onset COPD Study 
pedigrees) and a case–control cohort (304 COPD cases 
and 441 control smokers). Eighteen SERPINE2 SNPs 

were associated with airfl ow obstruction phenotypes in the
Boston Early-Onset COPD families; a SNP-by-smoking 
interaction term was included in those analyses. Five of 
these 18 SNPs demonstrated replicated associations in the 
case–control cohort. Although Chappell and colleagues 
wrote a Letter to the Editor indicating that they could not 
replicate these associations in their case–control cohort  [96] , 
Zhu and colleagues recently reported their analyses of 25 
SERPINE2 SNPs in both a family-based cohort of 1910 
subjects and a case–control cohort from Norway includ-
ing 973 COPD cases and 956 control smokers  [97] . Th e 
family-based association analysis demonstrated association 
of fi ve SNPs to COPD, with  p  values as low as 0.002. Th e 
case–control analysis only found one SNP with  p       �      0.05 
for COPD aff ection status; however, fi ve SNPs were associ-
ated with FEV 1 /FVC in COPD cases; these were the same 
fi ve SNPs associated with COPD in the family-based asso-
ciation analysis. Th us, reasonable evidence for replication 
has been found, supporting the utility of future studies of 
SERPINE2 association and function to confi rm whether it 
is a valid COPD susceptibility gene.   

    PERSPECTIVES ON GENETICS 
OF ASTHMA AND COPD 

   As demonstrated in this chapter, the research on genetics of 
asthma and COPD has become a promising new fi eld. Th e 
main goal of the industries and the research institutes is to 
fi nd the genes that increase susceptibility to develop asthma 
and COPD. 

   Both in asthma and in COPD the heterogene-
ity of the diseases with complex hereditary traits and many 
(sub)phenotypes are obstacles to fi nd the right  genetic infor-
mation easily. Although a rapidly increasing number of genes 
are being implicated in asthma and COPD pathogenesis, 
the functional variants in these genes have not been defi ni-
tively identifi ed; this is a major area requiring investigation. 
In the pathogenesis of asthma and COPD it is reasonable to 
suspect that the interactions between multiple genes and 
multiple  environmental triggers are important. Th is will 
require collaboration between many researchers combining 
their cohorts that have been carefully phenotyped for asthma 
and COPD. By combining large cohorts with systematic 
analyses of environmental risk factors, comprehensive assess-
ment of genetic polymorphisms (including genome-wide 
SNP genotyping), and genetic analysis with advanced statis-
tical techniques, we will better understand the genetic deter-
minants and heterogeneity of asthma and COPD. Hopefully 
this will lead to new treatments, intervention strategies, and 
fi nally prevention of asthma and COPD.  
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C H A P T E R

               

    Pulmonary Physiology

              INTRODUCTION 

   Asthma is an infl ammatory disease principally 
of the small airways but current understanding is 
that all the airways are involved  [1] . Th e physi-
ological manifestations of lung infl ammation are 
reversible airfl ow limitation and airfl ow limita-
tion that fl uctuates widely with time; asthma 
can also result in persistent loss of lung function. 
In contrast, airfl ow obstruction in patients with 
chronic obstructive pulmonary disease (COPD) 
presents with both reversible and irreversible air-
fl ow limitation, the latter linked to loss of static 
elastic recoil due in part to the destruction of the 
architecture of the lung. Th e airfl ow limitation 
of COPD has much less temporal or periodic 
variation over the short term but patients with 
COPD usually exhibit steady consistent losses of 
lung function over a period of years. In reality the 
clinical presentation of both COPD and asthma 
is often quite variable and the pathophysiologi-
cal data alone do not allow a defi nitive diagnosis. 
Th is confusing presentation of patients with fea-
tures of both asthma and COPD is in keeping 
with the overlap observed in the epidemiology 
of these diseases        [2, 3] . Th e focus of this chap-
ter is on the pathophysiological presentation of 
COPD and asthma and the features that distin-
guish each disease as well as the similarities. Th is 
chapter will also examine the physiological proc-
esses that characterize airways disease.  

    LUNG VOLUMES AND ELASTIC RECOIL 

    Lung volumes and capacities 

   In diseases of the airway such as asthma and 
COPD there are characteristic increases in 

v olume which distinguish these airway disor-
ders from restrictive processes of the respiratory 
system that reduce lung volumes. Lung volumes 
have important bearing on the degree of dis-
ease since increases in the residual volume (RV) 
occur relatively early even with mild airway dis-
ease whereas increases in the total lung capacity 
(TLC) are usually an indication of more severe 
or long-standing disease ( Fig. 5.1   )          [4–6].  

   Th e most useful lung volumes and capaci-
ties to measure are those that assess the physical 
limits of the lung and chest wall and defi ne the 
extremes of the vital capacity (VC); TLC and 
RV. Th e volume in the lung at end expiratory 
position, the functional residual capacity (FRC), 
is important because of the infl uence that lung 
volume has on airway caliber and in turn on 
airfl ow resistance during eupnea. TLC, FRC, 
and RV are boundary conditions of respiration 
and accordingly provide the most information 
about the capacity and function of the respira-
tory system  [6] . Assessing the changes in these 
lung volumes to evaluate disease severity and 
response to therapy allows one to distinguish 
between obstructive lung disease and restrictive 
lung disease ( Table 5.1   )        [8, 9] . 

   Obstructive lung diseases such as chronic 
bronchitis, asthma, and emphysema all result 
in increases in lung volume. An increase in 
TLC usually represents more chronic, severe 
disease, and in the case of COPD it is related 
to remodeling of the chest wall leading to the 
so-called barrel chest. Th e increase in TLC 
may have another more important role; that is 
the preservation of forced vital capacity (FVC) 
in face of a rise in RV that would then result 
in more pronounced falls in FEV 1  if the rise in 
TLC had not ameliorated the fall in FVC        [4, 
7].  Th e increase in TLC in parallel with each 
increase in RV can occur until the chest wall 
reaches some structural  “ limit ”  which probably 
varies from person to person        [7, 10]  and acutely 
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during an exacerbation of disease ( Fig. 5.1B ). Th e cause 
of the increase in TLC is unknown but the possibilities 
include either a loss of an inhibitory refl ex that activates 
the muscles of the chest wall as TLC is reduced or sim-
ple structural overdistension          [10–12] . For patients with 
COPD it would appear that the increase in TLC may 
also be due to remodeling of the chest wall and is com-
monly observed in X-ray or CT images. Assessing changes 
in FRC is of particular importance because resting lung 
volume has such an important bearing on airway caliber 
and airway smooth muscle (ASM) contractility                  [13–19] . 
Determination of FRC provides a reasonable alternative 
to the placement of an esophageal balloon to measure the 

balance of elastic forces of the respiratory system (see 
below). Increases in FRC observed in airways disease may 
represent a loss of recoil of the lung as occurs in emphysema 
or an increase in outward recoil of the chest wall. In the case 
of the latter, the inspiratory respiratory muscle in eff ect reset 
the equilibrium point of the respiratory system to a higher 
volume such as occurs during an asthma attack        [6, 20] . For 
patients with asthma or COPD, the FRC increases by sev-
eral mechanisms including persistent activity of the respira-
tory muscles  [20] , increased expiratory time constants  [20] , 
or alterations in recoil. Severe increases in FRC occur in 
patients with more severe forms of COPD because all these 
mechanisms occur in concert ( Fig. 5.2 ).  

    Elastic recoil 

   Pressure–volume (PV) relationships are used to quantita-
tively display the elastic recoil of the components of the res-
piratory system: the chest wall and the lungs. Elastic recoil 
is very important in a number of respects. First, the strength 
of the chest wall muscle when coupled to the elastic recoil of 
the chest wall and lungs serve to determine the static lung 
volumes, specifi cally the maximal excursion of the chest wall 
as assessed by TLC and RV  [6] . Second, the elastic recoil 
as infl uenced by changes in lung volume, alters intrapulmo-
nary airway caliber              [13–15, 21, 22] . Th irdly, elastic recoil is 
the most important load to smooth muscle contraction as 
changes in lung volumes have a profound eff ect on ASM 
performance        [18, 22].  Lastly, elastic recoil is the major driv-
ing force for eff ort-independent maximal airfl ow, infl uencing 
peak fl ow and in particular FEV 1         [23, 24] . 
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 FIG. 5.1          (A) The fi gure presents a trace of volume displacement as a function of time during quiet breathing followed by a maximal inspiration to TLC, the 

subject then exhales the VC until no more air exits the lung. The volume of gas remaining in the lung at this point is RV. FRC is the volume left in the lung at 

the end of each normal breath. Expiratory reserve (ERV) and inspiratory reserve volume (IRV) are as noted. The inspiratory capacity (IC) is the volume of air 

inspired from FRC to TLC and is sometimes used as a surrogate for TLC. The three boundary conditions TLC, RV, FRC provide the most useful information as to 

the functioning of the lung (see text). (B) The fi gure present the changes in lung volumes and capacities that occur with increased airway disease severity as 

during an asthma attack or during the progression of COPD. The fi rst (and last) change is usually an increase in RV (mild) as airway closure increases the RV 

continues to rise but FVC does not fall if the TLC rises in concert        [4, 7] . However, at some point in the disease process (severe) or depending on the fl exibility 

of the chest wall a structural  “ limit ”  is reached where the TLC cannot increase further. At this point the further rise in RV results in a fall in VC, FVC, and FEV 1  

(see text).      
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 TABLE 5.1          Boundaries of lung volume and physical determinants.  

   Volume or 

capacity  TLC (%)  Determinants 

   TLC: total lung 

capacity 

          ●      Respiratory muscle function  

      ●      Structural limits of chest wall distortion  

      ●      Compliance of chest wall and lung    

   FRC: function 

residual capacity 

 50         ●      Compliance of chest wall and lung  

      ●      Expiratory time constants  

      ●      Respiratory muscle activity    

   RV: residual 

volume 

 20–30         ●      Airway closure  

      ●      Adequate expiratory eff ort  

      ●       Children ( � 18 years): chest wall 

compliance    

   Note : TLC (%): total lung capacity for normal persons.  
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   Elastic recoil is diminished in all patients with 
emphysema whereas patients with asthma or the bronchitic 
form of COPD exhibit, on average, more normal recoil 
         [25–27] . A caveat is that the loss of static elastic recoil in 
asthmatic patients has been reported by several work-
ers          [27–29] . In asthma the loss in elastic recoil can occur 
acutely  [30] , and can be reversed with bronchodilator treat-
ment        [28, 31] . Unlike emphysema where the loss of elas-
tic recoil is thought to be due to microscopic destruction of 
parenchyma  [32] , these more acute losses in elastic recoil in 
some patients with asthma may relate to alterations in sur-
face tension due to extravasation of plasma proteins from 
the infl ammation or as a result of airway luminal fi brin for-
mation within the airway lumen  [33] . 

   Determination of FRC coupled with an assessment 
of the chest wall (e.g. visual inspection) allows one to assess 
the likely position of the lung PV relationship without the 
issues associated with placement of an esophageal balloon. 
For example, fi nding a low FRC in a patient that was not 
overweight or obese would indicate a restrictive process; 
whereas an increase in measured FRC in a patient with nor-
mal appearing chest wall is suggestive of either persistent 
activity of the inspiratory muscles (especially if the patient 
has labored breathing) or a loss of inward elastic recoil of 
the lung or chest wall        [6, 8] . 

   Elastic recoil has a profound eff ect on airway caliber. 
As lung volume increases there is outward pull on intrapul-
monary airways since these airways are embedded in the 
alveolar matrix of the parenchyma  [34] . Hence, as lung 

volume increases or decreases the airway caliber increases 
or decreases          [13–15] . Since, the contraction of ASM is 
dependent upon muscle fi ber length and constitutes the 
load against which ASM must contract, lung volume sets 
the starting load. Th e observation explains why at low lung 
volumes the response to an inhaled bronchoconstricting 
agent is enhanced          [16, 18, 19] . Hyperinfl ation diminishes 
luminal narrowing caused by ASM activation as shown by 
animal        [16, 17]  or human studies        [18, 19] .   

    DETERMINANTS OF AIRWAY CALIBER 

   Th e size of an intrapulmonary airway lumen at any given 
lung volume (e.g. FRC) is generally thought to depend on: 
(1) contents of the lumen (such as mucous plugs or liquid 
accumulation), (2) the structure of the airway both inter-
nal and external to the smooth muscle, (3) activation state 
or bronchomotor tone of the airways smooth muscle, (4) 
compliance or stiff ness of the airway wall, and (5) tether-
ing forces of the attached alveolar wall or lung volume. 
Transmural pressure ( P  tm )  , which is the pressure inside 
minus pressure outside of the airway, represents the sum-
mation of forces working to open or close the airway and is 
resisted by the structure (or compliance) of the airway wall. 
In both asthma and COPD there is a considerable change 
referred to as remodeling of these structural components of 
the airway wall (Fig. 5.3). 

    Contents of the lumen 

   Th e biological processes that lead to obstructive lung disease 
leave the airway lumen fi lled with liquid, cells, and mucus; 
this accumulation is even more marked during acute exac-
erbations  [35] . Indeed, this pathologic feature may be the 
most physiologically signifi cant as obstruction of the airway 
causes much of the mismatch of ventilation to perfusion 
and in turn results in hypoxemia (see below). Moreover 
removal of such an obstruction is anything but straight-
forward as the contents change from being serous to more 
mucoid in nature. Acutely lumenal obstructions appear in 
the peripheral branches of the dependent portions of the 
tracheal–bronchial tree        [36, 37] . Th ese pathological changes 
in the distal lung are associated with 10-fold increase in 
peripheral resistance        [38, 39]  that increases further with 
disease severity          [40–42] . Yet even with this 10-fold increase 
in peripheral resistance in the mild asthmatic, spirometry 
can still be within normal limits.  

    Structure of the airway wall 

   Infl ammation of the airway wall characterizes all forms of 
obstructive airway disease. Structural alterations include 
increased extracellular deposits of the extracellular matrix 
that include fi bronectin, collagen, vitronectin, and a host 
of other components  [43] . Th e apparent thickening of the 
basement membrane below the airway epithelium is due 
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 FIG. 5.2          Pressure–volume (PV) relationships in a normal subject (heavy 

solid lines), asthmatic patient (chestwall shifts to B) and in a patient with 

emphysema (where the lung PV shift to A and chest wall to B: A      �      B). 

The heavy solid line to the left is the PV curve of the chest wall showing 

outward recoil up until 66% of TLC and the line to the right is the PV curve 

of the lung. For the normal person the equilibrium point (FRC) where 

the outward recoil is equal but opposite to the inward recoil occurs at 

about 50% of the TLC. However, for the patient with loss of recoil of the 

lung (dashed line A) or chest (dashed line B) FRC rises because the inward 

recoil of the lung is less or the chest is more and a new equilibrium (FRC 

A or B) is reached. However, when both the chest wall (B) and lung PV (A) 

relationship change (both dashed lines) the FRC is increased further (FRC 

A      �      B).    
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to type I and III collagen deposition and is observed even 
in mild disease  [44] . ASM is also increased both in volume 
(hypertrophy) and in number (hyperplasia)  [43] . Th e func-
tional consequence of remodeling of the airway is uncertain; 
indeed, there is little proof that there is a functional conse-
quence. Arguments have been made that airway remodeling 
can both promote and protect the size of airway lumen  [45]  
( Fig. 5.3B   ).  

    Activation state of the ASM 

   Bronchomotor tone has two consequences: fi rst, depending 
on the compliance of the airway wall, smooth muscle tone 
narrows airways and reduces airfl ow but, secondly, smooth 
muscle tone also stiff ens the airway wall as it contracts. 
A decrease of airway wall compliance would serve to pre-
vent further collapse        [45, 46] . Th is is best appreciated when 
ASM is activated at low lung volumes. Several studies have 
shown that when methacholine is inhaled in the supine 
posture, compared to the upright posture, more severe 
airway narrowing occurs        [18, 19]  and there is a marked 
increase in the maximal level of airway resistance. However, 
a decrease in bronchomotor tone will increase airway wall 
compliance and lead to dynamic airway narrowing during 
maximal expiratory fl ow        [31, 47]   .  

    Compliance of the airway wall 

   Th e structural components of the airway wall represent the 
load to smooth muscle shortening, thus an increase in com-
pliance would amplify ASM contraction and a decrease in 
compliance would be expected to antagonize ASM shorten-
ing. Cartilage, an important structural element of the airway 
wall, would serve to protect the airway lumen and has been 
shown to soften with disease        [43, 48] , an eff ect thought to 
be due to infl ammatory mediators and the release of metal-
loprotineases. Folding or buckling of the mucosa has been 
speculated to either prevent airway narrowing or enhance 
airway luminal narrowing by changing wall compliance 
       [46, 49] . In this situation as the wall is compressed by ASM 
contraction, the layer internal to the ASM folds or buck-
les up. Th e folds reinforce each other which serve to prevent 
further narrowing with an apparent increased load to the 
ASM. However, if the folds are few in number  [49]  and/or 
interstices of the folds become fi lled with liquid because of 
the small radius of curvature of an individual fold and the 
high surface tension found in the presence of inadequate 
surfactant  [50] , the airway lumen area would be narrowed 
or even obstructed. 

   Direct  in vivo  measurements of airway wall compli-
ance yield confl icting results. Measurements from autopsy 
specimens of patients with COPD showed reduced 

 FIG. 5.3          (A) A schematic representation of the cross-section of an airway in a normal person (left-hand side of A) and a patient with obstructive airways 

disease (right-hand side of A). The changes that occur during airway remodeling in obstructive lung disease that could either cause airway narrowing and 

airway hyperresponsiveness or prevent airway hyperresponsiveness are presented. In asthma and COPD several factors are operational but the relationship 

of these structural changes to lung function is anything but clear. The mechanisms that cause or prevent airway narrowing are several and include: (1) Debris 

plugging of airway lumen, (2) decreased number of folds, (3) liquid in luminal folds of epithelium, (4) thickness of the basement membrane, (5) increased 

in contractility and/or size of ASM, (6) breaks in the alveolar tethers, (7) loss of elastic recoil, and (8) thickening of airway wall.  P  el : elastic recoil forces; Palv: 

alveolar pressure; Pbr: pressure in the lumen of the bronchiole; Transmural pressure: the diff erence in Pbr Palv; ASM: airway smooth muscle. (B) Balance of 

forces favoring airway narrowing or airway opening.      
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compliance only in very small ( � 1       mm) airways  [51] . 
Normal lungs show age-related decrease in wall compliance 
which complicates the interpretation of the losses observed 
in patients with COPD who are normally older        [52, 53] . In 
asthma both increases        [53, 54]  and decreases  [21]  in wall 
stiff ness have been reported. Decreased wall compliance or 
stiff ening is likely the result of infl ammation and/or wall 
thickening and hence would be related to asthma severity 
and disease status. Another potential mechanism of airway 
narrowing from the increase in wall compliance results from 
a decrease in forces tethering the airway open. Th ese forces 
are decreased through two mechanisms. First, there are few 
alveolar attachments to the outer mucosa of the airway 
wall and second scar tissue has less tensile strength than 
normal tissue  [55] .  

    Tethering forces or the coupling of lung 
volume and resistance 

   Th e attachments of the alveolar wall to the external wall of 
the intrapulmonary airway are the anatomical link between 
the alveoli of the parenchyma and airway. Th ese attachments 
form the physical linkage system that result in airways wid-
ening and the fall in airways resistance as lung volumes 
increase. Th is tethering force is the single most important 
factor stabilizing and infl uencing airway lumen integrity 
         [13–15] . Th is fact is evidenced by the profound eff ect lung 
volume has on airfl ow. As noted above, for a given degree of 
smooth muscle activation greater airway narrowing occurs 
at low versus high lung volumes. For example, the simple 
act of assuming the supine position, which is not associ-
ated with a change in smooth muscle activation, markedly 
increases airway resistance        [15, 18] . Th e eff ects of lung vol-
ume on airways resistance are very sensitive to even small 
losses (∼1       cmH 2 O) in lung elastic recoil pressure          [16, 17, 35] . 
Th is process is not limited to changes within the parameter 
of the airway as denoted by ASM, since changes external 
to the ASM can also uncouple the lung volume–airway 
resistance relationship. 

   Changing from the upright to the supine position 
leads to airway hyperresponsiveness (AHR) in asthmatics 
but such changes also occur in normals        [18, 56] . Th e mech-
anism for this phenomenon is most likely the loss of the 
tethering forces, as estimated by  P  el   . Th ese forces pull open 
the airway wall as lung volume increases, thus a loss of out-
ward recoil tethering the airway open is termed  uncoupling . 
Airway resistance and lung volume uncoupling occurs rap-
idly with sleep onset in the patient with nocturnal asthma 
and further uncoupling during the night probably as a result 
of infl ammatory events, resultant airway wall thickening, 
and mechanical uncoupling  [21] . In COPD the loss of elas-
tic recoil ( P  el ) is both greater and more persistent than the 
age-dependent loss of recoil that occurs in normal persons, 
and when considered in regards to loss of  P  el  with aging, 
accounts for the progressive loss of FEV 1  over the years. 

   Th e loss of  P  el , together with breaks in alveolar attach-
ments, results in the increased airway narrowing noted on 
forced expiration in patients with obstructive airway dis-
ease  [47] . Smooth muscle contraction contributes to severe 
airway narrowing and loss of bronchodilation response 

typically seen in patients with emphysema        [57, 58] . For 
patients with COPD or severe long-standing asthma this 
profound alteration in the function and structure of the 
airway accounts for the sustained and therapeutically resist-
ant increase in airway resistance or decrease in FEV 1 . Th e 
dilemma for the clinician is to ascertain what portion of 
the loss of structure and function is reversible and what 
portion is not.   

    AIRFLOW RESISTANCE 

    Chronic obstructive pulmonary disease 

   A common feature of the patient with COPD is airfl ow 
limitation; this is most often assessed by the fall in FEV 1 . 
Th e current Global Initiative for Chronic Obstructive Lung 
Disease (GOLD) classifi cation system for COPD uses 
post-bronchodilator FEV 1  as a major factor in classifi ca-
tion of disease severity and in practice this variable makes 
up a signifi cant part of the case defi nition for COPD  [59] . 
Airfl ow limitation in COPD arises in the small ( � 2       mm 
diameter at FRC) airways which exhibit neutrophilic 
infl ammation even in asymptomatic smokers        [60, 61] . 
When patients have mild, asymptomatic disease there are 
subtle changes in airfl ow limitation  [60]  with changes in 
distribution and homogeneity of ventilation. As the severity 
of COPD increases there is increased involvement of more 
central airways but even when FEV 1  has fallen to 50–60% 
of predicted, more than half of the increased resistance can 
be attributed to narrowed intrapulmonary ( � 3       mm) airways 
 [42] . Airway dimensions in COPD are reduced, even when 
the lungs are infl ated to a standard infl ation pressure (typi-
cally 30       cmH 2 O) so one must conclude that the structural 
remodeling of collagen, mucous gland hyperplasia, general 
wall thickening, and loss of tethering elastic forces contrib-
utes to the airway narrowing  [62] . 

   Th ese alterations in structure and function lead to 
profound ventilatory defects and a loss of collateral ven-
tilation        [63, 64] . In turn there is a trapping of gas due to 
both long expiratory time constants and check valve-like 
processes within the obstructed and emphysematous spaces. 
Re-establishment of collateral pathways with intrabronchial, 
one-way valves, much like the spiracles of insects, leads to 
defl ation of these overextended spaces  [65]  and is currently 
being explored as a therapeutic option to the COPD patient 
to relieve this trapped gas  [66] . 

   In patients with severe COPD expiratory airfl ow lim-
itation is observed at all lung volumes and often occurs even 
when there is a minimal expiratory eff ort; in these patients 
expiratory airfl ow limitation occurs on expiration with each 
breath  [67] . In more mild cases, the airfl ow limitation is 
observed only on forced expiration because: (1) fl ow and 
volume during eupnea do not reach their structural limits 
due to the reserve in the respiratory system and (2) dynamic 
hyperinfl ation, which increases elastic recoil by increasing 
lung volume, further prevents reaching these limits during 
eupnea. Th e pathogenesis of airfl ow limitation in patents 
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with COPD or more severe forms of bronchitis and asthma 
accordingly is quite complex and is a refl ection of the inter-
play between airway caliber, respiratory muscle function, 
lung volume, elastic recoil, and airway wall compliance 
                 [6, 14, 23, 24, 27, 62, 68] . 

   Th e severity of COPD is defi ned as the post-
bronchodilator FEV 1   [59] , so it is useful to consider what a 
fall in FEV 1  signifi es. Th e forced expiratory volume in 1       s – 
the FEV 1  – is a measurement taken from the volume–time 
relationship, known as a spirogram, during a forced exhala-
tion from TLC. It is important to remember that the FEV 1  
is a volume (liters) not a measure of airfl ow (liters per sec-
ond) but it refl ects the average airfl ow over the fi rst second 
of a forced exhalation. A decrease in the FEV 1 , as a percent-
age of its predicted value, indicates that the patient is unable 
to exhale a volume of air in 1       s similar in magnitude to that 
which could be exhaled by a person of the same sex, age, 
and height without lung disease. A considerable number of 
factors infl uence the magnitude of the FEV 1 , but only one 
of these factors is airway luminal size. Th e magnitude of the 
FEV 1  is very much infl uenced by the size of the inspira-
tion prior to beginning the forced expiration (TLC), elas-
tic recoil, airway caliber, airway wall compliance, and size of 
the lung that is open. In the case of the latter as lung vol-
ume is lost by airway closure, fi lling or destruction, the VC, 
FVC, and hence FEV 1,  decreases. It is important to realize 
that FEV 1  is a polyvalent index; where polyvalent indices 
are ones in which many factors contribute to the exact value 
of the index  [69] ; indeed most measures of lung function 
are polyvalent. Accordingly it is unclear what a low FEV 1  
might signify, the cause of the decrease or even the best 
treatment needed to reverse the loss in FEV 1 . 

   Empirically the FEV 1  is a very useful measure of 
overall lung function since it relates to morbidity and mor-
tality of COPD, even death due to all causes  [70] . Th e 
techniques used to measure FEV 1  have been well codifi ed 
       [71, 72] . Th e general performance and in particular the 

variability and reproducibility of the FEV 1  as an outcome 
measure is robust and for this reason the FEV 1  is a prin-
cipal outcome variable for clinical research. Unfortunately 
a low FEV 1  is not specifi c for any single cause of airfl ow 
limitation, and other assessments of the loss in airfl ow limi-
tation must be made. 

   Useful insight into the causes of airfl ow limitation can 
be gained by the construction of isovolume pressure–fl ow 
curves or maximum fl ow static recoil (MFSR) relationships 
which are determined from fl ow–volume and PV relation-
ships ( Fig. 5.4)   . To assess artifacts from compression of the 
gas in thorax, lung volume is measured from the volume 
displacement of the chest wall and is obtained by having 
the patient sit in a variable-volume, body plethysmograph. 
To measure static recoil an esophageal balloon attached to 
a pressure transducer is positioned in the lower esophagus 
to estimate pleural pressure. Th e subject then inhales to 
TLC and expires slowly to construct a defl ation PV curve 
( Fig. 5.4  A ) and then the subject performs a maximal fl ow–
volume curve. By taking a series of data pairs of fl ow and 
pressure from points of isovolume on the PV and fl ow–
volume relationship, the MFSR curve can be constructed 
( Fig. 5.4  B ). 

   Th e slope ( Δ  V / Δ  P ) of the MFSR curve is resist-
ance (or its inverse, conductance) of the segment of lung 
upstream of the point and is known as the equal pressure 
point, that is the point along the airway which  P  tm  is zero. 
Because there is still elastic recoil of the lung at RV, the 
MFSR relationship does not intersect with zero pressure. 
Patients with airfl ow limitation will exhibit diff erent MFSR 
curves depending upon the cause of the airfl ow limitation. 
For patients where airfl ow limitation is solely the result of 
loss of static elastic recoil, the slope of the curve is normal; 
that is upstream resistance is normal and the loss of airfl ow 
is due solely to the loss of static elastic recoil. However, in 
a patient with airway narrowing due to infl ammation, col-
lagen deposition and/or collapse, the slope is decreased, that 

 FIG. 5.4          (A) The role of the loss of lung recoil and airway wall collapse in aff ecting a fall in maximal expiratory fl ow (FEV 1 ) can be assessed by constructing 

a MFSR curve        [73, 74] . (B) The conductance (resistance) of airways downstream of the point (equal pressure point) of airfl ow limitation is determined as the 

slope of  V / P  el  relationship. This  V / P  el  relationship or MFSR curve comes from selecting points from the both fl ow–volume and pressure–volume relationships 

at points of isovolume (horizontal dashed lines in A). The dotted line, fl ow–volume loop is from volume displacement of body plethysmograph whereas 

the solid line fl ow–volume loop is integrated volume from the mouth fl ow signal. The shaded area in (B) is from normal subjects  [75] . MFSR A ’  is the  V / P  el  

without the eff ect of gas (airway wall compression) whereas MFSR A includes the eff ect of compression; the resistance is increased. MFSR B is a patient with 

increased resistance (e.g. airway narrowing) of the airways. MFSR C is a patient with emphysema where the sole abnormality is a loss of recoil, airway wall 

collapse and lower fl ow rates. MFSR D is a patient with increased resistance, loss of recoil, and increase pressure (volume) at which the airways close due to 

collapse and/or airway dynamic compression shifting the  V / P  el  relationship to the right.      
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is resistance is elevated. By comparing fl ow–volume curves 
constructed from measuring both lung volumes by integrat-
ing the fl ow at the mouth to lung volume measured by the 
chest wall, the role of airway wall compression on the loss of 
airfl ow can be assessed  [76] . Th e fl ow–volume curve derived 
from the fl ow and volume exiting the lung is displaced such 
that peak fl ow occurs at a higher volume but, after this ini-
tial peak, fl ow is lower at any given volume due to dynamic 
airway wall compression. In essence this analysis assesses 
the delay in gas exiting the lung; the more dynamic com-
pression, the more temporal delay. 

   In most patients with COPD, a combination of fac-
tors contributes to airfl ow limitation            [73–76] . Determining 
MSFR relationships can suggest which component might 
be amenable to treatment; bronchodilation for airway nar-
rowing, pursed lip breathing for airway collapse and lung 
volume reduction surgery for improving static elastic recoil. 
In the case of the latter several studies using this analysis 
have shown that the eff ect of lung reduction surgery is a 
reduction of RV and the resultant increase in the VC  [77]  
or a more complex response where both a change in volume 
and a change in resistance occurred  [78] .   

    BRONCHIAL RESPONSIVENESS 

   Bronchial responsiveness includes either the acute response 
to a one-time treatment with a bronchodilator – usually a 
 β  2 -receptor antagonist – or the response to a constrictor 
bronchial challenge. Determination of bronchial responsive-
ness better defi nes and classifi es patients with airways dis-
ease. Bronchial responsiveness assessments are often used as 
major outcome variables in clinical investigations and treat-
ment trials because of the precision of the measure, its asso-
ciation to underlying infl ammation, the relevance to asthma 
triggers, and the changes in bronchial responsiveness as the 
result of treatment. 

    Bronchodilator responses 

   Bronchodilator responsiveness to inhaled bronchodilators 
is among the factors used to diff erentiate between whether 
a given patient is to be categorized as COPD or asthma. 
Professional Society guidelines and position statements 
for interpretation of spirometric results        [72, 79]  discuss 
the various consensus criteria used to derive the currently 
used bronchodilator criterion that identifi es a signifi cant 
response as one where a 12% or greater change in the post-
bronchodilator FEV 1  or FVC from pre-bronchodilator val-
ues and a  � 200       ml absolute change occurs ( Table 5.2   ). 

   Establishing a criterion that indicates a signifi cant 
bronchodilator response has been controversial because of 
uncertainty as to just what constitutes a signifi cant response 
       [79, 80] . Various authors have suggested criteria that range 
from 10% to 15% change from baseline, some suggest using 
a change in percent of predicted or an exact volume change 
(e.g. 400       ml). Bronchodilator responses are reported as a 
percent change from the volumes obtained prior to use of a 

 β -agonist; however, this enhances the response if the start-
ing baseline of FEV 1  or FVC is low. Th e use of a defi ni-
tion that includes both an absolute change (e.g.  � 200       ml) 
or change expressed as a percent of predicted addresses this 
dilemma. 

   Th ere are several approaches used to deliver bron-
chodilators to patients for assessing reversibility but two to 
four puff s of albuterol with or without a spacer is the most 
common. However, combinations of bronchodilators with 
or without an anticholinergic agent or the use of nebulizer 
treatments are sometimes used. In this case one adminis-
ters the bronchodilator until side eff ects are observed or the 
total dose delivered is used              [71, 72, 79–81] . A wait period is 
then imposed to allow for the drug to exhibit its physiologi-
cal eff ects, for example 15–20       min in the case of albuterol. 
Unfortunately techniques to determine bronchodilator 
responsiveness are highly variable between studies and labo-
ratories making direct comparison of study results diffi  cult. 

   Bronchodilator responsiveness is commonly meas-
ured as a change in the FEV 1  but can also be assessed by 
expiratory fl ow–volume loops, specifi c airway conductance 
as determined with a body plethysmograph, or with the 
forced oscillation technique. Each technique measures dif-
ferent aspects of lung function and the result obtained may 
not be exactly equivalent. Moreover the pattern of the bron-
chodilator response can vary with some patients having a 
more central airways response (SGaw), whereas others have 
a more peripheral lung response as measured with FVC or 
the FEV 1           [4, 81, 82].  Such fi ndings are of great interest in 
determining the inferred site of the functional defect such 
as central airways versus peripheral airways and have obvi-
ous ramifi cations to drug delivery.  

    Bronchoconstriction responses 

   AHR is either a bronchoconstricting response (fall in 
FEV 1 ) to a stimulus that normally does not cause a con-
striction or is a heightened bronchoconstriction to the 
stimulus. Examples of the former are exercise, cold air, or 
bradykinin where examples of the latter are histamine and 
methacholine. Airways hyperresponsiveness is often used 
to defi ne the diagnosis of asthma, however, the presence of 
AHR is not specifi c since many lung diseases are associated 
with hyperresponsiveness including COPD  [83] . 

 TABLE 5.2          Criteria recommended for acute bronchodilator responses in 

adults        [79, 81] .  

     FEV 1  (%)  FVC (%)  Comments 

   ACCP  15–25  15–25  % of baseline in 2 of 3 tests 

   Intermountain 

ATS 

 15  15  % of baseline 

   ATS 1991  12  12  % of baseline and 200       ml 

   ATS/ERS 2000  12  12  % of baseline and 200       ml 

  ACCP: American College of Chest Physicians; ATS: American Thoracic Society  [79] ; ERS: 

European Respiratory Society  [81] .  
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   Over the last 50 years the proposed mechanisms to 
explain AHR included anything from enhanced choliner-
gic tone of the airways to the current focus on pathologic 
alterations (remodeling) of the airway wall. While airways 
smooth muscle usually has a central role in most theories, 
recent experimental evidence suggests that hypercontrac-
tility of the ASM is not always required  [84] . Bronchial 
thermoplasty in which radio frequency energy is applied 
to airways through the bronchoscope to abate the ASM, 
improves asthma symptoms with only modest improve-
ments in AHR  [85] . Th is interesting result suggests that the 
ASM may not be as essential to AHR as previously thought 
or may serve other purposes  [86] . 

   AHR is functionally defi ned as a shift of the dose–
response relationship to an inhaled bronchoconstrictor ago-
nist, for example, methacholine, such that lower amount 
of the agent yields equivalent biological response, that is a 
 “ leftward shift ”  of the dose–response curve  [83] . Th e inhaled 
dose of bronchial constricting agent is plotted against the 
fall in lung function and from this relationship the PC 20  
is then measured. Th e PC 20  is the interpolated dose of 
inhaled agonist that causes FEV 1  to fall exactly 20%. Th e 
PC 20 , decreases as asthma severity increases        [83, 87] . Th e 
relationship between the amount of inhaled bronchocon-
strictor agent and FEV 1  often has a plateau in which fur-
ther doses of drug illicit smaller and smaller physiological 
responses. In the case of severe asthmatics often a plateau of 
response cannot be demonstrated            [88–91] . Th is loss of max-
imal response may signify the uncoupling, loss of protec-
tive mechanisms with resultant severe bronchoconstriction 
 [90] . In clinical, and most research practice, dose–response 
relationships are usually not carried out until a plateau is 
revealed thus the PC 20  only assesses the position (sensitiv-
ity) of the airways responsiveness relationship ( Fig. 5.5   ). 

   Although there is considerable variability among 
subjects, AHR is considered present when the PC 20 , using 
methacholine chloride as the bronchoconstrictor agonist, is 
less than 8       mg/ml          [83, 87, 90] . Asthmatics will often dem-
onstrate a reduced PC 20  even though the FEV 1  is normal 
at the onset of the test; moreover, the PC 20  in most studies 
does not correlate with the FEV 1         [88, 91] . As methacholine 
is well known to stimulate serous secretions from airway 
glands and cells, it seems reasonable to suggest the AHR of 
patients with mild to moderate asthma could be viewed as a 
measure of increased tendency for airway closure to occur. 

   In contrast among patients with COPD there is 
a correlation of FEV 1  to PC 20  which suggests more of 
a structural mechanism for AHR consistent with the 
observed airway wall thickening            [44, 91–93] . Moreover 
patients with  α -1-antitrypsin defi ciency demonstrated an 
elevated response in FEV 1  in concert with the loss of elastic 
recoil  [94] . Th e mechanism of the fall in PC 20  in COPD 
also seems unlikely to be the same as asthma since inhaled 
corticosteroids do not lead to an improvement in AHR for 
COPD patients  [95]  whereas inhaled steroids do improve 
AHR in asthmatic patients  [96] . AHR has important 
prognostic value because as AHR increases (PC 20  decreases) 
there is accelerated decline in FEV 1  in patients with COPD 
 [97] . Taken together the data provide strong evidence that 
the physiological mechanisms that lead to AHR in COPD 
and asthma are probably quite diff erent. 

   Lung volume also infl uences AHR based on recent 
studies on the eff ects of deep inspiration (DI). Large TLC 
breaths are known to be eff ective in some but not all asth-
matics  [98] . In some patients DI can even cause bronchoc-
onstriction and such a response is associated with the degree 
of airway infl ammation  [99] . A DI can also provide protec-
tion to a subsequent bronchoconstricting response when 
the DI is performed prior to the inhalation of methacholine 
 [100] . Loss of this bronchoprotective eff ect of DI occurs in 
asthmatic patients with mild disease whereas reversibility 
of an induced constriction by a DI is only lost as asthma 
becomes more severe        [101, 102] . In patents with COPD 
the eff ects of DI are lost and this loss has been shown to be 
related to the loss of alveolar attachments  [103] .   

    GAS EXCHANGE 

   Th e respiratory system provides oxygen (O 2 ) and removes 
carbon dioxide (CO 2 ) from the body and failure of this 
critical role of gas exchange leads to CO 2  retention, hyper-
capnia, and/or hypoxemia. For ideal gas exchange to occur 
the ventilation must be matched with the vascular perfusion 
within the individual alveolar gas exchange units. Th e diff u-
sion capacity (DL CO ) or transfer factor assesses the passive 
transfer of a test gas, carbon monoxide (CO), from alveolus 
to the blood. Th e DL CO  test is a frequently used measure-
ment in the pulmonary function laboratory and is quite use-
ful in categorizing the diff erent types of airway disease. 

    Ventilation/perfusion relationship 

   Th e concept of ventilation to perfusion matching  V  A / Q  
is commonly used in understanding how airway disease 
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pathology aff ects gas exchange. Th ere are four mechanisms 
used to explain gas exchange abnormalities and include: (1) 
alveolar hypoventilation, (2) impaired O 2/ CO 2  diff usion, (3) 
shunt, and (4)  V  A / Q  mismatch, where the latter mechanism 
is by far and away the most common cause of gas exchange 
abnormalities in patients with obstructive lung disease.  

    Chronic obstructive pulmonary disease 

   Th e obstruction of airfl ow to specifi c regions of the lung 
parenchyma and widespread airway narrowing coupled with 
the well-described pulmonary vascular abnormalities leads 
to marked  V  A / Q  abnormalities and abnormal arterial blood 
gases. As respiratory failure ensues, alveolar hypoventilation 
further contributes to the observed hypercapnia and hypox-
emia        [104, 105] . Intrapulmonary shunt is not a major factor 
contributing to hypoxemia nor surprisingly is there a signif-
icant contribution of reduced gas diff usion probably because 
there is little ventilation of the areas that have emphysema. 
 V  A / Q  mismatching appears to fully explain the hypoxemia 
of patients with COPD        [105, 106] . In the case of very mild 
disease in the peripheral airways as evidenced by FEV 1  of 
80% predicted or greater, patients have an abnormal slope 
of phase III on the single breath N 2  test, a widened A-a O 2  
gradient and mild  V  A / Q  mismatch but with a normal PaO 2  
 [107] . During an exacerbation of COPD the  V  A / Q  mis-
match increases and accounts for about half of the observed 
hypoxemia whereas the remainder is low mixed venous O 2  
due to increased O 2  consumption of the body presumably 
due to metabolic requirements of the disease        [105, 107] . Th e 
A-a O 2  gradient is correlated to emphysema score  [108] ; 
hence, the abnormal gas exchange of COPD is explained by 
the pathology of the disease.  

    Asthma 

   Early studies with the multiple inert gas elimination tech-
nique (MIGET) in stable, mild asthmatics showed a bimo-
dal distribution of pulmonary blood fl ow with about 25% of 
the blood fl ow going to units with low ( � 0.1)  V  A / Q  ratios. 
Th ere was no evidence of areas of shunt or areas of high 
 V  A / Q  or increased dead space  [109] . However, later studies 
showed less of this bimodal distribution and only some of 
the patients showed this bimodal pattern        [110, 111] ; whereas 
most patients showed widening of the distribution of blood 
fl ow. Patients in this latter study were receiving treatment 
with inhaled glucocorticosteroids which could explain the 
diff erences between studies. Th e gas exchange abnormali-
ties of patients with mild disease were thought to be due to 
abnormalities in the periphery and consistent with abnormal 
peripheral lung function such as in RV   or frequency depend-
ence of compliance. Asthma severity is associated with wid-
ening of the  V  A / Q  relationship  [112]  but most patients still 
exhibit a near normal PaO 2  until they reach the point of 
seeking medical assistance ( Fig. 5.6   )  [113] . 

   Given that measurements of lung mechanisms show 
marked increase in peripheral resistance due to airway clo-
sure, one might expect to observe considerable shunting 
as blood fl ows by these closed airways and unventilated 

exchange units yet this is not the case            [109–112] . Th e 
apparent explanation would include, preserved uploading 
of oxygen on the hemoglobin due to more than adequate 
capillary transit time, hypoxic vasoconstriction, redirecting 
blood away from aff ected areas, and adequate collateral ven-
tilation thus bypassing the closed airway. 

   During an asthma exacerbation or  “ status asthmati-
cus ”  the presence of a bimodal pattern emerges but even in 
this situation little pure shunt is observed. Treatment of the 
asthma attack returns this pattern to normal  [112]  even at 
time of discharge from the emergency department  [114] . 
Th e relative preservation of arterial blood gases up until 
respiratory failure is attributed to the mechanisms covered 
above and the high ventilatory and cardiac output that 
occurs during an attack. Bronchial challenge produces simi-
lar patterns but it has been noted that the disturbances in 
gas exchange lag behind the recovery of airfl ow rates        [115, 
116] . Th is pattern of recovery does not occur with leuko-
triene challenge, presumably because LTD 4  causes a more 
selective central airway constriction  [117] . However, follow-
ing exercise-induced bronchospasm airfl ow normalization 
occurs after the return of  V  A / Q  to normal, consistent with 
diff erent mechanisms of action in contrast to a naturally 
occurring asthma exacerbation  [118] . Taken together these 
fi ndings suggest that our understanding of gas exchange in 
asthma, unlike COPD, is unclear. 

   Th erapy has a marked eff ect on gas exchange. 
Paradoxical hypoxemia has long been noted as a result of 
acute  β -agonist administration  [119]  and has been attrib-
uted to eff ects of  β -agonists on pulmonary blood fl ow.  V  A / Q  
measurement made after isoproterenol  [110]  showed tran-
sient (5       min) alterations in blood fl ow to areas low in  V  A / Q ; 
however, studies with a more selective  β -agonist, salbuterol 
were without this eff ect        [112, 120] .  

    Diff usion capacity (transfer factor) 

   Th e diff usion capacity, D L  CO , is a measure of the disappear-
ance of CO, from the alveolus over a 10       s breath hold and is 
taken as an index of the total area of potential gas exchange 
surface area. Because CO combines at the same site as oxy-
gen on the hemoglobin molecule, blood fl ow, hematocrit, 
and cardiac output signifi cantly infl uence the magnitude 
of D L  CO . Th e addition of helium to the test gas mixture 
inhaled allows for the calculation of the starting concentra-
tion of CO and the determination of the communicating 
gas volume by inert gas dilution. Th e standard single breath 
D L  CO  yields two useful measurements; the D L  CO  and a 
measurement of TLC (VA)  [121] . 

    Asthma & DLCO   

   Th e D L  CO  in patients with asthma is either within normal 
limits or high depending on several factors. In asthmatic 
patients with preserved lung function, the D L  CO  is typically 
normal  [122] . In moderate to severe asthma the D L  CO  is 
usually elevated and will also increase with bronchodila-
tor treatment. Th e high D L  CO  values        [123, 124]  have been 
explained by hyperinfl ation, increased intrathoracic pressure, 
and a more likely cause, increases in pulmonary capillary 
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blood volume or extravasation of red blood cells into 
the alveolus. Although not frequently commented on or 
because current practice is to lyse the lavage sample, the red 
blood cell content is high in lavage samples of asthmatics, 

particularly those who are more severe  [125] . Increased vac-
ularization of the lung and airways might also increase the 
apparent pulmonary capillary blood volume and account for 
the elevated D L  CO   [43] .  
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 FIG. 5.6          The  V  A / Q  relationship as determined by the multiple inert gas elimination technique (MIGET). Note the diff erent scaling for both axes in the various 

examples. The normal distribution of ventilation (open circles) and blood fl ow (solid circles) is over a narrow range of  V  A / Q  ratios and is unimodal. Patients 
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5Pulmonary Physiology

65

 TABLE 5.3          Physiological features of asthma contrasted with COPD.  

   Physiological

assessment  COPD  Asthma 

   Airfl ow limitation  Present  Sometimes present 

   Loss of elastic recoil  Frequently present  Sometimes present 

   Bronchodilator 

response 

  �   Usually present 

   AHR   �    �  

   Exercise-induced AHR   �    �  

    V  A / Q   Widened  Widened 

   D L  CO    ↓  *   WNL or  ↑  

   Notes : AHR: airways hyperresponsiveness;  V  A / Q : ventilation to perfusion ration; D L  CO:  

diff usion capacity of the lung.  

  *   For emphysema, chronic bronchitis would be WNL.  

    Chronic obstructive pulmonary disease & DLCO 

   In contrast to asthma patients with emphysema exhibit 
a reduction in D L  CO         [121, 126] . Th is reduction in D L  CO  
has been shown to be closely related to evidence of patho-
logic emphysema  [126]  or emphysema as measured by CT 
       [127, 128] . In asymptomatic smokers there is a detectable 
10% decrease in DL CO  that reverses with smoking cessa-
tion likely due to reduced pulmonary capillary volume and 
CO back pressure        [129, 130] . However, it should be noted 
that the correlation of the reduction in D L  CO  to disease 
severity in the individual patients is poor, perhaps refl ecting 
the heterogeneity of the pathology of a given patient. Th e 
D L  CO  is typically within normal limits for COPD patients 
with primary chronic bronchitis. One study showed a sig-
nifi cant relationship between the DL CO  and 3-year survival 
 [131] , although another study did not fi nd this to be the 
case  [132] . 

   Th e measurement of alveolar volume (VA) provides 
additional insight into the physiological derangements 
present in the patient with airways obstruction. Because VA 
is a single breath dilution of an inspired gas, it is aff ected 
by both the presence of non-communicating lung volume, 
for example emphysematous bullae and the long-time con-
stants caused by airways narrowing. In normal subjects, and 
when expressed as the volume of gas at body temperature, 
pressure and fully saturated, the measure of VA will agree 
( � 200       ml) with TLC by body plethysmograph; however, 
patients with asthma or COPD will exhibit greater than 
200       ml diff erence between TLC and VA  [133] . Th e degree 
of diff erence between TLC and VA provides an approxi-
mate estimate of the total size of the non-communicating 
bullae and alveoli        [126, 134]  or gas maldistribution.    

    CONCLUSION 

   Th e clinical presentation of patients with obstructive lung 
disease often presents a confusing clinical picture (Table 
5.3). Consider, for example, the patient who reports asthma-
like symptoms to common triggers but who also smokes and 
has a greater than 20 pack per year smoking history. Such a 
patient might be expected to exhibit physiological features 
of both disorders. Th is is because the physiological mecha-
nisms of asthma and COPD that diff er in the details of 
the infl ammatory processes, cells, mediators, and pathology 
may be very similar physiologically in terms of hyperinfl a-
tion, loss of static recoil, and expiratory airfl ow limitation. 
Bronchodilator responsiveness is also not unique to asthma 
since patients with COPD often demonstrate reversibility 
of airfl ow limitation. Bronchial responsiveness is also present 
in both entities but the response to bronchoconstrictors is 
more related to lung function and structure in COPD and 
the patient with COPD generally does not respond to exer-
cise by exhibiting bronchospasm. Gas exchange in general 
is similar between both diseases with increased  V  A / Q  mis-
match but with little evidence of shunt or global hypoven-
tilation. Th e DL CO  represents an important distinguishing 
feature between emphysema and other airways diseases and 
provides a means of discriminating the disease process when 

coupled with the measurement of spirometry and the 
response to a bronchodilator          [135–137]  (Table 5.4).    
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C H A P T E R                Airway Pathology 

    NORMAL ANATOMY   

   Th e normal human bronchogram ( Fig. 6.1   ) shows 
that the length of pathways from the trachea to 
the terminal airways diff ers depending on the 
pathway followed and it can take as few as 8 or 
as many as 24 divisions of airway branching to 
reach the gas-exchanging surface  [1] . Th e small 
bronchi and bronchioles 2       mm in diameter are 
spread out from the fourth to the fourteenth 
generation of airway branching  [2] . Th e total air-
way cross-sectional area expands rapidly beyond 
the 2       mm airways to provide for rapid diff usion 
of gas between the distal conducting airways and 
the gas-exchanging surface. Th e central conduct-
ing airways larger than 2       mm internal diameter 
are the major site of resistance to airfl ow in the 

n ormal lung because of their much smaller total 
cross-sectional area        [3, 4] . 

   Th e conducting airways are lined by epi-
thelium and surrounded by an adventitial layer 
 [5] . Th e submucosa between the epithelium and 
outer edge of the muscle layer is often referred 
to as the  “ lamina propria, ”  but this term is tech-
nically incorrect because many airways are not 
completely surrounded by muscle  [6] . Bronchi are 
defi ned by the presence of a layer of fi brocartilage 
external to the smooth muscle and tubuloalveo-
lar glands, which communicate with the airway 
lumen via ducts  [7] . Bronchioles lack both carti-
lage and glands and become respiratory bronchi-
oles when alveoli open directly into their lumen 
 [7] . Th e lining of the trachea and major bronchi 
consists of pseudostratifi ed, ciliated columnar epi-
thelium which gradually becomes more cuboidal 
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 FIG. 6.1          Postmortem bronchogram from 

an otherwise normal 19-year-old man who 

died suddenly for reasons unrelated to the 

lung. Note the diff erence in airway length 

depending upon the pathway that is followed.    
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with fewer ciliated cells as the alveolar surface is approached 
         [6–8] . Light microscopy reveals that the basal aspect of air-
way epithelial cells is attached to a thin basement membrane 
(80–90       nm width) that contains primarily type IV collagen 
and elastin  [9] . Transmission electron microscopy shows that 
a true basement membrane or basal lamina can be readily dis-
tinguished from the connective tissue observed with the light 
microscope        [6, 7] . Quantitative studies          [10–12]  have shown 
that the trachea and mainstem bronchi of normal subjects 
consist of by volume: 

      ●      30% cartilage;  

      ●      15% mucous glands;  

      ●      5% smooth muscle; and  

      ●      50% connective tissue matrix containing the bronchial 
arterial, venous, and lymphatic vessels.    

   With progression toward the periphery of the bronchial 
tree, the amount of cartilage and glands decrease, and the 
percentage of smooth muscle increases to account for approx-
imately 20% of the total wall thickness in the bronchioles. 

   Th e degree to which the smooth muscle surrounds 
the airway lumen varies according to site. In the trachea 
and mainstem bronchi, the airway smooth muscle is located 
within the posterior membranous sheath, whereas, in the 
bronchioles, it surrounds the entire lumen of the airway          [7, 
8, 13] . Consequently, the same degree of muscle shortening 
has a smaller eff ect on the caliber of the trachea and cen-
tral airways than on the distal bronchi and bronchioles  [14] . 
Th e adventitial layer consists of loose bundles of collagen 
admixed with blood vessels, lymphatics, and nerves. In the 
peripheral conducting airways, this layer interacts with the 
surrounding lung parenchyma through alveolar attachments 
that are distributed along the circumference of the adventi-
tia. Th ese alveolar attachments have the ability to limit the 
amount of airway narrowing produced by smooth muscle 
contraction, particularly at higher lung volumes  [14] . 

   Th e systemic arterial supply to the bronchial tree origi-
nates from the ventral side of the upper thoracic aorta in the 
left hemithorax, while on the right the origin of the bronchial 
vessels is more variable. Th ey may originate from the fi rst to 

the third intercostal artery, from the right internal mammary 
artery, or from the right subclavian artery        [8, 15] . Miller’s 
classic anatomical account  [8]  showed that two to three 
arterial branches accompany each of the larger bronchi and 
that anastomoses between these branches form an arterial 
plexus in the outer wall of the airway. Small branches of this 
plexus penetrate the smooth muscle layer to form a capillary 
network below the epithelium. Short connecting branches 
extend from this plexus through the muscle layer to form a 
second plexus of venules along the outer surface of the airway 
smooth muscle ( Fig. 6.2   ). In some species, this outer plexus 
contains large venous sinuses that can extend into the sub-
mucosal layer of the major bronchi, where there is no smooth 
muscle between the cartilage and epithelium  [16] . 

   Th e venous blood from the fi rst two or three subdivi-
sions of the bronchial tree drains into the azygous and hemi-
azygous venous systems that empty into the vena cava. Th e 
remainder of the bronchial venous fl ow drains directly into 
the pulmonary circulation, although there is debate as to how 
much enters at the precapillary, capillary, and postcapillary 
levels        [8, 15] . Airway disease increases the anastomotic fl ow 
between the pulmonary and the bronchial vascular systems; 
and in diseases such as bronchiectasis, injection of the bron-
chial arteries can result in rapid fi lling of the entire pulmo-
nary vascular tree right back to the pulmonic valve  [15] . 

   Th e bronchial circulation accounts for about 1% of car-
diac output and an average cardiac output of 5       l/min deliv-
ers approximately 72       l of blood to the conducting airways 
over 24       h. Each liter of blood contains between 4 and 
11      �      10 9  white blood cells, made up of approximately 60% 
neutrophils, 30% lymphocytes, 5% monocytes, 3% eosi-
nophils, and 2% basophils. Th e neutrophils do not divide after 
they leave the marrow have a relatively short half life within 
the circulation and remain within the vascular space unless 
an infl ammatory response is present. Although much less is 
known about eosinophils and basophil kinetics they are pre-
dominately a tissue cell, indicating that their transit times 
through the tissue compartment is much longer than that for 
migrating neutrophils. Monocytes on the other hand leave the 
vascular space even in the absence of an infl ammatory stimu-
lus and divide in the tissue to form the alveolar m acrophages 

 FIG. 6.2          Photomicrograph of a bronchiole from a patient who died of asthma. This shows the location of submucosal capillaries (white arrow), connecting 

vessels passing between muscle bundles (dark arrow) to larger postcapillary venules located outside the muscle layer. On the right, the same features are 

shown at a higher magnifi cation.     
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that are removed via the airways with very little if any re-entry 
into the tissue. On the other hand lymphocytes leave the cir-
culation regularly with the assistance of specialized high 
endothelial cells and re-entering the circulating blood with 
the lymph as it drains into the venous system. 

   A study of lung tissue obtained from patients at all 
fi ve Global Initiative for Chronic Obstructive Lung Disease 
(GOLD) categories of chronic obstructive pulmonary dis-
ease (COPD) severity has shown an association between the 
decrease in FEV 1  with both the extent of the accumulation of 
these cells (i.e. the percentage of airways containing cells) and 
severity of this accumulation (i.e. the total accumulated vol-
ume of cells) within small airway tissue  [17] . Th e accumulat-
ing lymphocytes form follicles with germinal centers in both 
the small conducting airways  [17]  and the parenchyma  [18]  of 
the peripheral lung in both COPD        [17, 18]  and asthma  [19] . 
Th ese accumulations of lymphocytes ( Fig. 6.3   ) are part of the 
bronchial associated lymphoid system or bronchial-alveolar 
lymphoid tissue (BALT) and diff er from the regional lymph 
nodes in that they have no capsule and no aff erent lymphat-
ics. Th ey are similar in structure to the tonsils and adenoids, 
the Peyers patches in the small bowel, and the appendix of 
the cecum which are also part of the mucosal immune system. 
Th ey are organized in the same way as other lymph follicles 
( Fig. 6.3 ) in that the B-cells are found in the germinal center 

 FIG. 6.3          (A) Shows a small bronchiole with a collection of lymphocytes containing a germinal center. (B) Shows another airway containing a lymphoid 

follicle where the germinal center stains strongly for B-cells. (C) Shows the same airway as in B where the CD4 cells appear at the edge of the follicle. (D) 

Shows yet another area where the wall is thickened and fi brosed and the arrow pints to the smooth muscle in the airway wall. Adapted from Ref.  [17]  with 

permission.          

of the follicle and the CD4 and CD8 T-cells are located 
around the edges of the germinal center. Th us dendritic cells 
migrating from the epithelium and subepithelium circulate 
through the T- and B-cell rich regions of the follicle and can 
present antigen to uncommitted T and B lymphocytes moving 
through these regions in the lymph ( Fig. 6.3 ). Moreover the 
recirculation of lymphocytes though the follicle and back into 
the circulation enhances the opportunity for T Helper cells 
and B-cells that have recognized the same antigen to interact 
with each other and initiate an adaptive immune response. Th e 
appearance of lymphoid follicles with germinal centers in the 
tissue provides histological evidence that an adaptive immune 
response has been mounted within the peripheral lung. Some 
investigators have begun to study this response in detail  [18] .  

    THE PATHOLOGY OF ASTHMA 

    Postmortem studies 

   At postmortem, the lungs of patients who have died in sta-
tus asthmaticus remain markedly hyperinfl ated after the 
thorax is opened. Th is hyperinfl ation is due to air trapping 
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caused by widespread plugging of the segmental, subseg-
mental, and the smaller conducting airways by mucus and 
cellular debris  [20] . Although this luminal content may 
extend to the respiratory bronchioles, it usually stops short 
of these structures and does not fi ll the alveolar airspaces. 
Examination of the cut surface of the lung reveals the 
plugged airways, but – in contrast to parenchymal destruc-
tion seen in hyperinfl ated emphysematous lungs – the 
parenchyma of the asthmatic lung remains intact. 

   Huber and Koessler’s  [21]  classic 1922 paper on the 
pathology of asthma reviewed 15 published cases and pro-
vided new data on 6 more. Th ey noted that the pathology 
consisted of common features that allowed asthma to be 
distinguished from other conditions. Th ey emphasized the 
presence of intraluminal mucus secretion, airway epithelial 
desquamation, and repair (e.g. goblet cell metaplasia), and 
airway infl ammatory infi ltrates consisting of an admixture 
of mononuclear cells and eosinophils and the presence of a 
thickened,  “ hyalinized ”  subepithelial basement membrane. 
Later studies based on electron microscopy and immuno-
histochemistry showed that this feature of the basement 
membrane was due to deposition of collagen fi brils and 
extracellular matrix below the true basement membrane, 
rather than thickening of the basal lamina. Huber and 
Koessler’s report noted that the tenacious plugs that fi ll 
the airway lumen consist of an exudate of plasma contain-
ing infl ammatory cells, particularly eosinophils, mixed with 
epithelial cells that had sloughed from the airway surface. 
Using an eyepiece micrometer to measure the external air-
way diameters, they concluded that the walls of bronchi and 
bronchioli of more than 2       mm outside diameter were thick-
ened compared with non-asthmatic persons, and that this 
diff erence was due to an increased thickness of all of the 
components of the airway wall. 

   Over the next several decades, other reports con-
fi rmed and extended these fi ndings                    [22–29] . Comparing 
Florey’s  [30]  basic studies of the infl ammatory process with 
these pathological fi ndings show that the structural changes 
associated with asthma are consistent with an infl amma-
tory process involving a mucus-secreting surface. However, 
this knowledge had relatively little impact on the allergists, 
pulmonary physicians, and physiologists until the 1970s 
 [31] , because they were preoccupied with the concept that 
asthma was due to IgE sensitized mast cells releasing medi-
ators that caused excessive contraction of airway smooth 
muscle following specifi c antigen challenge.  

    Bronchoscopic studies 

   Th e nature of the airway pathology in persons with asthma 
was further revealed by studies of tissue obtained through the 
rigid and fl exible bronchoscope. Th ese techniques allowed 
investigators to obtain cells from living asthmatic patients by 
both bronchoalveolar lavage and bronchial biopsies            [31–34] . 
Th is brought physiologists and clinicians into closer agree-
ment with the pathologist’s view that the infl ammatory 
process was important to the pathogenesis of both bronchial 
hyperresponsiveness and reversible airfl ow obstruction. 

   A very important conceptual development based on 
the discovery that murine CD4  �   T-cell clones showed that 

these cells can be divided according to the cytokine mes-
senger RNA (mRNA) and proteins that they produce  [35] . 
Th ese experiments established that one type of T-cell clone 
(Th -1) produced IL-2 and interferon- γ  but no IL-4 or 
IL-5; whereas the second (Th -2) produced IL-4 and IL-5, 
but no IL-2 or interferon- γ . Both clones produced IL-3 
and GMCSF, and interactions between Th -1 and Th -2 
subtypes allowed one type of clone to inhibit the other. For 
example, IL-4 is a mast cell growth factor that also stimu-
lates IgE production, and IL-5 promotes the diff erentiation 
and survival of eosinophils. Robinson and associates  [36]  
put forward the hypothesis that asthma was the result of a 
 “ Th -2 response ”  based on bronchoalveolar lavage and bron-
chial biopsy fi ndings. And subsequent studies of surgically 
resected lung specimens from asthmatic patients estab-
lished that a similar infl ammatory process was present in 
the smaller airways  [37] . 

   It has now become clear that the structural features of 
the airways from asthmatic patients result from an infl am-
matory process involving tissue with a mucus-secreting 
surface. Th is response appears to be driven by a subset of 
CD4  �   T lymphocytes producing cytokines that result in 
an excess of eosinophils and an overproduction of IgE. Th e 
end result is abnormal airway function, characterized by 
excessive airway narrowing in response to external stimuli, 
reversible airways obstruction, and gas trapping. Although 
the majority of the symptoms produced by the process can 
be rapidly reversed with appropriate treatment, the process 
can be life threatening and result in sudden death.  

    The relationship between airway structure 
and function 

   Th e concept that the same degree of smooth muscle short-
ening will cause greater reduction in airway caliber when 
the wall is thickened by disease has been suggested by sev-
eral authors        [38, 39] . Moreno and associates  [39]  calculated 
that the thickening of the airway wall observed in asthma 
would have only a minor eff ect on the caliber of the lumen 
of a fully dilated airway. However, when the smooth mus-
cle in the airway shortens, the increased tissue between 
the muscle and lumen causes an excess reduction in airway 
c aliber. Subsequent studies by James  et al.   [40]  showed that 
the increase in wall thickness observed in the small airways 
of asthmatics was suffi  cient to close the lumen of these 
airways, even when smooth muscle shortening remained 
within the accepted normal range. Th is suggests that normal 
smooth muscle shortening may act in series with an abnor-
mally thickened airway wall to narrow the airway lumen 
and it follows that the reduction in airway caliber pro-
duced by this mechanism would be rapidly reversed when 
the smooth muscle relaxed. Th is showed that an important 
feature of the pathology of asthma was the change in the 
structure of the airway wall produced by the remodeling 
of the tissue that occurs in relation to the infl ammatory 
p rocess. Th e important point is that these structural changes 
could result in excess airway narrowing with normal smooth 
muscle contraction and that excessive smooth muscle short-
ening will enhance the eff ect of these structural changes on 
the airway lumen. 
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   Wiggs  et al .        [41, 42]  extended this concept using a 
computer model to test the eff ect of these structural changes 
on airway function. Th eir analysis ( Fig. 6.4   ) showed that 
maximum stimulation of the smooth muscle caused air-
way resistance to increase and reach a plateau in the normal 
lung. Th is fi nding was consistent with previous observations 
by Woolcock  et al.   [43] , who reported that the changes in 
the maximum volume of air that can be expired from the 
lung in 1       s (FEV 1 ) reached a plateau in normal subjects 
when maximally stimulated by inhaled bronchoconstrictors. 
However, when the data on airway structure were changed 
from normal values to those found in asthmatic lungs, a 
similar degree of airway smooth shortening resulted in a 
sustained rapid increase in airway resistance without a pla-
teau. When the eff ect of disease on the central and periph-
eral airway function was examined separately, they found 
that the increase in airway resistance was primarily due 
to the eff ect of disease on the peripheral airways, where 
smooth muscle shortening produced widespread airway clo-
sure. Th e concept that the peripheral airways are the major 
site of obstruction in asthma has now been confi rmed by 
direct measurements in living asthmatic patients reported 
by Yanai  et al.   [44] . 

   Th e changes that are produced in the airway tis-
sue also reduce the function of the conducting airways. 
Lambert  [45]  was the fi rst to systematically study the nor-
mal folding pattern of the bronchial mucosa, and showed 
that in asthma the multiple mucosal folds that occur when 
normal airways narrow were replaced with fewer and larger 
folds that reduced airway caliber. Both Lambert and Wiggs 
 et al .  [46]  suggested that the mucosal folding pattern was 
controlled by the stiff ness of the subepithelial layer rela-
tive to that of the surrounding airway tissue. Th is analysis 
suggested that changes in the subepithelial connective tis-
sue might play a key role in determining the pattern of 
mucosal folding. Lambert and Wiggs  et al . argued that the 
formation of a large number of folds in the normal airway 
placed a load on the airway smooth muscle that tended 
to prevent airway closure at low lung volumes. It followed 
that a change in the mucosal folding pattern in asthma may 
be one way in which this disease causes peripheral airway 
dysfunction. 

   Th e caliber of the airway lumen is also infl uenced by 
airway surface tension that is normally low in the small air-
ways because they are lined with surfactant  [47] . Exudation 
of plasma and the secretion of mucus on to the small airway 
lumen surface should increase surface tension and cause the 
airways to narrow. Th e analysis of induced sputum has con-
fi rmed that plasma proteins, mucus, and infl ammatory cells 
are present in the airway lumen even in mild asthma, sug-
gesting that some of the abnormalities in airway function of 
asthmatics might result from the presence of this material in 
the lumen. Kuyper and colleagues  [48]  recently re-assessed 
the importance of the occlusion of the airway lumen by 
infl ammatory exudates in deaths attributed to asthma. By 
examining the airway wall and luminal content of 275 air-
ways from 93 patients with fatal asthma aged 10–49 years. 
Compared with control airways obtained from persons that 
died of causes unrelated to the lungs, the asthmatic airways 
showed much more extensive lumenal occlusion, by mucus 
and cells. Th ey concluded that widespread airway occlusion 
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 FIG. 6.4          Data from Wiggs  et al . (Refs.        [38, 39] ) showing results from a 

computer model of the airways. The structural data from normal lungs 

were used to obtain the control measurements. These show that airway 

resistance increases from about 1       cmH 2 O per liter per second to reach a 

plateau of 12       cmH 2 O per liter per second, with maximum contraction of 

the airways smooth muscle. (A) When the structural features of asthmatic 

airways were used in the same computer model, the airway resistance 

continued to increase and did not reach a plateau at any physiologically 

meaningful value. (B) Data obtained from the model when the structural 

changes caused by asthma were limited to the central airway (i.e. those 

 � 2       mm diameter). Note that asthmatic changes in the central airways 

increased total resistance and resulted in a plateau slightly greater than the 

control lungs. (C) However, when the asthmatic changes were placed in 

the peripheral airway, the resistance increased without reaching a plateau. 

These data suggest that asthmatic changes in the peripheral airways have 

a much greater eff ect on overall airway function than changes that occur in 

the central airways. Reproduced from Ref.  [38]  with permission.    
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was the major cause of death from asthma and death due to 
closure of empty airways by excessive bronchoconstriction 
must be a rare event. Moreover the extensive nature of the 
airway occlusion observed at autopsy in these cases suggests 
that bronchoconstriction superimposed on airways that 
have become partially occluded is the most probable cause 
of sudden death.   

    THE PATHOLOGY OF COPD 

   Th e infl ammatory process contributes to the pathogenesis of 
chronic cough and sputum production  [49] , peripheral air-
ways obstruction          [3, 17, 50] , and emphysematous destruc-
tion of the lung surface  [51]  that defi ne COPD. As tobacco 
smoking produces lung infl ammation in everyone, and only 
15–20% of heavy smokers develop COPD, clinical disease 
from cigarette smoke-induced airway infl ammation must 
develop in this minority of people because it amplifi ed by 
either genetic or environmental risk factors  [52] . 

    Chronic bronchitis 

   Cough and sputum production are the features of a irways 
disease that defi ne chronic bronchitis  [53]  and these symp-
toms can be present either with or without airways obstruc-
tion  [49] .  Figure 6.5    shows the histology of a normal 
bronchus at low power where with the connection between 
the epithelial lining of the bronchial lumen to the mucus 
duct and gland is clearly seen. Reid  [54]  used the relative 
size of the mucus glands to the airway wall as a yardstick for 
measuring chronic bronchitis and downplayed the infl uence 
of i nfl ammation in driving mucus production. However, a 
reevaluation of this problem some years later showed that 
chronic bronchitis was associated with infl ammation of 
the airway mucosal surface, the submucosal glands, and 
gland ducts, particularly in the smaller bronchi between 
2 and 4       mm in diameter  [49] . Th e nature of the infl am-
matory process present in these airways is now quite well 
established with several studies reporting that CD8  �   lym-
phocytes are present in excess numbers in smokers with 
chronic bronchitis        [55, 56] . 

   Sputum production represents the clearance of a 
mucoid infl ammatory exudate from the lumen of the bronchi. 
Th is exudate contains plasma proteins, infl ammatory cells, 
and small amounts of mucus added from goblet cells on the 
surface epithelium and the epithelial glands. Although the 
size of the bronchial mucous glands tends to increase  [49]  
in chronic bronchitis, Th urlbeck and Angus  [57]  showed 
that the Reid index was normally distributed with no clear 
separation between patients with chronic bronchitis and 
controls. Chronic bronchitis also results in an increase in 
airway smooth muscle, a generalized increase in the con-
nective tissue in the airway wall, degenerative changes 
in the airway cartilage, and a shift in epithelial cell type 
that increases the number of goblet and squamous cells 
             [58–62] .  

    The site of airways obstruction 

   Th e site of airways obstruction in COPD is in the smaller 
conducting airways that include bronchi and bronchioles of 
less than 2       mm diameter  [3] . Direct measurements of air-
ways resistance in dogs  [4]  and in similar measurements 
in postmortem human lungs  [3]  established, in the normal 
lung, that the small peripheral airways off er very little resist-
ance to air fl ow. Although van Brabant  et al .  [63]  subse-
quently argued that these peripheral airways account for a 
larger proportion of the total airways resistance in the nor-
mal lung, there is general agreement that the peripheral air-
ways are the major site of obstruction in COPD          [3, 44, 63] . 

   Th e causes of the reduced forced expiratory fl ow that 
defi ne COPD include destruction of alveolar support of 
the peripheral airways  [64] , the loss of elastic recoil in the 
parenchyma supporting the airways  [65] , a decrease in the 
elastic force available to drive fl ow out of the lung  [66] , and 
structural narrowing of the airway lumen by a remodeling 
process          [3, 17, 67] . Comparison of the histological appear-
ance of peripheral airways at diff erent degrees of severity of 
COPD shows a progressive increase in the magnitude of the 
infl ammatory process with thickening of the airway walls 
accompanied by occlusion of the airway lumen by infl amma-
tory mucous exudates  [17] . However, multivariate analysis of 

 FIG. 6.5          Low-power photomicrograph of a normal bronchus showing 

the opening of a bronchial gland duct into the lumen and its connection 

with the submucosal gland. The bronchial muscle and cartilage are clearly 

labeled. The infl ammatory process associated with chronic bronchitis 

involves the mucosa, gland ducts, and glands of the bronchi that are 

between 2 and 4       mm internal diameter. Original photograph taken by the 

late Dr. William Thurlbeck.    
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 FIG. 6.6          (A) Shows a small bronchiole from a patient with severe (GOLD-4) COPD the lumen is nearly fully occluded and the mucosa is folded because it 

was fi xed in a collapsed state. (B) Shows a redrawing of the same airway where the lumen occlusion is less severe because the airway has been fully infl ated 

by removing the folds from the mucosa using a computer (C) Compares the frequency distribution of the ratio of luminal content area to the total area of 

the lumen for  � 562 airways from 42 patients with GOLD-4 COPD before and after the expansion of the lumen shown in A and B. As we do not breathe at 

either full expansion of the lung or at minimal volume many airways must have been partially or fully occluded in the normal breathing range. (D) Shows the 

relationship between the severity of the occlusion of the airway lumen with the level of FEV 1 . Adapted from Ref.  [17]  with permission.          

these data indicated that thickening of the airway walls and 
the occlusion of the lumen by infl ammatory exudates con-
taining mucus explained more of the variance in the decline 
in FEV 1  than the infi ltration of the airway tissue by any of 
the infl ammatory cell types examined  [17] . Interestingly the 
severity of the occlusion of the airways lumen by infl amma-
tory exudates containing mucus ( Fig. 6.6   )  has  also associated 
with premature death in persons with severe (GOLD-3) and 
very severe (GOLD-4) disease  [68] . 

   Th e lung infl ammatory changes that are associated 
with cigarette smoking have been documented in autopsy 
studies              [69–73] , resected lung specimens            [49–51, 74]  lung 
biopsies  [75] , and indirectly by examining bronchoalveolar 
lavage fl uid          [76–78] . Collectively these data support the 
concept that cigarette smoke-induced lung infl ammation 
is present in all smokers, including those with normal lung 
function and that it persists long after people have stopped 
smoking  [17] . Th e reasons for both the amplifi cation of the 
smoking-related infl ammatory process in individual that 
develop COPD, the persistence of this response after the 
smoking has stopped and the precise relationship between 
the infl ammatory response and the remodeling process 
needs further clarifi cation.  

    Emphysema 

   Emphysema has been defi ned as  “ abnormal permanent 
enlargement of airspaces distal to terminal bronchioles, 
accompanied by destruction of their walls without obvi-
ous fi brosis ”   [79] . Th is defi nition emphasizes the destruction 
of the alveolar surface with a minimal reparative response in 
the lung matrix and the ability of this destructive process to 
reduce the gas-exchanging surface of the lung. Th e centrilob-
ular form of emphysema ( Fig. 6.7   ) resulting from dilatation 
and destruction of the respiratory bronchioles in the center of 
secondary lobule of Miller has been most closely associated 
with smoking        [80, 82] . Th e panacinar form of emphysema, on 
the other hand, results from a uniform destruction of all of 
the acini in the entire secondary lobule and is characteristic 
of the lesions found in the lungs in   α   1 -antitrypsin defi ciency 
 [83] . Th e terms  “ distal acinar, ”   “ mantle, ”  or  “ periseptal ”  emphy-
sema are used to describe lesions that occur in the periphery 
of the lobule and along the lobular septae particularly in the 
subpleural region. Th ese lesions have been associated with 
spontaneous pneumothorax in young adults and bullous lung 
disease in older individuals  [84] . In far-advanced parenchy-
mal destruction such as that frequently observed in end-stage 
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COPD, these descriptive terms are less helpful because centri-
lobular disease eventually destroys the entire lung lobule and 
destroyed lobules can coalesce to form much larger lesions. 

   Th e destruction of the lung by centrilobular emphy-
sema results in a loss of elastic recoil with subsequent 
hyperinfl ation and a change in the pressure–volume rela-
tionship of the emphysematous lung tissue compared to 
the surrounding normal lung such that at any volume recoil 
pressure is less  [81] . Th is decrease in lung elastic recoil 
diminishes expiratory fl ow by reducing the pressure avail-
able to drive air out of the lung  [66] , and interferes with gas 
exchange by reducing lung surface area  [85] .  

    Acute exacerbations of COPD 

   In a hospital-based study of 1205 admissions to fi ve hospi-
tals for acute exacerbations of COPD, infections accounted 
for 520 (43%), heart failure for 260 (22%), and 122 (10%) 
cases were attributed to a variety of etiologies that included 

arrhythmia, pulmonary embolism, pneumothorax, postop-
erative complications, and lung cancer  [86] , with no cause 
being established in 303 (25%) of these 1205 admissions. 
Early studies by Stuart-Harris and associates        [87, 88]  showed 
that COPD patients with acute upper respiratory infec-
tions are more likely to have signs of infection in the lower 
airways than normal controls. Probably because acute viral 
upper respiratory tract infections increase the risk of aspira-
tion of mucoid exudate containing large numbers of bacte-
ria from the upper airways, but also because viral infection 
reduces both the mucociliary clearance and bacterial kill-
ing in the lower airways          [89–91] .  Streptococcus pneumonia , 
 Staphylococcus aureus , and  Hemophilus infl uenzae  are the most 
common bacteria infecting the lower airways during an acute 
viral infection        [90, 91] , and these infections account for the 
positive eff ect of antibiotics in some exacerbations of COPD 
 [92] . Two important early studies established an association 
between acute illness and serologic laboratory evidence of 
viral infection in patients with COPD        [93, 94] . Th e devel-
opment of polymerized chain reaction (PCR)-based viral 
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 FIG. 6.7          (A) Normal lung photographed from the pleural surface after a postmortem bronchogram. The connective tissue outlining the secondary lobule 

is clearly seen (solid arrow) and a terminal bronchiole (TB) indicated by a clear arrow supplies a single acinus. (B) Photomicrograph of an acinus showing a 

terminal bronchiole (TB), respiratory bronchiole (RB), and alveolar ducts (AD). Their structure is represented by the fi ne spray of contrast at the end of the TB 

shown in the bronchogram in (A). (C) Diagram of the lesion in centrilobular emphysema, showing the dilation and destruction of the respiratory bronchioles. 

(D) Postmortem bronchogram showing a centrilobular emphysematous lesion (CLE) outlined by bronchographic material. Parts (C) and (D) reproduced from 

Refs        [80, 81] , with permission.    
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diagnostic techniques have improved the sensitivity of the 
diagnosis of viral infection and the use of real time PCR to 
measure viral copy numbers will likely improve its specifi city. 
Early reports of studies based on these techniques indicate 
the importance of rhinoviral infection in causing acute exac-
erbations in an outpatient setting with infl uenza A and the 
corona virus OC-43 being more prominent causes of exacer-
bations that require admission to hospital          [95–97] . 

   Th e pathological features of the lung during acute 
exacerbations of COPD are incompletely defi ned. Primarily 
because postmortem studies of patients that die during 
exacerbations are complicated by terminal events and biopsy 
studies of patients with severe (GOLD-3 and very severe 
GOLD-4 disease during an exacerbation cannot be car-
ried out without excess risk to the patient. One exception 
is an important study by Saetta  et al .  [98]  in less severely 
ill patients with GOLD class 2 disease and a mean FEV 1  
of 62  �  7% predicted implicated the eosinophil as a cell of 
interest. Clearly more studies especially those that can make 
use of non-invasive or less invasive techniques than biopsy 
are needed to help clarify this important area of COPD.   

    SUMMARY 

       Asthma 

   Th e pathology of asthma is dominated by widespread plug-
ging of the segmental, subsegmental, and smaller conducting 
airways that leads to hyperinfl ation but not destruction of 
the parenchyma. Th ese airway plugs are a manifestation of 
the fl uid and cellular exudative phase of an infl ammatory 
process based in the airway tissue ( Fig. 6.6 ). Th e cytokine 
and cellular content of this process is consistent with a Th -
2 type of immune response        [36, 37] , and quantitative post-
mortem studies have established that the airway occlusion 
by plugs of this exudate is the major determinant of death 
from asthma  [48] .  

    COPD 

   Th e chronic bronchitis of COPD is defi ned by excess cough 
with sputum production and is associated with an infl am-
matory process located in the mucosa, gland ducts, and 
glands of intermediate-sized bronchi between 2 and 4       mm 
internal diameter. Th e airway obstruction in COPD is the 
result of a similar infl ammatory response in the smaller 
bronchi and bronchioles under 2       mm internal diameter, 
where the repair process associated with chronic infl am-
mation thickens the airway wall and narrows the lumen to 
cause fi xed airway obstruction. Emphysematous destruction 
of the lung surface contributes to the decline in FEV 1  by 
reducing the elastic recoil force available to drive air out of 
the lung and is responsible for reduced gas exchange. Th e 
acute exacerbations of COPD that occur with increas-
ing frequency as the disease progresses have several known 
causes including infection, right heart failure, and pulmo-
nary embolism but it is discouraging that in up to 25% of 
cases admitted to hospital the cause is unknown.     
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    Airway Remodeling 

   Airway remodeling may be defi ned as a process of 
sustained disruption and modifi cation of structural 
cells and tissues leading to the development of a 
new airway-wall structure and as a consequence, 
new functions. Although this process was noted 
as long ago as 1922  [1] , interest in the underly-
ing in asthma has risen only in recent years, the 
debate about asthma causation largely being 
driven by concepts in immunology and infl am-
mation. In chronic obstructive pulmonary disease 
(COPD), although airway structural changes are 
well recognized  [2] , the underlying pathogenesis 
has received much less attention, possibly due to 
the more peripheral location of pathology and the 
overshadowing interest in the adjacent emphyse-
matous tissue destruction. 

   In both conditions, a number of  “ remod-
eling ”  processes occur; but in proportion, the 
changes observed are quite diff erent. Principal   
among these changes are airway fi brosis, an ele-
vation in smooth muscle mass, mucous meta-
plasia, and glandular hypertrophy, in addition 
to less well defi ned alterations of the bronchial 
vasculature and nerves to create an abnormal 
airway wall. In asthma, segmental and subseg-
mental bronchial walls are thickened over their 
entire size range  [3] . In COPD, only the inner 
wall area of the large airways is convincingly 
thicker  [4] . Th e peripheral airways ( � 2       mm 
diameter), normally devoid of either supporting 
cartilage or bronchial glands, are also conspicu-
ously remodeled in COPD        [5, 6] . 

    NATURAL HISTORY AND CLINICAL 
IMPORTANCE 

   Th e natural history of remodeling is not well 
understood. Th ough it is surmised to be a 

consequence of long-term airways disease, stud-
ies have revealed early manifestations in asth-
matics  [7]  and young smokers  [8] , suggesting 
that remodeling maybe as much part of the pri-
mary pathology of the disease rather than simply 
being a result of chronic infl ammation. However, 
a considerable degree of variability in susceptibil-
ity to remodel the changes exists in both patient 
groups. Computerized tomography (CT) shows 
increased airway wall thickening in proportion 
to disease severity in both children and adults 
with asthma        [9, 10] , whereas in highly labile 
 “ brittle ”  asthma, this change is notably absent 
 [11] . At a population level, asthma is associated 
with a greater than normal decay in lung func-
tion over time and associated loss of corticoster-
oid responsiveness  [12] . In a small proportion of 
asthma patients with severe chronic disease the 
decline in lung function is more progressive and 
associated with persistence of symptoms despite 
corticosteroid therapy, thereby resembling a 
COPD-like state  [13] , although the pathology 
that underlies this in the two disorders diff ers 
 [14] , Th e accelerated decline in lung function in 
asthma may refl ect not only the presence of air-
way structural modifi cation, but also the inade-
quacy of currently available treatments to modify 
the remodeling processes. 

   Airway remodeling may have a number 
of clinical consequences for both asthma and 
COPD. For example, bronchial hyperresponsive-
ness has been postulated to be a function of the 
physical eff ects of overall airway wall thickening, 
in addition to airway infl ammation and smooth 
muscle reactivity  [15] . Of interest, however is 
the inverse relationship between airway wall 
thickening demonstrated by CT and by endo-
bronchial ultrasound and airway hyperrespon-
siveness        [16, 17] . Individual remodeling changes, 
such as an increased smooth muscle bulk or an 
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enhanced mucus producing facility, have their own implica-
tions for both symptom severity and airway function.  

    MECHANISMS OF REMODELING 

    Epithelial damage, airway infl ammation, 
and epithelial repair 

   Responses of the airway epithelial barrier to injury and 
manipulation and abnormalities in the ensuing processes 
of repair are the most likely causes of remodeling. In both 
adult and children with chronic asthma, there is a good 
evidence that following repeated epithelial injury by envi-
ronmental factors (e.g. allergens, viruses, and pollutants) 
the repair processes involve intercellular signaling between 
the damaged and regenerating epithelium and the underly-
ing subepithelial (myo)fi broblast sheet, to infl uence matrix 
synthesis and the mass and composition of structures lying 
beneath  [18] . Under these conditions, the asthmatic airway 
is behaving like a chronic wound with release of proinfl am-
matory cytokines and multiple growth factors leading to 
some permanent changes to airway wall morphology. Th ese 
epithelial–mesenchymal interactions have invited parallels 
with the intercellular communication found during branch-
ing morphogenesis, and remodeling has been suggested to 
refl ect a reactivation of these early life processes (discussed 
later). 

   In contrast to asthma, COPD is thought to be due 
almost exclusively to the toxic eff ects of tobacco smoke. 
Repetitive attempts by the epithelium to protect itself and 
repair the injury induced by this noxious agent leads to 
marked structural changes to the epithelium with thickening 
and squamous metaplasia accompanied by an enhanced 
mesenchymal response at some sites and alveolar destruc-
tion at others. Th e airway obstruction that accompanies 
these changes is resistant to corticosteroids and in this 
respect becomes permanent or  “ fi xed. ”  

   Th e importance of airway infl ammation, integral and 
intimately linked to the process of epithelial injury, is rec-
ognized in both diseases  [19] . In asthma, much interest has 
focused on the CD4  �   T-lymphocyte that is skewed toward 
a Th 2 type phenotype as the orchestrator of an immune 
response to allergens  [20] . Th e predominant pattern of Th 2 
cytokine expression results in an infl ammatory phenotype 
where eosinophils and mast cells are prominent, but macro-
phages, fi broblasts, and dendritic cells are also involved  [21] . 
Th e infl ammatory milieu diff ers considerably in COPD. 
Eosinophils may play a role in a subset that has features in 
common with asthma and also during acute exacerbations 
       [22, 23] , but their signifi cance in the majority is outweighed 
by the contribution of macrophages and neutrophils with 
a CD8  �   T-cell preponderance          [24–26] . Indeed CD8  �   
T-cells are assuming increasing importance in orchestrating 
the neutrophil-mediated injury in COPD possibly linked 
to chronic infection. Known perpetrators of epithelial dam-
age in COPD include tobacco smoke toxins, viruses, and 
bacteria, whereas in asthma house dust mite allergen  [27] , 
fungal and pollen enzymes  [28] , and toxic air pollutants 

are causally involved, with their eff ects being augmented 
by the airway infl ammatory responses induced by these 
agents. Th us, the generation of reactive oxygen species and 
the products of infi ltrating infl ammatory cells including 
arginine-rich eosinophilic proteins  [29] , mast cell tryptase 
 [30] , neutrophil elastase, and metalloproteases derived from 
eosinophils and mast cells        [31, 32] , neutrophils and macro-
phages all induce epithelial injury. Th e result in asthma is 
a fragile bronchial epithelium with weakening of junctional 
adhesion structures, whereas in COPD the epithelium pro-
liferates and thickens. Consequently, a feature of asthma is 
the shedding of columnar epithelial cells from their basal 
cell attachments            [33–36] . In COPD, although atrophy and 
shedding of the epithelium may occur  [37] , focal squamous 
metaplasia is much more common        [38, 39] . 

   Altered airway adhesion molecule expression, a hall-
mark of an active repair process, has been demonstrated in 
asthma and COPD. Th is includes enhanced expression of 
CD44  [40] , the integrins  [41] , and E cadherin  [42]  in asthma, 
while in both asthma and COPD there is augmented expres-
sion of ICAM-1  [43] . A recent important fi nding in asthma 
is the incomplete formation of tight junctions at the apex of 
the columnar epithelial cells which is preserved in tissue cul-
ture of diff erentiated asthmatic epithelium many weeks after 
removal from the patient’s airways        [44, 45]  ( Fig. 7.1   ). 

   Since tight junctions are crucial in controlling para-
cellular transport, their disruption in asthma could help to 
explain why inhaled allergens and other inhaled environ-
mental agents initiate and maintain a chronic infl ammatory 
response at this site. Epithelial expression of the epidermal 
growth factor receptor (EGFR) family is also increased 
in asthma, and refl ects an injury and repair response seen 
in other epithelial tissues by interacting with six distinct 
ligands: 

      ●      epidermal growth factor (EGF)  

      ●      transforming growth factor  α  (TGF- α )  

      ●      amphiregulin (AR)  

      ●      heparin-binding EGF-like growth factor (HB-EGF)  

      ●      betacellulin (BTC)  

      ●      epiregulin.    

   Activation of the EGFR promotes both migration 
and proliferation of epithelial cells  [46] , and there is  in vitro  
and  in vivo  evidence supporting a role for this receptor in 
bronchial epithelial repair        [47, 48] . However, in asthma, 
increased EGFR expression does not appear to be coupled 
to an appropriate proliferative response by the repairing 
epithelium  [49] . Th is impairment may explain why EGFR 
expression, as a marker of tissue injury, correlates positively 
with both asthma severity, neutrophil infl ux  [50] , and the 
extent of subepithelial fi brosis  [51] . Th e impaired epithelial 
repair response in asthma may be well linked to the actions 
of the profi brogenic transforming growth factor beta 
(TGF- β ) family of cytokines, which are known inhibitors 
of epithelial proliferation  [52]  and whose level is markedly 
increased in asthmatic airways  [53] . 

   Although there are substantial changes in epithelial 
structure in COPD, relatively little is known of the factors 
driving this. Cigarette smoke results in enhanced EGFR 
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expression in airways epithelium  [54]  and augmented 
expression of both EGF and TGF- β  have been observed in 
subjects with chronic bronchitis  [53] . Th us in both asthma 
and COPD, there occurs a potential imbalance between 
proliferative and anti-proliferative signaling in the air-
ways in the former leading to a frustrated and incomplete 
response and in the latter an exuberant response. 

   Th e relationship between epithelial injury and fi brosis 
has been examined using co-cultures of bronchial epithelial 
cells and fi broblasts. In these studies, damage infl icted on 
the epithelial cells that resulted in enhanced myofi broblast 
proliferation and collagen gene expression secondary to the 
release of a number of growth factors including 

      ●      basic fi broblast growth factor (FGF1)  

      ●      acidic fi broblast growth factor (FGF2)  

      ●      insulin-like growth factor (IGF)  

      ●      platelet-derived growth factor (PDGF)  

      ●      transforming growth factor  β  (TGF- β )  

      ●      Endothelin-1 (ET-1)  [55].     

   In addition to these, a range of other potentially 
important epithelial-derived products such as nerve growth 
factor (NGF), nitric oxide, metalloproteinases, fi bronectin, 
(an extracellular matrix component with potent chemotactic 
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properties for fi broblasts  [56] ) and a range of proinfl amma-
tory cytokines            [57–60]  are produced by epithelial cells dur-
ing the repair process.  

    Remodeling of the extracellular matrix 

   Th e extracellular matrix is composed of a network of fi brous 
and structural proteins embedded in a hydrated polysaccha-
ride gel to form the strong, resilient framework of the air-
way wall. Alteration in both the mass and the composition 
of this structure is one of the primary aspects of remodeling 
in both asthma and COPD, with enhanced fi broblast activ-
ity being most directly responsible. 

   Th e repair environment in the airways produces a 
number of changes in cytokine and growth factor expression 
to which the fi broblast is receptive. Studies in asthma have 
indicated that myofi broblasts, a cell population with morpho-
logical and biochemical features intermediate between those 
of fi broblasts and smooth muscle cells  [61] , are responsible 
for the particular pattern of matrix deposition in this disease. 
Th ese cells, lying below and adjacent to the  lamina reticularis  
in a layer referred to as the  “ attenuated fi broblast sheath ”  are 
major producers of collagen and proteoglycans implicated in 
matrix accumulation, as well as wound contraction  [62] . In 
the absence of specifi c immunohistochemical markers for this 
cell type, myofi broblasts are identifi ed by ultrastructural cri-
teria and the expression of  α -smooth muscle actin ( α -SMA) 
which is also found in abundance in smooth muscle cells. 
Th ough myofi broblast hyperplasia has been demonstrated in 
the airway subepithelium in asthma        [61, 63] , with their num-
bers correlating with the extent of subepithelial collagen thick-
ness        [63, 64] , the signifi cance of this fi nding in relation to the 
remodeling response involving the full thickness of the airway 
wall is uncertain, however, their increased number is highly a 
characteristic of asthma. Myofi broblasts (or fi bromyocyte as 
they have also been called) appear early after allergen chal-
lenge, perhaps implying a quiescent precursor cell that diff er-
entiates to acquire myofi broblast features  [61] . Candidates for 
this include fi broblasts, smooth muscle cells, or perhaps other 
primitive mesenchymal or structural cells. Recent interest in 
the recruitment of CD32  �   bone marrow-derived fi brocytes 
from the circulation into the airways following allergen chal-
lenge is another possible source of these cells  [65] . A further 
source of myofi broblasts is through epithelial–mesenchymal 
transition involving TGF- β  as described in pulmonary fi bro-
sis  [66] . A number of factors have been identifi ed which alter 
fi broblast  α -SMA expression: 

      ●      TGF- β   [67]   

      ●      Heparin  [68]   

      ●        Interferon-γ  

      ●      granulocyte macrophage colony stimulating factor 
(GM-CSF).    

   Proliferation and migration of resident progenitors 
and/or myofi broblasts already present in the airways may 
contribute to the increase in these cells beneath the epi-
thelium  [63] . For example, smooth muscle mitogens and 
fi broblast growth factors have been detected in bronchoal-
veolar lavage (BAL) fl uid after allergen challenge  [69] , and 

fi bronectin has been observed to cause selective recruitment 
of myofi broblasts from a population of normal fetal lung 
fi broblasts  [70] . In COPD, studies investigating the poten-
tial role of myofi broblasts suggest an increase in peripheral 
airways that show the greatest tendency to remodel  [71] .  

    The role of growth factors and 
infl ammatory mediators 

   Th e use of transgenic animal models of mediator’s over-
expression has provided further evidence to link epithelial 
growth factor and infl ammatory cytokine generation with 
matrix remodeling. Specifi cally, TGF- β , over-expressed 
in the rat airway epithelium by adenoviral gene transfer 
results in severe interstitial and pleural fi brosis  [72] , while 
over-expression of TGF- β , IL-6, or IL-11 as transgenes in 
the airway epithelium induces subepithelial fi brosis in the 
lungs of mouse models        [73, 74] . Mouse models expressing 
the Th 2 cytokines IL-5  [75] , IL-9  [76] , and IL-13  [77]  all 
developed remodeling responses in their airways, although 
interestingly in mice over-expressing IL-4 the results are 
inconsistent        [78, 79] . Interleukin-13 is over-expressed in 
asthmatic airways  [80]  and is being pursued as an impor-
tant new therapeutic target in asthma because of its involve-
ment in B-cell IgE isotype switching, Th 2 infl ammation, 
mucous metaplasia and remodeling eff ects  [81] . Th e TGF- β  
superfamily of cytokines (that include the bone morpho-
genic proteins (BMPs)) are among the most studied with 
respect to airway fi brosis and remodeling. TGF- β  is a mul-
tifunctional profi brotic growth factor and a key component 
in the regulation of tissue growth and diff erentiation dur-
ing branching morphogenesis and wound repair as well as 
promoting smooth muscle diff erentiation  [82] . It stimulates 
fi broblast growth and is responsible for the diff erentiation 
of fi broblasts into myofi broblasts          [55, 83, 84] . TGF- β  pro-
motes synthesis of extracellular matrix components by a 
number of cells including fi broblasts, smooth muscle, epi-
thelial cells, and macrophages  [85] , and it blocks matrix 
degradation by inhibiting proteolytic enzyme synthesis and 
augmenting the action of protease inhibitors with increased 
expression both in asthma and COPD          [53, 86, 87] . Tissue 
macrophage TGF- β  production is elevated in both dis-
eases, while in asthma eosinophils and epithelial cells are 
also important sources          [53, 88, 89] , a signifi cant correla-
tion being demonstrated between the level of expression of 
TGF- β  and the extent of subepithelial fi brosis and numbers 
of fi broblasts  [53] . TGF- β  levels in asthmatic airways are 
unaff ected by corticosteroid treatment. 

   Another growth factor cluster is platelet-derived 
growth factor (PDGF). Th is is produced mainly in the air-
ways by macrophages, epithelium, and most airway infl am-
matory cell types including mast cells and eosinophils 
as important sources of in asthma        [90, 91] . PDGF pro-
motes fi broblast chemotaxis, fi brosis, and smooth muscle 
mitogenesis  [92]  and would seem to be another very plau-
sible mediator of airway remodeling with asthmatic bron-
chial fi broblasts showing enhanced responsiveness  [93] . 
Nevertheless, it has been diffi  cult to show increased expres-
sion of PDGF in the airways either in asthma or in COPD 
       [94, 95] , so that its relevance in these diseases has yet to be 
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clearly demonstrated. A family of profi brotic mediators are 
the endothelins (1 and 2) whose levels are increased in both 
diseases          [96–98] . Th ese agents, in addition to their well 
described vasoconstrictor and bronchoconstrictor proper-
ties, the endothelins are potent activators of fi broblasts for 
enhanced matrix production  [99] . 

   Although in asthma epithelial EGFR expression has 
been shown to correlate with the extent of subepithelial 
fi brosis, the EGFR as an eff ector of matrix remodeling mes-
enchymal cells is also important, along with platelet-derived 
growth factor (PDGF), insulin-like growth factor, fi brob-
last growth factors and TGF- β . Stimulation of fi broblast-
bound EGF and PDGF receptors works in concert with 
binding of  β 1 integrins also present on the surface of these 
cells by matrix components such as laminin or fi bronec-
tin to stimulate fi broblast chemotaxis and migration        [100, 
101] . Th us, alterations in growth factor and receptor expres-
sion, matrix composition, and adhesion molecule binding all 
have the potential to infl uence fi broblast activity in the air-
way repair response. Although EGF immunoreactivity has 
been demonstrated in the airway mucosa of both asthmatic 
and COPD patients, the number of EGF-expressing cells 
did not correlate with either basement membrane thickness 
or underlying fi broblast number  [53] . Increased epithelial 
expression of TGF- α , another ligand of the EGF family 
results in lung fi brosis, but the eff ect is mediated via the epi-
thelium to enhance other fi broblast growth factor secretion 
rather than through a direct action on fi broblasts  [46] .  

    The role of proteolytic enzymes 

   Alteration in matrix turnover is a critical factor in the 
remodeling process involving a range of proteolytic 
enzymes. Serine proteases and matrix metalloproteases that 
are produced by a variety of infl ammatory and stromal cells 
can digest all the major components of the extracellular 
matrix  [102] . Examples include MMP3 (stromolysin) and 
MMP9 in asthma  [103]   [104]  and MMP1, MMP9, and 
MMP12 in COPD (with regard to their potential to induce 
emphysema)        [105, 106] . In emphysema it is believed that a 
protease/anti-protease imbalance exists favoring the exces-
sive proteolytic digestion of lung parenchyma and especially 
elastin, although there is now strong evidence that deposi-
tion of new matrix is an equally important component of 
COPD involving the more peripheral airways and contrib-
uting to increased airway stiff ness  [107] . Th us, although 
both MMP9 and neutrophil elastase levels are elevated in 
induced sputum of asthmatic and COPD patients, the aug-
mented presence of these proteases is outweighed by a pro-
portionally larger increase in their natural inhibitors TIMP1 
and  α 1-antitrypsin        [108, 109]  which would favor fi brosis. 

   Th e release of growth factors that are encrypted in 
the extracellular matrix or from their cell membrane-bound 
precursors is another way that proteases may contribute to 
remodeling. For example, both FGF and TGF- β  are bound 
as inactive forms to heparan sulfate and decorin respec-
tively        [110, 111]  and can be released from these matrix 
stores by the proteolytic activity of plasmin and MMPs. 
In contrast, release of heparin-binding EGF (hb-EGF), a 
further member of the EGF family and a potent smooth 

muscle mitogen, is dependent on MMP3-induced cleav-
age of its transmembrane precursor  [42] . Mast cell tryptase, 
acting via cellular protease activated receptor (PAR)2 acts 
directly on fi broblasts and smooth muscle cells to promote 
both mitogenesis and collagen secretion  [112]  and is also 
mitogenic for epithelialial cells and enhances profi brogenic 
growth factor release  [113] .  

    Eff ects of the altered matrix on remodeling 

   Th e capacity of the extracellular matrix to directly and indi-
rectly infl uence cell migration, proliferation, and matura-
tion is indicative of a highly dynamic function in addition 
to provide structural support        [85, 114] . Matrix components 
such as decorin, versican, and fi bronectin provide stimuli 
for infl ammatory, epithelial, and stromal cells by serving 
as ligands for adhesion molecules  [115]  and by acting as a 
reservoir for release of cytokines, chemokines, and growth 
factors such as TGF- β   [116] . Glycosaminoglycans, such as 
hyaluronic acid (HA), found to be increased in the BAL 
fl uid of asthmatics  [117] , facilitate cell migration, and pro-
liferation during injury and repair,  [118]  by interacting with 
receptors such as CD44  [119] , while survival of eosinophils 
is prolonged by interaction with fi bronectin and laminin, 
which inhibit apoptosis in part through the autocrine eff ect 
of GM-CSF  [120].  Indeed, fi bronectin is a matrix glyco-
protein that has received considerable attention regarding 
its role in repair        [85, 121] . It is produced by bronchial epi-
thelial cells  [122]  fi broblasts, smooth muscle cells, and mac-
rophages  [123]  and is upregulated by growth factors such 
as TGF- β   [124]  and integrin ligation  [125] . Fibronectin is 
incorporated into the provisional matrix that forms after 
injury, where it acts as a chemoattractant for both epithelial 
cells and fi broblasts  [126] . Elevated quantities of fi bronectin 
have been detected in bronchial lavage fl uid in COPD and 
in asthma where it is also found abnormally deposited in 
the subbasement membrane along with tenascin C, another 
matrix glycoprotein that is chemotactic for leukocytes and 
repair cells          [63, 127, 128] .   

    RESULTS OF MATRIX REMODELING IN 
ASTHMA AND COPD 

   Th e pattern and distribution of matrix deposition in the 
remodeled airway diff ers between asthma and COPD. 
Interest in asthma has centered mainly on the larger air-
ways, whereas in COPD it is involvement of small air-
ways where remodeling dominates the pathology. Matrix 
remodeling may be roughly subdivided into thickening of 
the subepithelial basement membrane ( lamina reticularis  or 
basal lamina), submucosal thickening, matrix deposition in 
airway smooth muscle and new matrix deposited in the air-
way adventitia outside the smooth muscle layer. In addition, 
the proliferation of new blood vessels, nerves, and muscle as 
well as mucous metaplasia and formation of larger and more 
numerous submucous glands are all part of the remodeling 
response. 
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    Subepithelial basement membrane matrix 
deposition in asthma and COPD 

   Deposition of protein beneath the true epithelial basement 
membrane is characteristic of asthma. Electron microscopic 
and immunohistochemical analysis of bronchial biopsy 
specimens has shown that the true basement membrane, 
made up of the  lamina rara  and  lamina densa , is normal in 
both size and composition and that the changes occur in 
the  lamina reticularis . In this region, abnormal deposition 
of interstitial repair collagen subtypes I, III, and V takes 
place  [129]  in addition to non-collagenous matrix compo-
nents that include fi bronectin  [129] , laminin  β  2   [130] , and 
tenascin C  [131] . Classical epithelial-derived membrane 
subtypes, such as collagens IV and VII, are absent from 
this abnormal subepithelial matrix layer. Recent studies 
in asthma using the blocking anti-IL-5 monoclonal anti-
body, mepolizumab, have shown that depletion of IL-5 and 
partial depletion of airway eosinophils results in reduced 
immunostaining for tenascin C, lumican, and collagen III 
in the  lamina reticularis   [132] , but, interestingly, this is not 
paralleled by remission of asthma  [133] . Similar eff ects on 
the matrix component of the late phase allergen response 
have also been reported  [134] . It is possible that more pro-
longed anti-IL-5 treatment in more severe asthma might be 
more clinically eff ective since mepolizumab is highly eff ec-
tive in eosinophilic oesophagitis and nasal polyposis  [135] . 

   Studies of COPD have not revealed an equivalent to 
the subepithelial fi brosis as observed in asthma, although in 
post-transplant obliterative bronchiolitis, this change occurs 
secondary to epithelial damage, epithelial-mesenchymal 
transition, and proliferation of myofi broblasts        [136, 137] . 
Studies of COPD show reveal normal basement membrane 
thickness        [37, 138] , although in a subset of patients with 
COPD who display overlap with the asthmatic phenotype 
thickening of the  lamina reticularis  is apparent especially in 
the presence of eosinophils  [139] . Th ese individuals, who 
have a BAL eosinophilia and signifi cant corticosteroid 
reversibility, also show demonstrable basement membrane 
thickening, but the composition remains unknown  [140] . 
Further studies are needed to properly defi ne the clinical 
and pathological characteristics of this subgroup and any 
overlap with late onset  “ intrinsic ”  asthma.  

    Diff use matrix deposition in asthma 
and COPD 

   Studies evaluating matrix deposition deep to the  lamina 
reticularis  in asthma have been few. An excess of collagen 
including types III and V have been found in large airway 
samples by some investigators        [141, 142] , but not by others 
       [129, 143] . Other matrix proteins and proteoglycans found 
in excess in this region in asthma include decorin, lumican, 
biglycan, versican, and fi bronectin  [108] . Excess matrix dep-
osition in COPD has been identifi ed predominantly in the 
peripheral, noncartilaginous airways ( � 2       mm diameter)        [39, 
144] . However, one immunohistochemical investigation has 
demonstrated reduced decorin and biglycan in the periph-
eral airways, with staining patterns for type IV collagen and 
laminin similar to those observed in control lungs  [145] .   

    MUCOUS METAPLASIA 

   In normal lung, submucosal mucous glands and epithe-
lial goblet cells are distributed throughout the cartilagen-
ous airways in. In asthma and COPD, epithelial mucous 
metaplasia and hyperplasia occur with hypertrophy of the 
submucosal gland mass. An increase in both the number 
and the size of mucus-secreting cells leads to enlargement 
of these tracheobronchial glands in both diseases        [146, 
147] ; however, a variable degree of replacement of serous 
with mucous acini occurs in COPD, but not in asthma 
 [148] . 

   Epithelial mucous cell metaplasia is observed in 
both central and peripheral airways in asthma        [149, 150]  
but there exists a substantial degree of individual vari-
ation. In those who have died due to asthma goblet cells 
are found in the peripheral airways  [151] , compatible with 
most asthma deaths occurring in association with exces-
sive mucous occlusion of airways  [152] . In COPD, mucous 
metaplasia and hyperplasia are observed both centrally and 
peripherally          [2, 153, 154]  resulting in a more even distri-
bution of secretary cells throughout the airways. Th us, the 
smaller ( � 400        μ m diameter) airways which are normally 
populated with very few goblet cells become important 
contributors to the excess mucous which characterizes this 
disease        [155, 156] . Indeed, the mucus produced in asthma 
and COPD is qualitatively and quantitatively abnormal 
with major alterations in its cellular and molecular compo-
sition. Th e elevated ratio of mucous/serous acini in COPD 
results in secretion of a more gel-like thicker mucus, which 
is also lacking in anti-proteases  [157] . In severe asthma, 
bronchial obstruction from mucus plugging occurs in both 
central and peripheral airways        [151, 158] . In COPD, par-
tial or complete occlusion of the small ( � 2       mm diameter) 
airways with mucous plugs is common  [5] . In both diseases, 
reduced levels of surfactant lining the small airways results 
in increased surface tension, airway collapse, and diffi  culty 
in re-expansion  [159] . 

   Expression of mucin genes, which encode the mucin 
glycoproteins, is the principal factor governing the dif-
ferentiation of epithelial cells into goblet cells  [160] . Both 
environmental and host factors, acting on the epithelium, 
have been shown to stimulate mucin gene upregulation and 
mucin secretion. Environmental factors include infectious 
agents  [161]  and environmental pollutants  [162]  while 
host factors include infl ammatory mediators  [163]  and cell 
degranulation products        [164, 165] . Acrolein, a low molecu-
lar weight component of cigarette smoke, induces epithelial 
MUC5AC gene expression, and mucous metaplasia in rats 
 in vivo   [166]  ,while the Th  2  cytokines IL-4, IL-9, and IL-13 
have been closely linked to both augmented mucin gene 
expression, particularly the MUC5AC and MUC2 genes, 
and goblet cell diff erentiation both  in vitro  and  in vivo  
           [167–170] . 

   A central role has been postulated for the neutrophil 
in stimulation of airway mucin production. Th is is based 
on the observation of augmented MUC5AC expression 
by cultured epithelium when exposed to neutrophils  [171] , 
possibly through neutrophil elastase and oxidative stress, 
each of which has been shown to augment both epithelial 
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MUC5AC mRNA and protein expression            [171–174] . Th e 
EGFR is involved in regulation of airway mucin synthesis 
       [175, 176]  as mucin gene expression results from ligand-
independent transactivation of the EGFR in response to 
oxidative stress  [177]  that can be blocked by selective inhib-
itors of the EGFR tyrosine kinase  [131] . Both EGF and 
EGFR expression are elevated in bronchial glandular tissue 
in asthmatic subjects compared with controls  [178]  sug-
gesting a similar role for the EGFR in asthma. IL-13 may 
cause induction of mucin gene expression via an EGFR-
dependent pathway.  

    SMOOTH MUSCLE REMODELING 

   Th e presence of an augmented airway smooth muscle 
bulk in asthma and COPD is well established. In asthma, 
smooth muscle mass is increased in both large  [179]  and 
peripheral        [180, 181]  airways, although debate contin-
ues over whether hypertrophy or hyperplasia dominate. 
Autopsy studies suggest the existence of two distinct pat-
terns. Th e type 1 pattern has increased muscle mass due 
to hyperplasia restricted to large central airways, while in 
type 2 there is smooth muscle thickening throughout the 
bronchial tree caused predominantly by hypertrophy, par-
ticularly in the small airways, with a mild degree of hyper-
plasia in the larger airways  [182] . Th e situation is further 
complicated by the considerable degree of heterogeneity 
present. An increase in smooth muscle mass is not always 
demonstrated in mild asthma  [183]  or in post-mortem 
studies of asthmatics whom have died from other causes 
 [184] . Why diff erent patterns of smooth muscle enlarge-
ment should exist in asthma or what factors predispose 
some but not other asthmatics to the development of either 
one is unknown. Nor is it known whether smooth muscle 
changes occur before, in parallel with or as a consequence 
of the infl ammation. 

   Th e peripheral airways are also the location of an 
increase in smooth muscle mass in COPD            [183, 185–187] , 
though it is suggested that the changes are less marked 
than those in asthma  [183] . Studies often describe these 
changes under the heading of hypertrophy, but the extent to 
which hyperplasia plays a role is again unclear. Estimates of 
smooth muscle enlargement in the larger airways in COPD 
have varied  [188] . Some investigators have observed no 
abnormality in smooth muscle area  [179] , while others 
report up to a twofold increase in bronchial smooth muscle 
thickness attributable to both hyperplasia and hypertrophy 
 [189] . A clinical correlation with the presence of wheeze 
has also been suggested  [190] . 

   Th e mechanisms leading to the increase in smooth 
muscle in asthma (and COPD) are largely speculative and 
include the growth promoting potential of an enriched 
plasma environment due to microvascular leakage  [191].  
Th e mitogenic infl uences of mediators involved in the 
infl ammatory response and an intrinsic abnormality of 
smooth muscle itself. However, most knowledge of factors 
that promote smooth muscle growth has come from  in vitro  
cell culture studies  [192] . 

   An extensive list of smooth muscle mitogens has been 
identifi ed: 

      ●      infl ammatory mediators  

      ●      growth factors  

      ●      enzymes  

      ●      components of the extracellular matrix  [192] .    

   Group 1 are mediators, such as EGF and PDGF, which 
activate tyrosine kinase receptors. Group 2 includes those 
receptors coupled to GTP-binding proteins such as thrombin 
and mast cell tryptase  [193] . Although ET-1 and LTD4 are 
smooth muscle mitogens in animal models, their eff ects on 
human smooth is controversial, although recent studies sug-
gest an interaction with tyrosine kinase receptors possibly 
through the activation of metalloproteases and the mobiliza-
tion of growth factors such as EGF ligands from their cell-
bound precursors        [193, 194] . TGF- β  and PDGF isoforms are 
both diff erentiation factors for airway smooth muscle, but at 
the time of writing their role in smooth muscle development 
in asthmatic and COPD airways remains speculative. 

   A further association between infl ammation and 
smooth muscle function has been suggested by the 
enhanced expression of adhesion molecules such as ICAM-
1 and VCAM-1 on airway smooth muscle cells in response 
to TNF- α , IL-1, LPS, and IFNs  [195] . Furthermore, 
the adherence of T-cells to smooth muscle cells results in 
stimulation of DNA synthesis  [195] . Th e capacity of these 
ASM to express adhesion molecules, synthesize ECM 
components, and release infl ammatory cytokines and chem-
okines including RANTES  [196] , eotaxin, and IL-8  [192]  
indicates that smooth muscle remodeling may itself be part 
of the infl ammatory process. Towards this end, there is now 
good evidence that in asthma smooth muscle cells and their 
associated matrix support a distinct mast cell population 
that maybe highly relevant to the pathogenesis of hyperre-
sponsiveness        [197, 198] . 

In asthma and COPD, polymorphism of the dis-
integrin and metalloprotease 33 (ADAM33) molecule is 
strongly associated with BHR and an accelerated decline 
in lung function over time        [199, 200] . ADAM33 is local-
ized to airway smooth muscle and is implicated in vascu-
logenesis through release of its soluble form  [201] . Th ere 
is also much interest in the factors that are chemotractant 
for smooth muscle cells, their relationship to myofi broblasts 
and whether mechanisms for removal of muscle could be 
therapeutically benefi cial. Towards this end, bronchoscopic 
thermoplasty is looking very promising as an entirely new 
approach to asthma treatment        [202, 203].   

    VASCULAR AND NEURAL ALTERATIONS 

   Elevated airway-wall blood-vessel area has been demon-
strated in adult and children’s asthma and is greater than in 
controls or subjects with COPD          [180, 183, 204] . However, 
it is unclear whether this vascular remodeling is prima-
rily due to the formation of new blood vessels  [205]  or to 
enlargement of the existing microvasculature. A study of 
the membranous bronchioles of subjects with asthma and 
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COPD has suggested the latter  [183] . Indeed fatal asthma 
is known to be associated with dilatation of bronchial 
mucosal blood vessels, congestion, and wall edema  [206] . 
However, Li and Wilson  [207]  have discovered changes 
suggestive of new vessel formation in mild asthma, and the 
microenvironment in asthma has been shown to possess the 
potential for angiogenesis. 

   Mediators such as histamine, heparin, and tryptase all 
possess angiogenic properties, while expression of vascular 
endothelial growth factor (VEGF), a potent vascular growth 
factor, is upregulated by agents such as TGF- β , TNF- α , and 
TGF- α  that are involved in the infl ammatory milieu of the 
asthmatic airway. Of particular importance is VEGF which 
is released from epithelial cells as well as a broad range of 
infl ammatory cells including mast cells. Th e pro-angiogenic 
function of soluble ADAM33 is also relevant here. 

   Th ere is evidence in severe asthma of increased air-
way neural networks. Th is is most likely the consequence 
of nerve growth factor (and related neurotrophins) release 
from epithelial and infl ammatory cells. Circulating levels 
of NGF relate  [208]  strongly to asthma severity and may 
prove to be a useful biomarker of this more severe pheno-
type  [209] . In addition, in both asthma and COPD, the 
compromised epithelial barrier allows a greater exposure of 
nerve endings to environmental stimuli. Th us, the poten-
tial for release of neurotransmitters such as the tachykinins 
substance P and neurokinin A is increased. Th ese agents, 
in addition to their eff ects on vascular and smooth muscle 
homeostasis, can contribute to local infl ammation with the 
attraction and activation of infl ammatory cells. Neurogenic 
infl ammation is one way sensory information received 
from the inhaled environment could contribute to ongoing 
infl ammation, although this has been diffi  cult to prove in 
asthma or COPD but is easily shown in animal models of 
airway infl ammation  [210] .  

    EFFECTS OF THERAPY 

   Whether any of the current anti-infl ammatory strategies 
can signifi cantly alter the course of remodeling is unknown. 
Long-term corticosteroid therapy has been shown to slow 
the annual rate of decline in lung function in adult asthmat-
ics  [211] . However, other studies have suggested that a neg-
ative relationship exists between response to treatment and 
duration of disease  [212] . Added to this are reports showing 
persistent airfl ow obstruction in some patients, despite both 
oral and inhaled therapy  [208] . Th e implication is that early 
therapy may, to a limited extent, prevent remodeling, but 
established structural change is steroid-insensitive. Several 
recent birth cohort studies        [213, 214]  in childhood asthma 
have shown that inhaled corticosteroids modify asthma 
symptoms while being continuously administered, but they 
have little or no eff ect on the natural history of asthma. 
Similar fi ndings have been reported in the large CAMP and 
START inhaled corticosteroid intervention studies in older 
asthmatic children        [215, 216] . Th is is somewhat surpris-
ing if it is thought that airway remodeling and the increase 
in smooth muscle is the direct consequence of chronic 

infl ammation. Another possibility is that the structural 
changes either precede or occur in parallel rather than 
sequential to infl ammation. While  in vitro  studies suggest 
possible inhibitory eff ects of bronchodilator drugs such as 
 β 2-adrenoceptor agonists and xanthines (e.g. theophyl-
line) on smooth muscle and fi broblast proliferation        [217, 
218] , similar eff ects on these measures  in vivo  are far from 
established. 

   It has been proposed that a more eff ective strat-
egy to reduce airway smooth muscle in asthma would be 
to interfere with growth factor and other receptor mecha-
nisms. Suggested approaches include blocking the actions 
of TGF- β  in an attempt to limit smooth muscle diff eren-
tiation as well as fi brosis. Monoclonal antibodies targeted 
to TGF- β  are in clinical trials in diff use fi brotic disorders 
such as scleroderma, but concerns over safety have so far 
prevented their exploration in asthma. Th e other functions 
of this growth factor such as the development of anti-
infl ammatory T-regulatory cells need to be taken into 
account as possible alternative on target side eff ects  [219] . 
Whether targeting other mechanisms such as thrombin 
inhibitors, protease activated receptors themselves, endothe-
lin and its receptors and other growth factors such as PDGF 
are very much in the early experimental stage. So far, bron-
chial thermoplasty seems the most promising approach 
although even with this, side eff ects of delayed airway 
fi brosis is a concern. One exciting possibility, however, is 
the inhibition of IL-13, a cytokine with multiple eff ects on 
infl ammation, remodeling, and mucous metaplasia. After 
successfully pass in phase I safety studies, a number of 
human and humanized monoclonal antibodies targeting the 
IL-13 pathway are in clinical development in asthma. Th e 
clear advantage here is that blockade of this pathway may 
infl uence several interacting aspects of chronic asthma. 

   Attempts are in progress to reduce mucus secretion. 
While inhibiting EGFR signaling would be one route the 
downstream consequences of this on epithelial tissue repair 
responses would be serious, especially since epithelial repair 
in asthma is already known to be defective  [220] . However, 
the chloride channel Gob 5 (hCLCA1) as an IL-13 sen-
sitive mechanism that infl uences the secretion of mucus, 
is a promising target for small molecular weight inhibitors 
 [221] . 

   A protective role for basement membrane thicken-
ing has been postulated also in restricting infl ammatory cell 
passage to the epithelial layer above, while smooth muscle 
hypertrophy may possibly help to maintain bronchiolar 
caliber in severe emphysema  [164].  Th us if a new  “ anti-
remodeling ”  agent were to emerge, the benefi cial eff ects 
would have to be weighed against the consequences of 
interfering with what may, in some ways, be a valuable 
defence mechanism.  

    CONCLUDING COMMENTS 

   While airway wall remodeling undoubtedly occurs in both 
asthma and COPD, its physiological signifi cance in health 
and disease remains speculative. Of concern is the lack 
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of knowledge connecting infl ammation to the structural 
changes. In asthma an overarching hypothesis is emerging 
that involves aberrant communication between a chroni-
cally damaged epithelium and the underlying mesenchyme 
reminiscent of reactivation of the epithelial mesenchymal 
trophic unit (EMTU) involved in fetal branching morpho-
genesis of the lung        [222, 223]  ( Fig. 7.2   ). Th e inability of an 
effi  cient epithelial wound healing response is responsible for 
the production of a large number of growth factors impli-
cated in fi brosis, vascuogenesis and new nerve formation, 
but whether this process is also involved in smooth muscle 
enhancement in asthma remains conjectural. Th e chronically 
damaged/repairing EMTU is also the source of a range of 
cytokines and growth factors to support chronic infl amma-
tion. Th us directing new therapies to increase resistance of 
the asthmatic airways to environmental insults may create a 
new approach to treatment.   

  References  

       1 .         Huber     H             .  Th e pathology of bronchial asthma .         Arch Int Med         30         :  
689  –       760      ,  1992   .        

       2 .         Nagai     A  ,   West     WW  ,   Paul     JL  ,   Th urlbeck     WM             .  Th e National Institutes 
of Health Intermittent Positive-Pressure Breathing trial: Pathology 
studies. I. Interrelationship between morphologic lesions .         Am Rev 
Respir Dis         132      ( 5 )       :  937  –       45      ,  1985   .        

       3 .         James     AL  ,   Pare     PD  ,   Hogg     JC             .  Th e mechanics of airway narrowing in 
asthma .         Am Rev Respir Dis         139      ( 1 )       :  242  –       46      ,  1989   .        

       4 .         Tiddens     HA  ,   Pare     PD  ,   Hogg     JC  ,   Hop     WC  ,   Lambert     R  ,   de Jongste     JC             .  
Cartilaginous airway dimensions and airfl ow obstruction in human 
lungs .         Am J Respir Crit Care Med         152      ( 1 )       :  260  –       66      ,  1995   .        

       5 .         Hogg     JC  ,   Macklem     PT  ,   Th urlbeck     WM             .  Site and nature of airway 
obstruction in chronic obstructive lung disease .         N Engl J Med         278      ( 25 )       : 
 1355  –       60      ,  1968   .        

       6 .         Macklem     PT  ,   Th urlbeck     WM  ,   Fraser     RG             .  Chronic obstructive disease 
of small airways .         Ann Intern Med         74      ( 2 )       :  167  –       77      ,  1971   .        

       7 .         Pohunek     P             .  Eosinophilic infl ammation in the bronchial mucosa of chil-
dren with bronchial asthma .         Eur Respir J         19      ( 25 )             ,  1997   .        

       8 .         Niewoehner     DE  ,   Kleinerman     J  ,   Rice     DB             .  Pathologic changes in the 
peripheral airways of young cigarette smokers .         N Engl J Med         291      ( 15 )       : 
 755  –       58      ,  1974   .        

       9 .         Vignola     AM  ,   Paganin     F  ,   Capieu     L  ,   Scichilone     N  ,   Bellia     M  ,   Maakel     L          
et al        .  Airway remodelling assessed by sputum and high-resolution com-
puted tomography in asthma and COPD .         Eur Respir J         24      ( 6 )       :  910  –       17      , 
 2004   .        

      10 .         De     BJ  ,   Scheinmann     P             .  Th e use of imaging techniques for assessing 
severe childhood asthma .         J Allergy Clin Immunol         119      ( 4 )       :  808  –       10      ,  2007   .        

      11 .         Boulet     L  ,   Belanger     M  ,   Carrier     G             .  Airway responsiveness and 
bronchial-wall thickness in asthma with or without fi xed airfl ow 
obstruction .         Am J Respir Crit Care Med         152      ( 3 )       :  865  –       71      ,  1995   .        

      12 .         Peat     JK  ,   Woolcock     AJ  ,   Cullen     K             .  Rate of decline of lung function in 
subjects with asthma .         Eur J Respir Dis         70      ( 3 )       :  171  –       79      ,  1987   .        

      13 .         Brown     PJ  ,   Greville     HW  ,   Finucane     KE             .  Asthma and irreversible airfl ow 
obstruction .         Th orax         39      ( 2 )       :  131  –       36      ,  1984   .        

      14 .         Mauad     T  ,   Dolhnikoff      M             .  Pathologic similarities and diff erences 
between asthma and chronic obstructive pulmonary disease .         Curr Opin 
Pulm Med         14      ( 1 )       :  31  –       38      ,  2008   .        

      15 .         Moreno     RH  ,   Hogg     JC  ,   Pare     PD             .  Mechanics of airway narrowing . 
        Am Rev Respir Dis         133      ( 6 )       :  1171  –       80      ,  1986   .        

      16 .         Park     JW  ,   Hong     YK  ,   Kim     CW  ,   Kim     DK  ,   Choe     KO  ,   Hong     CS             .  High-
resolution computed tomography in patients with bronchial asthma: 
Correlation with clinical features, pulmonary functions and bronchial 
hyperresponsiveness .         J Investig Allergol Clin Immunol         7      ( 3 )       :  186  –       92      , 
 1997   .        

      17 .         Shaw     TJ  ,   Wakely     SL  ,   Peebles     CR  ,   Mehta     RL  ,   Turner     JM  ,   Wilson     SJ          
et al        .  Endobronchial ultrasound to assess airway wall thickening: 
Validation  in vitro  and  in vivo  .         Eur Respir J         23      ( 6 )       :  813  –       17      ,  2004   .        

      18 .         Holgate     ST  ,     Holloway     J  ,   Wilson     S  ,   Bucchieri     F  ,   Puddicombe     S  ,   Davies     DE             .  
Epithelial-mesenchymal communication in the pathogenesis of chronic 
asthma .         Proc Am Th orac Soc         1      ( 2 )       :  93  –       98      ,  2004   .        

      19 .         Jeff ery     PK             .  Structural and infl ammatory changes in COPD: A com-
parison with asthma .         Th orax         53      ( 2 )       :  129  –       36      ,  1998   .        

      20 .         Holgate     ST  ,   Wilson     JR  ,   Howarth     PH             .  New insights into airway 
infl ammation by endobronchial biopsy .         Am Rev Respir Dis         145      ( 2 Pt 2 )       : 
 S2  –       6      ,  1992   .        

(Myo) fibroblasts

Increased susceptibility
of epithelium to damage by environmental

agents and inflammatory cell products

Epidermal growth factor

TGF-β
PDGF
FGFs
IGFs
ET-1
VEGF

Blood vessels
 FIG. 7.2          Schematic representation of the 

epithelial mesenchymal trophic unit (EMTU) 

in asthma that becomes reactivated with 

the secretion of many growth factors by the 

epithelium and underlying myofi broblasts 

sheath.    



Asthma and COPD: Basic Mechanisms and Clinical Management

92

      21 .         Djukanovic     R  ,   Roche     WR  ,   Wilson     JW  ,   Beasley     CR  ,   Twentyman     OP  , 
  Howarth     RH          et al        .  Mucosal infl ammation in asthma .         Am Rev Respir 
Dis         142      ( 2 )       :  434  –       57      ,  1990   .        

      22 .         Saha     S  ,   Brightling     CE             .  Eosinophilic airway infl ammation in COPD . 
        Int J Chron Obstruct Pulmon Dis         1      ( 1 )       :  39  –       47      ,  2006   .        

      23 .         Chanez     P  ,   Vignola     AM  ,   O’Shaugnessy     T  ,   Enander     I  ,   Li     D  ,   Jeff ery     PK          
et al        .  Corticosteroid reversibility in COPD is related to features of 
asthma .         Am J Respir Crit Care Med         155      ( 5 )       :  1529  –       34      ,  1997   .        

      24 .         Saetta     M  ,   Di     SA  ,   Maestrelli     P  ,   Ferraresso     A  ,   Drigo     R  ,   Potena     A          et al        . 
 Activated T-lymphocytes and macrophages in bronchial mucosa of sub-
jects with chronic bronchitis .         Am Rev Respir Dis         147      ( 2 )       :  301  –       6      ,  1993   .        

      25 .         Keatings     VM  ,   Collins     PD  ,   Scott     DM  ,   Barnes     PJ             .  Diff erences in 
interleukin-8 and tumor necrosis factor-alpha in induced sputum 
from patients with chronic obstructive pulmonary disease or asthma . 
        Am J Respir Crit Care Med         153      ( 2 )       :  530  –       34      ,  1996   .        

      26 .         O’Shaughnessy     TC  ,   Ansari     TW  ,   Barnes     NC  ,   Jeff ery     PK             .  Infl ammation 
in bronchial biopsies of subjects with chronic bronchitis: Inverse rela-
tionship of CD8 �  T lymphocytes with FEV1 .         Am J Respir Crit Care 
Med         155      ( 3 )       :  852  –       57      ,  1997   .        

      27 .         Herbert     CA  ,   King     CM  ,   Ring     PC  ,   Holgate     ST  ,   Stewart     GA  ,   Th ompson     PJ          
et al        .  Augmentation of permeability in the bronchial epithelium by 
the house dust mite allergen Der p1 .         Am J Respir Cell Mol Biol         12      ( 4 )       : 
 369  –       78      ,  1995   .        

      28 .         Hassim     Z  ,   Maronese     SE  ,   Kumar     RK             .  Injury to murine airway epithe-
lial cells by pollen enzymes .         Th orax         53      ( 5 )       :  368  –       71      ,  1998   .        

      29 .         Frigas     E  ,   Loegering     DA  ,   Gleich     GJ             .  Cytotoxic eff ects of the guinea pig 
eosinophil major basic protein on tracheal epithelium .         Lab Invest         42      ( 1 )       : 
 35  –       43      ,  1980   .        

      30 .         Redington     AE  ,   Polosa     R  ,   Walls     AF  ,   Howarth     PH  ,   Holgate     ST             .  Role of 
mast cells and basophils in asthma .         Chem Immunol         62         :  22  –       59      ,  1995   .        

      31 .         Shute     JK  ,   Parmar     J  ,   Holgate     ST  ,   Howarth     PH             .  Urinary gly-
cosaminoglycan levels are increased in acute severe asthma–a role for 
eosinophil-derived gelatinase B?          Int Arch Allergy Immunol         113      ( 1-3 )       : 
 366  –       67      ,  1997   .        

      32 .         Ohno     I  ,   Ohtani     H  ,   Nitta     Y  ,   Suzuki     J  ,   Hoshi     H  ,   Honma     M          et al        . 
 Eosinophils as a source of matrix metalloproteinase-9 in asthmatic air-
way infl ammation .         Am J Respir Cell Mol Biol         16      ( 3 )       :  212  –       19      ,  1997   .        

      33 .         Lackie     PM             .  Th e impact of allergen on the airway epithelium .         Clin Exp 
Allergy         27      ( 12 )       :  1383  –       86      ,  1997   .        

      34 .         Ollerenshaw     SL  ,   Woolcock     AJ             .  Characteristics of the infl ammation in 
biopsies from large airways of subjects with asthma and subjects with 
chronic airfl ow limitation .         Am Rev Respir Dis         145      ( 4 Pt 1 )       :  922  –       27      ,  1992   .        

      35 .         Laitinen     LA  ,   Heino     M  ,   Laitinen     A  ,   Kava     T  ,   Haahtela     T             .  Damage of 
the airway epithelium and bronchial reactivity in patients with asthma . 
        Am Rev Respir Dis         131      ( 4 )       :  599  –       606      ,  1985   .        

      36 .         Jeff ery     PK  ,   Wardlaw     AJ  ,   Nelson     FC  ,   Collins     JV  ,   Kay     AB             .  Bronchial 
biopsies in asthma. An ultrastructural, quantitative study and correla-
tion with hyperreactivity .         Am Rev Respir Dis         140      ( 6 )       :  1745  –       53      ,  1989   .        

      37 .         Ollerenshaw     SL  ,   Woolcock     AJ             .  Characteristics of the infl ammation in 
biopsies from large airways of subjects with asthma and subjects with 
chronic airfl ow limitation .         Am Rev Respir Dis         145      ( 4 Pt 1 )       :  922  –       27      ,  1992   .        

      38 .         Jeff ery     PK             .  Structural and infl ammatory changes in COPD: A com-
parison with asthma .         Th orax         53      ( 2 )       :  129  –       36      ,  1998   .        

      39 .         Cosio     M  ,   Ghezzo     H  ,   Hogg     JC  ,   Corbin     R  ,   Loveland     M  ,   Dosman     J
         et al        .  Th e relations between structural changes in small airways and 
pulmonary-function tests .         N Engl J Med         298      ( 23 )       :  1277  –       81      ,  1978   .        

      40 .         Lackie     PM  ,   Baker     JE  ,   Gunthert     U  ,   Holgate     ST             .  Expression of CD44 
isoforms is increased in the airway epithelium of asthmatic subjects . 
        Am J Respir Cell Mol Biol         16      ( 1 )       :  14  –       22      ,  1997   .        

      41 .         Peroni     DG  ,   Djukanovic     R  ,   Bradding     P  ,   Feather     IH  ,   Montefort     S  , 
  Howarth     PH          et al        .  Expression of CD44 and integrins in bronchial 
mucosa of normal and mildly asthmatic subjects .         Eur Respir J         9      ( 11 )       : 
 2236  –       42      ,  1996   .        

      42 .         Bullock     GR             .  Expression of E-cadherin and alpha, beta and gamma 
catenin is associated with epithelial shedding in human lung and nose . 
        J Clin Immunol         101      ( 1 part 2 )       :  364  –       70      ,  1998   .        

      43 .         Vignola     AM  ,   Campbell     AM  ,   Chanez     P  ,   Bousquet     J  ,   Paul-Lacoste     P  , 
  Michel     FB          et al        .  HLA-DR and ICAM-1 expression on bronchial 
epithelial cells in asthma and chronic bronchitis .         Am Rev Respir Dis        
 148      ( 3 )       :  689  –       94      ,  1993   .        

      44 .         Holgate     ST             .  Epithelium dysfunction in asthma .         J Allergy Clin Immunol        
 120      ( 6 )       :  1233  –       44      ,  2007   .        

      45 .         de Boer     WI  ,   Sharma     HS  ,   Baelemans     SM  ,   Hoogsteden     HC  ,   Lambrecht     BN  , 
  Braunstahl     GJ             .  Altered expression of epithelial junctional proteins in 
atopic asthma: Possible role in infl ammation .         Can J Physiol Pharmacol        
 86      ( 3 )       :  :105  –       12      ,  2008   .        

      46 .         Davies     DE  ,   Polosa     R  ,   Puddicombe     SM  ,   Richter     A  ,   Holgate     ST             .  
Th e epidermal growth factor receptor and its ligand family: Th eir 
potential role in repair and remodelling in asthma .         Allergy         54      ( 8 )       :  771  –
       83      ,  1999   .        

      47 .         Madtes     DK  ,   Busby     HK  ,   Strandjord     TP  ,   Clark     JG             .  Expression of trans-
forming growth factor-alpha and epidermal growth factor receptor is 
increased following bleomycin-induced lung injury in rats .         Am J Respir 
Cell Mol Biol         11      ( 5 )       :  540  –       51      ,  1994   .        

      48 .         Van Winkle     LS  ,   Isaac     JM  ,   Plopper     CG             .  Distribution of epidermal 
growth factor receptor and ligands during bronchiolar epithelial repair 
from naphthalene-induced Clara cell injury in the mouse .         Am J Pathol        
 151      ( 2 )       :  443  –       59      ,  1997   .        

      49 .         Demoly     P  ,   Simony-Lafontaine     J  ,   Chanez     P  ,   Pujol     JL  ,   Lequeux     N  , 
  Michel     FB          et al        .  Cell proliferation in the bronchial mucosa of asthmat-
ics and chronic bronchitics .         Am J Respir Crit Care Med         150      ( 1 )       :  214  –       17      , 
 1994   .        

      50 .         Hamilton     LM  ,   Torres-Lozano     C  ,   Puddicombe     SM  ,   Richter     A  ,   Kimber     I  ,   
Dearman     RJ          et al        .  Th e role of the epidermal growth factor receptor in 
sustaining neutrophil infl ammation in severe asthma .         Clin Exp Allergy        
 33      ( 2 )       :  233  –       40      ,  2003   .        

      51 .         Puddicombe     SM  ,   Polosa     R  ,   Richter     A  ,   Krishna     MT  ,   Howarth     PH  , 
  Holgate     ST          et al        .  Involvement of the epidermal growth factor receptor 
in epithelial repair in asthma .         FASEB J         14      ( 10 )       :  1362  –       74      ,  2000   .        

      52 .         Moses     HL  ,   Yang     EY  ,   Pietenpol     JA             .  Regulation of epithelial prolifera-
tion by TGF-beta .         Ciba Found Symp         157         :  66  –       74      ,  1991   .        

      53 .         Vignola     AM  ,   Chanez     P  ,   Chiappara     G  ,   Merendino     A  ,   Pace     E  ,   Rizzo     A          
et al        .  Transforming growth factor-beta expression in mucosal biopsies in 
asthma and chronic bronchitis .         Am J Respir Crit Care Med         156      ( 2 Pt 1 )       :  
591  –       99      ,  1997   .        

      54 .         Barsky     SH  ,   Roth     MD  ,   Kleerup     EC  ,   Simmons     M  ,   Tashkin     DP             . 
 Histopathologic and molecular alterations in bronchial epithelium in 
habitual smokers of marijuana, cocaine, and/or tobacco .         J Natl Cancer 
Inst         90      ( 16 )       :  1198  –       205      ,  1998   .        

      55 .         Zhang     S  ,   Smartt     H  ,   Holgate     ST  ,   Roche     WR             .  Growth factors secreted 
by bronchial epithelial cells control myofi broblast proliferation: 
An  in vitro  co-culture model of airway remodeling in asthma .         Lab 
Invest         79      ( 4 )       :  395  –       405      ,  1999   .        

      56 .         Shoji     S  ,   Rickard     KA  ,   Ertl     RF  ,   Robbins     RA  ,   Linder     J  ,   Rennard     SI             . 
 Bronchial epithelial cells produce lung fi broblast chemotactic factor: 
Fibronectin .         Am J Respir Cell Mol Biol         1      ( 1 )       :  13  –       20      ,  1989   .        

      57 .         Cromwell     O  ,   Hamid     Q  ,   Corrigan     CJ  ,   Barkans     J  ,   Meng     Q  ,   Collins     PD          
et al        .  Expression and generation of interleukin-8, IL-6 and granulocyte-
macrophage colony-stimulating factor by bronchial epithelial cells 
and enhancement by IL-1 beta and tumour necrosis factor-alpha . 
        Immunology         77      ( 3 )       :  330  –       37      ,  1992   .        

      58 .         Laberge     S  ,   Ernst     P  ,   Ghaff ar     O  ,   Cruikshank     WW  ,   Kornfeld     H  ,   Center     DM         
et al        .  Increased expression of interleukin-16 in bronchial mucosa of sub-
jects with atopic asthma .         Am J Respir Cell Mol Biol         17      ( 2 )       :  193  –       202      ,  1997   .        

      59 .         Kwon     OJ  ,   Jose     PJ  ,   Robbins     RA  ,   Schall     TJ  ,   Williams     TJ  ,   Barnes     PJ             . 
 Glucocorticoid inhibition of RANTES expression in human lung epi-
thelial cells .         Am J Respir Cell Mol Biol         12      ( 5 )       :  488  –       96      ,  1995   .        

      60 .         Aoki     Y  ,   Qiu     D  ,   Uyei     A  ,   Kao     PN             .  Human airway epithelial cells express 
interleukin-2  in vitro  .         Am J Physiol         272      ( 2 Pt 1 )       :  L276  –       86      ,  1997   .        

      61 .         Gizycki     MJ  ,   Adelroth     E  ,   Rogers     AV  ,   O’Byrne     PM  ,   Jeff ery     PK             . 
 Myofi broblast involvement in the allergen-induced late response in 
mild atopic asthma .         Am J Respir Cell Mol Biol         16      ( 6 )       :  664  –       73      ,  1997   .        



7Airway Remodeling

93

      62 .         Gabbiani     G  ,   Le     LM  ,   Bailey     AJ  ,   Bazin     S  ,   Delaunay     A             .  Collagen 
and myofi broblasts of granulation tissue. A chemical, ultrastructural and 
immunologic study .         Virchows Arch B Cell Pathol         21      ( 2 )       :  133  –       45      ,  1976   .        

      63 .         Brewster     CE  ,   Howarth     PH  ,   Djukanovic     R  ,   Wilson     J  ,   Holgate     ST  , 
  Roche     WR             .  Myofi broblasts and subepithelial fi brosis in bronchial 
asthma .         Am J Respir Cell Mol Biol         3      ( 5 )       :  507  –       11      ,  1990   .        

      64 .         Hoshino     M  ,   Nakamura     Y  ,   Sim     J  ,   Shimojo     J  ,   Isogai     S             .  Bronchial subepi-
thelial fi brosis and expression of matrix metalloproteinase-9 in asthmatic 
airway infl ammation .         J Allergy Clin Immunol         102      ( 5 )       :  783  –       88      ,  1998   .        

      65 .         Schmidt     M  ,   Sun     G  ,   Stacey     MA  ,   Mori     L  ,   Mattoli     S             .  Identifi cation 
of circulating fi brocytes as precursors of bronchial myofi broblasts in 
asthma .         J Immunol         171      ( 1 )       :  380  –       89      ,  2003   .        

      66 .         Willis     BC  ,   duBois     RM  ,   Borok     Z             .  Epithelial origin of myofi broblasts 
during fi brosis in the lung .         Proc Am Th orac Soc         3      ( 4 )       :  377  –       82      ,  2006   .        

      67 .         Ronnov-Jessen     L  ,   Petersen     OW             .  Induction of alpha-smooth muscle 
actin by transforming growth factor-beta 1 in quiescent human breast 
gland fi broblasts. Implications for myofi broblast generation in breast 
neoplasia .         Lab Invest         68      ( 6 )       :  696  –       707      ,  1993   .        

      68 .         Desmouliere     A  ,   Rubbia-Brandt     L  ,   Grau     G  ,   Gabbiani     G             .  Heparin 
induces alpha-smooth muscle actin expression in cultured fi broblasts 
and in granulation tissue myofi broblasts .         Lab Invest         67      ( 6 )       :  716  –       26      ,  1992   .        

      69 .         Naureckas     ET  ,   Ndukwu     IM  ,   Halayko     AJ  ,   Maxwell     C  ,   Hershenson     MB  , 
  Solway     J             .  Bronchoalveolar lavage fl uid from asthmatic subjects is 
mitogenic for human airway smooth muscle .         Am J Respir Crit Care 
Med         160      ( 6 )       :  2062  –       66      ,  1999   .        

      70 .         Kawamoto     M  ,   Matsunami     T  ,   Ertl     RF  ,   Fukuda     Y  ,   Ogawa     M  ,   Spurzem     JR          
et al        .  Selective migration of alpha-smooth muscle actin-positive myofi -
broblasts toward fi bronectin in the Boyden’s blindwell chamber .         Clin 
Sci (Lond)         93      ( 4 )       :  355  –       62      ,  1997   .        

      71 .         Hogg     JC  ,   Pierce     RA             .  Remodelling of peripheral lung tissue in COPD . 
        Eur Respir J         31      ( 5 )       :  913  –       14      ,  2008   .        

      72 .         Sime     PJ  ,   Xing     Z  ,   Graham     FL  ,   Csaky     KG  ,   Gauldie     J             .  Adenovector-
mediated gene transfer of active transforming growth factor-beta1 
induces prolonged severe fi brosis in rat lung .         J Clin Invest         100      ( 4 )       :  
768  –       76      ,  1997   .        

      73 .         Tang     W  ,   Geba     GP  ,   Zheng     T  ,   Ray     P  ,   Homer     RJ  ,   Kuhn     C     III          et al        . 
 Targeted expression of IL-11 in the murine airway causes lymphocytic 
infl ammation, bronchial remodeling, and airways obstruction .         J Clin 
Invest         98      ( 12 )       :  2845  –       53      ,  1996   .        

      74 .         DiCosmo     BF  ,   Geba     GP  ,   Picarella     D  ,   Elias     JA  ,   Rankin     JA  ,   Stripp     BR         
et al        .  Airway epithelial cell expression of interleukin-6 in transgenic 
mice. Uncoupling of airway infl ammation and bronchial hyperreactivity .         
J Clin Invest         94      ( 5 )       :  2028  –       35      ,  1994   .        

      75 .         Lee     JJ  ,   McGarry     MP  ,   Farmer     SC  ,   Denzler     KL  ,   Larson     KA  ,   Carrigan     PE          
et al        .  Interleukin-5 expression in the lung epithelium of transgenic 
mice leads to pulmonary changes pathognomonic of asthma .         J Exp 
Med         185      ( 12 )       :  2143  –       56      ,  1997   .        

      76 .         Temann     UA  ,   Geba     GP  ,   Rankin     JA  ,   Flavell     RA             .  Expression of inter-
leukin 9 in the lungs of transgenic mice causes airway infl ammation, 
mast cell hyperplasia, and bronchial hyperresponsiveness .         J Exp Med        
 188      ( 7 )       :  1307  –       20      ,  1998   .        

      77 .         Zhu     Z  ,   Homer     RJ  ,   Wang     Z  ,   Chen     Q  ,   Geba     GP  ,   Wang     J          et al        . 
 Pulmonary expression of interleukin-13 causes infl ammation, mucus 
hypersecretion, subepithelial fi brosis, physiologic abnormalities, and 
eotaxin production .         J Clin Invest         103      ( 6 )       :  779  –       88      ,  1999   .        

      78 .         Jain-Vora     S  ,   Wert     SE  ,   Temann     UA  ,   Rankin     JA  ,   Whitsett     JA             .  Interleukin-4 
alters epithelial cell diff erentiation and surfactant homeostasis in the post-
natal mouse lung .         Am J Respir Cell Mol Biol         17      ( 5 )       :  541  –       51      ,  1997   .        

      79 .         Rankin     JA  ,   Picarella     DE  ,   Geba     GP  ,   Temann     UA  ,   Prasad     B  ,   DiCosmo     B         
et al        .  Phenotypic and physiologic characterization of transgenic mice 
expressing interleukin 4 in the lung: Lymphocytic and eosinophilic 
infl ammation without airway hyperreactivity .         Proc Natl Acad Sci U S A        
 93      ( 15 )       :  7821  –       25      ,  1996   .        

      80 .         Saha     SK  ,   Berry     MA  ,   Parker     D  ,   Siddiqui     S  ,   Morgan     A  ,   May     R          et al        . 
 Increased sputum and bronchial biopsy IL-13 expression in severe 
asthma .         J Allergy Clin Immunol         121      ( 3 )       :  685  –       91      ,  2008   .        

       81 .         Izuhara     K  ,   Arima     K  ,   Kanaji     S  ,   Ohta     S  ,   Kanaji     T             .  IL-13: A promis-
ing therapeutic target for bronchial asthma .         Curr Med Chem         13      ( 19 )       :  
2291  –       98      ,  2006   .        

       82 .         Broide     DH             .  Immunologic and infl ammatory mechanisms that drive 
asthma progression to remodeling .         J Allergy Clin Immunol         121      ( 3 )       :  
560  –       70      ,  2008   .        

       83 .         Desmouliere     A  ,   Geinoz     A  ,   Gabbiani     F  ,   Gabbiani     G             .  Transforming 
growth factor-beta 1 induces alpha-smooth muscle actin expression 
in granulation tissue myofi broblasts and in quiescent and growing 
cultured fi broblasts .         J Cell Biol         122      ( 1 )       :  103  –       11      ,  1993   .        

       84 .         Zhang     HY  ,   Gharaee-Kermani     M  ,   Zhang     K  ,   Karmiol     S  ,   Phan     SH             . 
 Lung fi broblast alpha-smooth muscle actin expression and contractile 
phenotype in bleomycin-induced pulmonary fi brosis .         Am J Pathol        
 148      ( 2 )       :  527  –       37      ,  1996   .        

       85 .         Rennard     SI             .  Repair mechanisms in asthma .         J Allergy Clin Immunol         
98      ( 6 Pt 2 )       :  S278  –       86      ,  1996   .        

       86 .         Rennard     SI             .  Repair mechanisms in asthma .         J Allergy Clin Immunol        
 98      ( 6 Pt 2 )       :  S278  –       86      ,  1996   .        

       87 .         de Boer     WI  ,   van     SA  ,   Sont     JK  ,   Sharma     HS  ,   Stolk     J  ,   Hiemstra     PS          
et al        .  Transforming growth factor beta1 and recruitment of macro-
phages and mast cells in airways in chronic obstructive pulmonary 
disease .         Am J Respir Crit Care Med         158      ( 6 )       :  1951  –       57      ,  1998   .        

       88 .         Minshall     EM  ,   Leung     DY  ,   Martin     RJ  ,   Song     YL  ,   Cameron     L  ,   Ernst     P          
et al        .  Eosinophil-associated TGF-beta1 mRNA expression and air-
ways fi brosis in bronchial asthma .         Am J Respir Cell Mol Biol         17      ( 3 )       : 
 326  –       33      ,  1997   .        

       89 .         Ohno     I  ,   Nitta     Y  ,   Yamauchi     K  ,   Hoshi     H  ,   Honma     M  ,   Woolley     K          et al        . 
 Transforming growth factor beta 1 (TGF beta 1) gene expression by 
eosinophils in asthmatic airway infl ammation .         Am J Respir Cell Mol 
Biol         15      ( 3 )       :  404  –       9      ,  1996   .        

       90 .         Ohno     I  ,   Nitta     Y  ,   Yamauchi     K  ,   Hoshi     H  ,   Honma     M  ,   Woolley     K          
et al        .  Eosinophils as a potential source of platelet-derived growth 
factor B-chain (PDGF-B) in nasal polyposis and bronchial asthma .         
Am J Respir Cell Mol Biol         13      ( 6 )       :  639  –       47      ,  1995   .        

       91 .         Taylor     IK  ,   Sorooshian     M  ,   Wangoo     A  ,   Haynes     AR  ,   Kotecha     S  , 
  Mitchell     DM          et al        .  Platelet-derived growth factor-beta mRNA in 
human alveolar macrophages  in vivo  in asthma .         Eur Respir J         7      ( 11 )       : 
 1966  –       72      ,  1994   .        

       92 .         Krymskaya     VP  ,   Hoff man     R  ,   Eszterhas     A  ,   Ciocca     V  ,   Panettieri     RA     Jr             .  
TGF-beta 1 modulates EGF-stimulated phosphatidylinositol 3-
kinase activity in human airway smooth muscle cells .         Am J Physiol        
 273      ( 6 Pt 1 )       :  L1220  –       27      ,  1997   .        

       93 .         Chanez     P  ,   Vignola     M  ,   Stenger     R  ,   Vic     P  ,   Michel     FB  ,   Bousquet     J             . 
 Platelet-derived growth factor in asthma .         Allergy         50      ( 11 )       :  878  –       83      , 
 1995   .        

       94 .         Chanez     P  ,   Vignola     M  ,   Stenger     R  ,   Vic     P  ,   Michel     FB  ,   Bousquet     J             . 
 Platelet-derived growth factor in asthma .         Allergy         50      ( 11 )       :  878  –       83      , 
 1995   .        

       95 .         Aubert     JD  ,   Hayashi     S  ,   Hards     J  ,   Bai     TR  ,   Pare     PD  ,   Hogg     JC             .  Platelet-
derived growth factor and its receptor in lungs from patients with 
asthma and chronic airfl ow obstruction .         Am J Physiol         266      ( 6 Pt 1 )       : 
 L655  –       63      ,  1994   .        

       96 .         Springall     DR  ,   Howarth     PH  ,   Counihan     H  ,   Djukanovic     R  ,   Holgate  
   ST  ,   Polak     JM             .  Endothelin immunoreactivity of airway epithelium in 
asthmatic patients .         Lancet         337      ( 8743 )       :  697  –       701      ,  1991   .        

       97 .         Mattoli     S  ,   Soloperto     M  ,   Marini     M  ,   Fasoli     A             .  Levels of endothelin in 
the bronchoalveolar lavage fl uid of patients with symptomatic asthma 
and reversible airfl ow obstruction .         J Allergy Clin Immunol         88      ( 3 Pt 1 )       : 
 376  –       84      ,  1991   .        

       98 .         Chalmers     GW  ,   MacLeod     KJ  ,   Sriram     S  ,   Th omson     LJ  ,    McSharry     C  ,    
Stack     BH          et al        .  Sputum endothelin-1 is increased in cystic fi bro-
sis and chronic obstructive pulmonary disease .         Eur Respir J         13      ( 6 )       :  
1288  –       92      ,  1999   .        

       99 .         Takuwa     Y  ,   Yanagisawa     M  ,   Takuwa     N  ,   Masaki     T             .  Endothelin, its 
diverse biological activities and mechanisms of action .         Prog Growth 
Factor Res         1      ( 4 )       :  195  –       206      ,  1989   .        



Asthma and COPD: Basic Mechanisms and Clinical Management

94

      100 .         Li     J  ,   Lin     ML  ,   Wiepz     GJ  ,   Guadarrama     AG  ,   Bertics     PJ             .  Integrin-
mediated migration of murine B82L fi broblasts is dependent on the 
expression of an intact epidermal growth factor receptor .         J Biol Chem        
 274      ( 16 )       :  11209  –       19      ,  1999   .        

      101 .         Sakai     T  ,   de la Pena     JM  ,   Mosher     DF             .  Synergism among lysophos-
phatidic acid, beta1A integrins, and epidermal growth factor or 
platelet-derived growth factor in mediation of cell migration .         J Biol 
Chem         274      ( 22 )       :  15480  –       86      ,  1999   .        

      102 .         O’Connor     CM  ,   FitzGerald     MX             .  Matrix metalloproteases and lung 
disease .         Th orax         49      ( 6 )       :  602  –       9      ,  1994   .        

      103 .         Ohno     I  ,   Ohtani     H  ,   Nitta     Y  ,   Suzuki     J  ,   Hoshi     H  ,   Honma     M          et al        . 
 Eosinophils as a source of matrix metalloproteinase-9 in asthmatic air-
way infl ammation .         Am J Respir Cell Mol Biol         16      ( 3 )       :  212  –       19      ,  1997   .        

      104 .         Dahlen     B  ,   Shute     J  ,   Howarth     P             .  Immunohistochemical localisation of 
the matrix metalloproteinases MMP-3 and MMP-9 within the air-
ways in asthma .         Th orax         54      ( 7 )       :  590  –       96      ,  1999   .        

      105 .         Finlay     GA  ,   O’Driscoll     LR  ,   Russell     KJ  ,   D’Arcy     EM  ,   Masterson     JB  , 
  FitzGerald     MX          et al        .  Matrix metalloproteinase expression and pro-
duction by alveolar macrophages in emphysema .         Am J Respir Crit Care 
Med         156      ( 1 )       :  240  –       47      ,  1997   .        

      106 .         Yoshioka     A  ,   Betsuyaku     T  ,   Nishimura     M  ,   Miyamoto     K  ,   Kondo     T  , 
  Kawakami     Y             .  Excessive neutrophil elastase in bronchoalveolar lav-
age fl uid in subclinical emphysema .         Am J Respir Crit Care Med         152      
( 6 Pt 1 )       :  2127  –       32      ,  1995   .        

      107 .         Kranenburg     AR  ,   Willems-Widyastuti     A  ,   Moori     WJ  ,   Sterk     PJ  , 
  Alagappan     VK  ,   de Boer     WI          et al        .  Enhanced bronchial expression of 
extracellular matrix proteins in chronic obstructive pulmonary disease . 
        Am J Clin Pathol         126      ( 5 )       :  725  –       35      ,  2006   .        

      108 .         Vignola     AM  ,   Riccobono     L  ,   Mirabella     A  ,   Profi ta     M  ,   Chanez     P  ,   Bellia     V          
et al        .  Sputum metalloproteinase-9/tissue inhibitor of metalloproteinase-1 
ratio correlates with airfl ow obstruction in asthma and chronic bron-
chitis .         Am J Respir Crit Care Med         158      ( 6 )       :  1945  –       50      ,  1998   .        

      109 .         Vignola     AM  ,   Bonanno     A  ,   Mirabella     A  ,   Riccobono     L  ,   Mirabella     F  , 
  Profi ta     M          et al        .  Increased levels of elastase and alpha1-antitrypsin 
in sputum of asthmatic patients .         Am J Respir Crit Care Med         157      ( 2 )       :  
505  –       11      ,  1998   .        

      110 .         Redington     AE  ,   Roche     WR  ,   Holgate     ST  ,   Howarth     PH             .  Co-localization 
of immunoreactive transforming growth factor-beta 1 and decorin 
in bronchial biopsies from asthmatic and normal subjects .         J Pathol        
 186      ( 4 )       :  410  –       15      ,  1998   .        

      111 .         Ornitz     DM             .  FGFs, heparan sulfate and FGFRs: Complex interac-
tions essential for development .         Bioessays         22      ( 2 )       :  108  –       12      ,  2000   .        

      112 .         Cairns     JA  ,   Walls     AF             .  Mast cell tryptase stimulates the synthe-
sis of type I collagen in human lung fi broblasts .         J Clin Invest         99      ( 6 )       :  
1313  –       21      ,  1997   .        

      113 .         Cairns     JA  ,   Walls     AF             .  Mast cell tryptase is a mitogen for epithe-
lial cells. Stimulation of IL-8 production and intercellular adhesion 
molecule-1 expression .         J Immunol         156      ( 1 )       :  275  –       83      ,  1996   .        

      114 .         Raghow     R             .  Th e role of extracellular matrix in postinfl ammatory 
wound healing and fi brosis .         FASEB J         8      ( 11 )       :  823  –       31      ,  1994   .        

      115 .         Miyake     K  ,   Underhill     CB  ,   Lesley     J  ,   Kincade     PW             .  Hyaluronate can 
function as a cell adhesion molecule and CD44 participates in hyalur-
onate recognition .         J Exp Med         172      ( 1 )       :  69  –       75      ,  1990   .        

      116 .         Redington     AE  ,   Roche     WR  ,   Holgate     ST  ,   Howarth     PH             .  Co-localization 
of immunoreactive transforming growth factor-beta 1 and decorin 
in bronchial biopsies from asthmatic and normal subjects .         J Pathol        
 186      ( 4 )       :  410  –       15      ,  1998   .        

      117 .         Bousquet     J  ,   Chanez     P  ,   Lacoste     JY  ,   Enander     I  ,   Venge     P  ,   Peterson     C         
et al        .  Indirect evidence of bronchial infl ammation assessed by titra-
tion of infl ammatory mediators in BAL fl uid of patients with asthma .
         J Allergy Clin Immunol         88      ( 4 )       :  649  –       60      ,  1991   .        

      118 .         Hamann     KJ  ,   Dowling     TL  ,   Neeley     SP  ,   Grant     JA  ,   Leff      AR             .  Hyaluronic 
acid enhances cell proliferation during eosinopoiesis through the 
CD44 surface antigen .         J Immunol         154      ( 8 )       :  4073  –       80      ,  1995   .        

      119 .         Rothenberg     ME             .  CD44 – A sticky target for asthma .         J Clin Invest        
 111      ( 10 )       :  1460  –       62      ,  2003   .        

      120 .         Anwar     AR  ,   Moqbel     R  ,   Walsh     GM  ,   Kay     AB  ,   Wardlaw     AJ             .  Adhesion 
to fi bronectin prolongs eosinophil survival .         J Exp Med         177      ( 3 )       :  839  –       43      , 
 1993   .        

      121 .         Rennard     SI             .  Infl ammation and repair processes in chronic obstructive 
pulmonary disease .         Am J Respir Crit Care Med         160      ( 5 Pt 2 )       :  S12  –       16      ,  1999   .        

      122 .         Shoji     S  ,   Ertl     RF  ,   Linder     J  ,   Romberger     DJ  ,   Rennard     SI             .  Bronchial 
epithelial cells produce chemotactic activity for bronchial epithelial 
cells. Possible role for fi bronectin in airway repair .         Am Rev Respir Dis        
 141      ( 1 )       :  218  –       25      ,  1990   .        

      123 .         Vignola     AM  ,   Chanez     P  ,   Chiappara     G  ,   Merendino     A  ,   Zinnanti  
   E  ,   Bousquet     J          et al        .  Release of transforming growth factor-beta 
(TGF-beta) and fi bronectin by alveolar macrophages in airway dis-
eases .         Clin Exp Immunol         106      ( 1 )       :  114  –       19      ,  1996   .        

      124 .         Ignotz     RA  ,   Massague     J             .  Transforming growth factor-beta stimulates 
the expression of fi bronectin and collagen and their incorporation 
into the extracellular matrix .         J Biol Chem         261      ( 9 )       :  4337  –       45      ,  1986   .        

      125 .         Zhang     Q  ,   Sakai     T  ,   Nowlen     J  ,   Hayashi     I  ,   Fassler     R  ,   Mosher     DF             . 
 Functional beta1-integrins release the suppression of fi bronectin 
matrix assembly by vitronectin .         J Biol Chem         274      ( 1 )       :  368  –       75      ,  1999   .        

      126 .         Shoji     S  ,   Ertl     RF  ,   Linder     J  ,   Romberger     DJ  ,   Rennard     SI             .  Bronchial 
epithelial cells produce chemotactic activity for bronchial epithelial 
cells. Possible role for fi bronectin in airway repair .         Am Rev Respir Dis        
 141      ( 1 )       :  218  –       25      ,  1990   .        

      127 .         Roche     WR  ,   Beasley     R  ,   Williams     JH  ,   Holgate     ST             .  Subepithelial fi bro-
sis in the bronchi of asthmatics .         Lancet         1      ( 8637 )       :  520  –       24      ,  1989   .        

      128 .         Trebaul     A  ,   Chan     EK  ,   Midwood     KS             .  Regulation of fi broblast migra-
tion by tenascin-C .         Biochem Soc Trans         35      ( Pt 4 )       :  695  –       97      ,  2007   .        

      129 .         Roche     WR  ,   Beasley     R  ,   Williams     JH  ,   Holgate     ST             .  Subepithelial fi bro-
sis in the bronchi of asthmatics .         Lancet         1      ( 8637 )       :  520  –       24      ,  1989   .        

      130 .         Altraja     A  ,   Laitinen     A  ,   Virtanen     I  ,   Kampe     M  ,   Simonsson     BG  , 
  Karlsson     SE          et al        .  Expression of laminins in the airways in various 
types of asthmatic patients: A morphometric study .         Am J Respir Cell 
Mol Biol         15      ( 4 )       :  482  –       88      ,  1996   .        

      131 .         Laitinen     A  ,   Altraja     A  ,   Kampe     M  ,   Linden     M  ,   Virtanen     I  ,   Laitinen     LA             .  
Tenascin is increased in airway basement membrane of asthmatics 
and decreased by an inhaled steroid .         Am J Respir Crit Care Med         156      ( 3 
Pt 1 )       :  951  –       58      ,  1997   .        

      132 .         Flood-Page     P  ,   Menzies-Gow     A  ,   Phipps     S  ,   Ying     S  ,   Wangoo     A  , 
  Ludwig     MS          et al        .  Anti-IL-5 treatment reduces deposition of ECM 
proteins in the bronchial subepithelial basement membrane of mild 
atopic asthmatics .         J Clin Invest         112      ( 7 )       :  1029  –       36      ,  2003   .        

      133 .         Flood-Page     P  ,   Swenson     C  ,   Faiferman     I  ,   Matthews     J  ,   Williams     M  , 
  Brannick     L          et al        .  A study to evaluate safety and effi  cacy of mepoli-
zumab in patients with moderate persistent asthma .         Am J Respir Crit 
Care Med         176      ( 11 )       :  1062  –       71      ,  2007   .        

      134 .         Phipps     S  ,   Flood-Page     P  ,   Menzies-Gow     A  ,   Ong     YE  ,   Kay     AB             . 
 Intravenous anti-IL-5 monoclonal antibody reduces eosinophils and 
tenascin deposition in allergen-challenged human atopic skin .         J Invest 
Dermatol         122      ( 6 )       :  1406  –       12      ,  2004   .        

      135 .         Stein     ML  ,   Collins     MH  ,   Villanueva     JM  ,   Kushner     JP  ,   Putnam     PE  , 
  Buckmeier     BK          et al        .  Anti-IL-5 (mepolizumab) therapy for eosi-
nophilic esophagitis .         J Allergy Clin Immunol         118      ( 6 )       :  1312  –       19      ,  2006   .        

      136 .         Ward     C  ,   De     SA  ,   Fisher     AJ  ,   Pritchard     G  ,   Forrest     I  ,   Corris     P             .  
A descriptive study of small airway reticular basement membrane 
thickening in clinically stable lung transplant recipients .         J Heart Lung 
Transplant         24      ( 5 )       :  533  –       37      ,  2005   .        

      137 .         Sato     M  ,   Liu     M  ,   Anraku     M  ,   Ogura     T  ,   D’Cruz     G  ,   Alman     BA          et al        . 
 Allograft airway fi brosis in the pulmonary milieu: A disorder of tissue 
remodeling .         Am J Transplant         8      ( 3 )       :  517  –       28      ,  2008   .        

      138 .         Saetta     M  ,   Di     SA  ,   Maestrelli     P  ,   Ferraresso     A  ,   Drigo     R  ,   Potena     A          
et al        .  Activated T-lymphocytes and macrophages in bronchial mucosa 
of subjects with chronic bronchitis .         Am Rev Respir Dis         147      ( 2 )       :  301  –       6      , 
 1993   .        

      139 .         Jeff ery     PK             .  Remodeling and infl ammation of bronchi in asthma 
and chronic obstructive pulmonary disease .         Proc Am Th orac Soc         1      ( 3 )       :  
176  –       83      ,  2004   .        



7Airway Remodeling

95

      140 .         Chanez     P  ,   Vignola     AM  ,   O’Shaugnessy     T  ,   Enander     I  ,   Li     D  ,   Jeff ery     PK          
et al        .  Corticosteroid reversibility in COPD is related to features of 
asthma .         Am J Respir Crit Care Med         155      ( 5 )       :  1529  –       34      ,  1997   .        

      141 .         Wilson     JW  ,   Li     X             .  Th e measurement of reticular basement membrane 
and submucosal collagen in the asthmatic airway .         Clin Exp Allergy        
 27      ( 4 )       :  363  –       71      ,  1997   .        

      142 .         Chu     HW  ,   Halliday     JL  ,   Martin     RJ  ,   Leung     DY  ,   Szefl er     SJ  ,   Wenzel     SE             .  
Collagen deposition in large airways may not diff erentiate severe 
asthma from milder forms of the disease .         Am J Respir Crit Care Med        
 158      ( 6 )       :  1936  –       44      ,  1998   .        

      143 .         Godfrey     RW  ,   Lorimer     S  ,   Majumdar     S  ,   Adelroth     E  ,   Johnston     PW  , 
  Rogers     AV          et al        .  Airway and lung elastic fi bre is not reduced in 
asthma nor in asthmatics following corticosteroid treatment .         Eur 
Respir J         8      ( 6 )       :  922  –       27      ,  1995   .        

      144 .         Adesina     AM  ,   Vallyathan     V  ,   McQuillen     EN  ,   Weaver     SO  ,   Craighead     JE             .  
Bronchiolar infl ammation and fi brosis associated with smoking. A 
morphologic cross-sectional population analysis .         Am Rev Respir Dis        
 143      ( 1 )       :  144  –       49      ,  1991   .        

      145 .         van Straaten     JF  ,   Coers     W  ,   Noordhoek     JA  ,   Huitema     S  ,   Flipsen     JT  , 
  Kauff man     HF          et al        .  Proteoglycan changes in the extracellular matrix 
of lung tissue from patients with pulmonary emphysema .         Mod Pathol        
 12      ( 7 )       :  697  –       705      ,  1999   .        

      146 .         Mitchell     RS  ,   Stanford     RE  ,   Johnson     JM  ,   Silvers     GW  ,   Dart     G  ,   George     MS             .  
Th e morphologic features of the bronchi, bronchioles, and alveoli in 
chronic airway obstruction: A clinicopathologic study .         Am Rev Respir 
Dis         114      ( 1 )       :  137  –       45      ,  1976   .        

      147 .         Dunnill     MS  ,   Massarella     GR  ,   Anderson     JA             .  A comparison of the 
quantitative anatomy of the bronchi in normal subjects, in status 
asthmaticus, in chronic bronchitis, and in emphysema .         Th orax         24      ( 2 )       : 
 176  –       79      ,  1969   .        

      148 .         Glynn     AA  ,   Michaels     L             .  Bronchial biopsy in chronic bronchitis and 
asthma .         Istanbul Tip Fak Mecmuasi         15         :  142  –       53      ,  1960   .        

      149 .         Aikawa     T  ,   Shimura     S  ,   Sasaki     H  ,   Ebina     M  ,   Takishima     T             .  Marked goblet 
cell hyperplasia with mucus accumulation in the airways of patients who 
died of severe acute asthma attack .         Chest         101      ( 4 )       :  916  –       21      ,  1992   .        

      150 .         Shimura     S  ,   Andoh     Y  ,   Haraguchi     M  ,   Shirato     K             .  Continuity of airway 
goblet cells and intraluminal mucus in the airways of patients with 
bronchial asthma .         Eur Respir J         9      ( 7 )       :  1395  –       401      ,  1996   .        

      151 .         Aikawa     T  ,   Shimura     S  ,   Sasaki     H  ,   Ebina     M  ,   Takishima     T             .  Marked 
goblet cell hyperplasia with mucus accumulation in the airways 
of patients who died of severe acute asthma attack .         Chest         101      ( 4 )       :  
916  –       21      ,  1992   .        

      152 .         Sheehan     JK  ,   Richardson     PS  ,   Fung     DC  ,   Howard     M  ,   Th ornton     DJ             . 
 Analysis of respiratory mucus glycoproteins in asthma: A detailed 
study from a patient who died in status asthmaticus .         Am J Respir Cell 
Mol Biol         13      ( 6 )       :  748  –       56      ,  1995   .        

      153 .         Adesina     AM  ,   Vallyathan     V  ,   McQuillen     EN  ,   Weaver     SO  ,   Craighead     JE             .  
Bronchiolar infl ammation and fi brosis associated with smoking. 
A morphologic cross-sectional population analysis .         Am Rev Respir Dis        
 143      ( 1 )       :  144  –       49      ,  1991   .        

      154 .         Mitchell     RS  ,   Stanford     RE  ,   Johnson     JM  ,   Silvers     GW  ,   Dart     G  , 
  George     MS             .  Th e morphologic features of the bronchi, bronchioles, 
and alveoli in chronic airway obstruction: A clinicopathologic study . 
        Am Rev Respir Dis         114      ( 1 )       :  137  –       45      ,  1976   .        

      155 .         Niewoehner     DE  ,   Kleinerman     J  ,   Rice     DB             .  Pathologic changes in the 
peripheral airways of young cigarette smokers .         N Engl J Med         291      ( 15 )       : 
 755  –       58      ,  1974   .        

      156 .         Cosio     MG  ,   Hale     KA  ,   Niewoehner     DE             .  Morphologic and morpho-
metric eff ects of prolonged cigarette smoking on the small airways . 
        Am Rev Respir Dis         122      ( 2 )       :  221  –       65      ,  1980   .        

      157 .         Kramps     JA  ,   Franken     C  ,   Meijer     CJ  ,   Dijkman     JH             .  Localization of low 
molecular weight protease inhibitor in serous secretory cells of the 
respiratory tract .         J Histochem Cytochem         29      ( 6 )       :  712  –       19      ,  1981   .        

      158 .         Kim     KC  ,   McCracken     K  ,   Lee     BC  ,   Shin     CY  ,   Jo     MJ  ,   Lee     CJ          et al        . 
 Airway goblet cell mucin: Its structure and regulation of secretion . 
        Eur Respir J         10      ( 11 )       :  2644  –       49      ,  1997   .        

      159 .         Nagai     A  ,   West     WW  ,   Th urlbeck     WM             .  Th e National Institutes of 
Health Intermittent Positive-Pressure Breathing trial: Pathology 
studies. II. Correlation between morphologic fi ndings, clinical fi nd-
ings, and evidence of expiratory air-fl ow obstruction .         Am Rev Respir 
Dis         132      ( 5 )       :  946  –       53      ,  1985   .        

      160 .         Rogers     DF             .  Airway goblet cells: Responsive and adaptable front-line 
defenders .         Eur Respir J         7      ( 9 )       :  1690  –       706      ,  1994   .        

      161 .         Li     JD  ,   Feng     W  ,   Gallup     M  ,   Kim     JH  ,   Gum     J  ,   Kim     Y          et al        .  
Activation of NF-kappaB via a Src-dependent Ras-MAPK-pp90rsk 
pathway is required for Pseudomonas aeruginosa-induced mucin 
overproduction in epithelial cells .         Proc Natl Acad Sci U S A         95      ( 10 )       : 
 5718  –       23      ,  1998   .        

      162 .         Borchers     MT  ,   Wert     SE  ,   Leikauf     GD             .  Acrolein-induced MUC5ac 
expression in rat airways .         Am J Physiol         274      ( 4 Pt 1 )       :  L573  –       81      ,  1998   .        

      163 .         Howarth     PH  ,   Babu     KS  ,   Arshad     HS  ,   Lau     L  ,   Buckley     M  ,   McConnell     W          
et al        .  Tumour necrosis factor (TNFalpha) as a novel therapeutic tar-
get in symptomatic corticosteroid dependent asthma .         Th orax         60      ( 12 )       : 
 1012  –       18      ,  2005   .        

      164 .         Breuer     R  ,   Christensen     TG  ,   Niles     RM  ,   Stone     PJ  ,   Snider     GL             .  Human 
neutrophil elastase causes glycoconjugate release from the epithelial 
cell surface of hamster trachea in organ culture .         Am Rev Respir Dis        
 139      ( 3 )       :  779  –       82      ,  1989   .        

      165 .         Kim     KC  ,   Wasano     K  ,   Niles     RM  ,   Schuster     JE  ,   Stone     PJ  ,   Brody     JS             . 
 Human neutrophil elastase releases cell surface mucins from primary 
cultures of hamster tracheal epithelial cells .         Proc Natl Acad Sci U S A        
 84      ( 24 )       :  9304  –       8      ,  1987   .        

      166 .         Borchers     MT  ,   Wert     SE  ,   Leikauf     GD             .  Acrolein-induced MUC5ac 
expression in rat airways .         Am J Physiol         274      ( 4 Pt 1 )       :  L573  –       81      ,  1998   .        

      167 .         Temann     UA  ,   Prasad     B  ,   Gallup     MW  ,   Basbaum     C  ,   Ho     SB  ,   Flavell     RA          
et al        .  A novel role for murine IL-4  in vivo : Induction of MUC5AC 
gene expression and mucin hypersecretion .         Am J Respir Cell Mol Biol        
 16      ( 4 )       :  471  –       78      ,  1997   .        

      168 .         Dabbagh     K  ,   Takeyama     K  ,   Lee     HM  ,   Ueki     IF  ,   Lausier     JA  ,   Nadel     JA             . 
 IL-4 induces mucin gene expression and goblet cell metaplasia  in 
vitro  and  in vivo  .         J Immunol         162      ( 10 )       :  6233  –       37      ,  1999   .        

      169 .         Louahed     J  ,   Toda     M  ,   Jen     J  ,   Hamid     Q  ,   Renauld     JC  ,   Levitt     RC          et al        . 
 Interleukin-9 upregulates mucus expression in the airways .         Am J 
Respir Cell Mol Biol         22      ( 6 )       :  649  –       56      ,  2000   .        

      170 .         Zuhdi     AM  ,   Piazza     FM  ,   Selby     DM  ,   Letwin     N  ,   Huang     L  ,   Rose     MC             . 
 Muc-5/5ac mucin messenger RNA and protein expression is a marker 
of goblet cell metaplasia in murine airways .         Am J Respir Cell Mol Biol        
 22      ( 3 )       :  253  –       60      ,  2000   .        

      171 .         Takeyama     K  ,   Dabbagh     K  ,   Jeong     SJ  ,   Dao-Pick     T  ,   Ueki     IF  ,   Nadel     JA             . 
 Oxidative stress causes mucin synthesis via transactivation of epider-
mal growth factor receptor: Role of neutrophils .         J Immunol         164      ( 3 )       : 
 1546  –       52      ,  2000   .        

      172 .         Kim     KC  ,   Wasano     K  ,   Niles     RM  ,   Schuster     JE  ,   Stone     PJ  ,   Brody     JS             . 
 Human neutrophil elastase releases cell surface mucins from primary 
cultures of hamster tracheal epithelial cells .         Proc Natl Acad Sci U S A        
 84      ( 24 )       :  9304  –       8      ,  1987   .        

      173 .         Voynow     JA  ,   Young     LR  ,   Wang     Y  ,   Horger     T  ,   Rose     MC  ,   Fischer     BM             . 
 Neutrophil elastase increases MUC5AC mRNA and protein expression 
in respiratory epithelial cells .         Am J Physiol         276      ( 5 Pt 1 )       :  L835  –       43      ,  1999   .        

      174 .         Fischer     B  ,   Voynow     J             .  Neutrophil elastase induces MUC5AC mes-
senger RNA expression by an oxidant-dependent mechanism .         Chest        
 117      ( 5 Suppl 1 )       :  317S  –       320S      ,  2000   .        

      175 .         Takeyama     K  ,   Dabbagh     K  ,   Lee     HM  ,   Agusti     C  ,   Lausier     JA  ,   Ueki     IF          
et al        .  Epidermal growth factor system regulates mucin production in 
airways .         Proc Natl Acad Sci U S A         96      ( 6 )       :  3081  –       86      ,  1999   .        

      176 .         Lee     HM  ,   Takeyama     K  ,   Dabbagh     K  ,   Lausier     JA  ,   Ueki     IF  ,   Nadel     JA             . 
 Agarose plug instillation causes goblet cell metaplasia by activat-
ing EGF receptors in rat airways .         Am J Physiol Lung Cell Mol Physiol        
 278      ( 1 )       :  L185  –       92      ,  2000   .        

      177 .         Goldkorn     T  ,   Balaban     N  ,   Matsukuma     K  ,   Chea     V  ,   Gould     R  ,   Last     J          et al        . 
 EGF-Receptor phosphorylation and signaling are targeted by H2O2 
redox stress .         Am J Respir Cell Mol Biol         19      ( 5 )       :  786  –       98      ,  1998   .        



Asthma and COPD: Basic Mechanisms and Clinical Management

96

      178 .         Amishima     M  ,   Munakata     M  ,   Nasuhara     Y  ,   Sato     A  ,   Takahashi     T  , 
  Homma     Y          et al        .  Expression of epidermal growth factor and epidermal 
growth factor receptor immunoreactivity in the asthmatic human air-
way .         Am J Respir Crit Care Med         157      ( 6 Pt 1 )       :  1907  –       12      ,  1998   .        

      179 .         Dunnill     MS  ,   Massarella     GR  ,   Anderson     JA             .  A comparison of the quan-
titative anatomy of the bronchi in normal subjects, in status asthmaticus, 
in chronic bronchitis, and in emphysema .         Th orax         24      ( 2 )       :  176  –       79      ,  1969   .        

      180 .         Saetta     M  ,   Di     SA  ,   Rosina     C  ,   Th iene     G  ,   Fabbri     LM             .  Quantitative 
structural analysis of peripheral airways and arteries in sudden fatal 
asthma .         Am Rev Respir Dis         143      ( 1 )       :  138  –       43      ,  1991   .        

      181 .         Carroll     N  ,   Elliot     J  ,   Morton     A  ,   James     A             .  Th e structure of large and 
small airways in nonfatal and fatal asthma .         Am Rev Respir Dis         147      ( 2 )       : 
 405  –       10      ,  1993   .        

      182 .         Ebina     M  ,   Takahashi     T  ,   Chiba     T  ,   Motomiya     M             .  Cellular hypertro-
phy and hyperplasia of airway smooth muscles underlying bronchial 
asthma. A 3-D morphometric study .         Am Rev Respir Dis         148      ( 3 )       : 
 720  –       26      ,  1993   .        

      183 .         Kuwano     K  ,   Bosken     CH  ,   Pare     PD  ,   Bai     TR  ,   Wiggs     BR  ,   Hogg     JC             . 
 Small airways dimensions in asthma and in chronic obstructive pul-
monary disease .         Am Rev Respir Dis         148      ( 5 )       :  1220  –       25      ,  1993   .        

      184 .         Sobonya     RE             .  Quantitative structural alterations in long-standing 
allergic asthma .         Am Rev Respir Dis         130      ( 2 )       :  289  –       92      ,  1984   .        

      185 .         Mitchell     RS  ,   Stanford     RE  ,   Johnson     JM  ,   Silvers     GW  ,   Dart     G  ,   George  
   MS             .  Th e morphologic features of the bronchi, bronchioles, and alve-
oli in chronic airway obstruction: A clinicopathologic study .         Am Rev 
Respir Dis         114      ( 1 )       :  137  –       45      ,  1976   .        

      186 .         Cosio     MG  ,   Hale     KA  ,   Niewoehner     DE             .  Morphologic and morpho-
metric eff ects of prolonged cigarette smoking on the small airways . 
        Am Rev Respir Dis         122      ( 2 )       :  221  –       65      ,  1980   .        

      187 .         Hale     KA  ,   Ewing     SL  ,   Gosnell     BA  ,   Niewoehner     DE             .  Lung disease 
in long-term cigarette smokers with and without chronic air-fl ow 
obstruction .         Am Rev Respir Dis         130      ( 5 )       :  716  –       21      ,  1984   .        

      188 .         Th urlbeck     WM             .  Pathology of chronic airfl ow obstruction .         Chest         97
      ( 2 Suppl )       :  6S  –       10S      ,  1990   .        

      189 .         Hossain     S  ,   Heard     BE             .  Hyperplasia of bronchial muscle in chronic 
bronchitis .         J Pathol         101      ( 2 )       :  171  –       84      ,  1970   .        

      190 .         Takizawa     T  ,   Th urlbeck     WM             .  Muscle and mucous gland size in the 
major bronchi of patients with chronic bronchitis, asthma, and asth-
matic bronchitis .         Am Rev Respir Dis         104      ( 3 )       :  331  –       36      ,  1971   .        

      191 .         Shiels     IA  ,   Bowler     SD  ,   Taylor     SM             .  Airway smooth muscle prolif-
eration in asthma: Th e potential of vascular leakage to contribute to 
pathogenesis .         Med Hypotheses         45      ( 1 )       :  37  –       40      ,  1995   .        

      192 .         Hirst     SJ             .  Airway smooth muscle as a target in asthma .         Clin Exp 
Allergy         30      ( Suppl 1 )       :  54  –       59      ,  2000   .        

      193 .         Panettieri     RA     Jr             .  Cellular and molecular mechanisms regulating air-
way smooth muscle proliferation and cell adhesion molecule expres-
sion .         Am J Respir Crit Care Med         158      ( 5 Pt 3 )       :  S133  –       40      ,  1998   .        

      194 .         Cohen     MD  ,   Ciocca     V  ,   Panettieri     RA     Jr             .  TGF-beta 1 modulates 
human airway smooth-muscle cell proliferation induced by mitogens . 
        Am J Respir Cell Mol Biol         16      ( 1 )       :  85  –       90      ,  1997   .        

      195 .         Lazaar     AL  ,   Albelda     SM  ,   Pilewski     JM  ,   Brennan     B  ,   Pure     E  ,   
Panettieri     RA     Jr             .  T lymphocytes adhere to airway smooth muscle 
cells via integrins and CD44 and induce smooth muscle cell DNA 
synthesis .         J Exp Med         180      ( 3 )       :  807  –       16      ,  1994   .        

      196 .         John     M  ,   Hirst     SJ  ,   Jose     PJ  ,   Robichaud     A  ,   Berkman     N  ,   Witt     C          et al        . 
 Human airway smooth muscle cells express and release RANTES in 
response to T helper 1 cytokines: Regulation by T helper 2 cytokines 
and corticosteroids .         J Immunol         158      ( 4 )       :  1841  –       47      ,  1997   .        

      197 .         Brightling     CE  ,   Bradding     P  ,   Symon     FA  ,   Holgate     ST  ,   Wardlaw     AJ  , 
  Pavord     ID             .  Mast-cell infi ltration of airway smooth muscle in asthma . 
        N Engl J Med         346      ( 22 )       :  1699  –       705      ,  2002   .        

      198 .         Begueret     H  ,   Berger     P  ,   Vernejoux     JM  ,   Dubuisson     L  ,   Marthan     R  , 
  Tunon-de-Lara     JM             .  Infl ammation of bronchial smooth muscle in 
allergic asthma .         Th orax         62      ( 1 )       :  8  –       15      ,  2007   .        

      199 .         Jongepier     H  ,   Boezen     HM  ,   Dijkstra     A  ,   Howard     TD  ,   Vonk     JM  , 
  Koppelman     GH          et al        .  Polymorphisms of the ADAM33 gene are 

associated with accelerated lung function decline in asthma .         Clin Exp 
Allergy         34      ( 5 )       :  757  –       60      ,  2004   .        

      200 .         Gosman     MM  ,   Boezen     HM  ,   van Diemen     CC  ,   Snoeck-Stroband     JB  , 
  Lapperre     TS  ,   Hiemstra     PS          et al        .  A disintegrin and metalloprotease 33 
and chronic obstructive pulmonary disease pathophysiology .         Th orax        
 62      ( 3 )       :  242  –       47      ,  2007   .        

      201 .         Puxeddu     I  ,   Pang     YY  ,   Harvey     A  ,   Haitchi     HM  ,   Nicholas     B  ,   Yoshisue     H          
et al        .  Th e soluble form of a disintegrin and metalloprotease 33 pro-
motes angiogenesis: Implications for airway remodeling in asthma . 
        J Allergy Clin Immunol                     ,  2008   .        

      202 .         Cox     G  ,   Th omson     NC  ,   Rubin     AS  ,   Niven     RM  ,   Corris     PA  ,   Siersted     HC          
et al        .  Asthma control during the year after bronchial thermoplasty .         N 
Engl J Med         356      ( 13 )       :  1327  –       37      ,  2007   .        

      203 .         Pavord     ID  ,   Cox     G  ,   Th omson     NC  ,   Rubin     AS  ,   Corris     PA  ,   Niven     RM          
et al        .  Safety and effi  cacy of bronchial thermoplasty in symptomatic, 
severe asthma .         Am J Respir Crit Care Med         176      ( 12 )       :  1185  –       91      ,  2007   .        

      204 .         Barbato     A  ,   Turato     G  ,   Baraldo     S  ,   Bazzan     E  ,   Calabrese     F  ,   Panizzolo     C          
et al        .  Epithelial damage and angiogenesis in the airways of children 
with asthma .         Am J Respir Crit Care Med         174      ( 9 )       :  975  –       81      ,  2006   .        

      205 .         Battegay     EJ             .  Angiogenesis: Mechanistic insights, neovascular diseases, 
and therapeutic prospects .         J Mol Med         73      ( 7 )       :  333  –       46      ,  1995   .        

      206 .         Dunnill     MS  ,   Massarella     GR  ,   Anderson     JA             .  A comparison of the 
quantitative anatomy of the bronchi in normal subjects, in status 
asthmaticus, in chronic bronchitis, and in emphysema .         Th orax         24      ( 2 )       : 
 176  –       79      ,  1969   .        

      207 .         Li     X  ,   Wilson     JW             .  Increased vascularity of the bronchial mucosa in 
mild asthma .         Am J Respir Crit Care Med         156      ( 1 )       :  229  –       33      ,  1997   .        

      208 .         Backman     KS  ,   Greenberger     PA  ,   Patterson     R             .  Airways obstruction in 
patients with long-term asthma consistent with  ‘ irreversible asthma ’  . 
        Chest         112      ( 5 )       :  1234  –       40      ,  1997   .        

      209 .         Olgart     HC  ,   de     BF  ,   Oster     JP  ,   Duvernelle     C  ,   Kassel     O  ,   Pauli     G          et al        . 
 Nerve growth factor levels and localisation in human asthmatic bron-
chi .         Eur Respir J         20      ( 5 )       :  1110  –       16      ,  2002   .        

      210 .         Groneberg     DA  ,   Quarcoo     D  ,   Frossard     N  ,   Fischer     A             .  Neurogenic 
mechanisms in bronchial infl ammatory diseases .         Allergy         59      ( 11 )       : 
 1139  –       52      ,  2004   .        

      211 .         Grol     MH  ,   Gerritsen     J  ,   Vonk     JM  ,   Schouten     JP  ,   Koeter     GH  ,   Rijcken     B          
et al        .  Risk factors for growth and decline of lung function in asthmatic 
individuals up to age 42 years. A 30-year follow-up study .         Am J Respir 
Crit Care Med         160      ( 6 )       :  1830  –       37      ,  1999   .        

      212 .         Agertoft     L  ,   Pedersen     S             .  Eff ects of long-term treatment with an 
inhaled corticosteroid on growth and pulmonary function in asth-
matic children .         Respir Med         88      ( 5 )       :  373  –       81      ,  1994   .        

      213 .         Guilbert     TW  ,   Morgan     WJ  ,   Zeiger     RS  ,   Mauger     DT  ,   Boehmer     SJ  , 
  Szefl er     SJ          et al        .  Long-term inhaled corticosteroids in preschool chil-
dren at high risk for asthma .         N Engl J Med         354      ( 19 )       :  1985  –       97      ,  2006   .        

      214 .         Murray     CS  ,   Woodcock     A  ,   Langley     SJ  ,   Morris     J  ,   Custovic     A             . 
 Secondary prevention of asthma by the use of Inhaled Fluticasone 
propionate in Wheezy INfants (IFWIN): Double-blind, randomised, 
controlled study .         Lancet         368      ( 9537 )       :  754  –       62      ,  2006   .        

      215 .          Th e Childhood Asthma Management Program Research Group          . 
 Long-term eff ects of budesonide or nedocromil in children with 
asthma .         N Engl J Med         343         :  1054  –       63      ,  2000   .        

      216 .         Busse     WW  ,   Pedersen     S  ,   Pauwels     RA  ,   Tan     WC  ,   Chen     YZ  ,   Lamm     CJ          
et al        .  Th e Inhaled Steroid Treatment As Regular Th erapy in Early 
Asthma (START) study 5-year follow-up: Eff ectiveness of early 
intervention with budesonide in mild persistent asthma .         J Allergy Clin 
Immunol         121      ( 5 )       :  1167  –       74      ,  2008   .        

      217 .         Tomlinson     PR  ,   Wilson     JW  ,   Stewart     AG             .  Inhibition by salbutamol of 
the proliferation of human airway smooth muscle cells grown in cul-
ture .         Br J Pharmacol         111      ( 2 )       :  641  –       47      ,  1994   .        

      218 .         Levi-Schaff er     F  ,   Touitou     E             .  Xanthines inhibit 3T3 fi broblast prolif-
eration .         Skin Pharmacol         4      ( 4 )       :  286  –       90      ,  1991   .        

      219 .         Pyzik     M  ,   Piccirillo     CA             .  TGF-beta1 modulates Foxp3 expression 
and regulatory activity in distinct CD4 �  T cell subsets .         J Leukoc Biol        
 82      ( 2 )       :  335  –       46      ,  2007   .        



7Airway Remodeling

97

      220 .         Holgate     ST             .  Th e airway epithelium is central to the pathogenesis of 
asthma .         Allergol Int         57      ( 1 )       :  1  –       10      ,  2008   .        

      221 .         Long     AJ  ,   Sypek     JP  ,   Askew     R  ,   Fish     SC  ,   Mason     LE  ,   Williams     CM          
et al        .  Gob-5 contributes to goblet cell hyperplasia and modulates pulmo-
nary tissue infl ammation .         Am J Respir Cell Mol Biol         35      ( 3 )       :  357  –       65      ,  2006   .        

      222 .         Joad     JP  ,   Kott     KS  ,   Bric     JM  ,   Peake     JL  ,   Plopper     CG  ,   Schelegle     ES          et al        . 
 Structural and functional localization of airway eff ects from episodic 

exposure of infant monkeys to allergen and/or ozone .         Toxicol Appl 
Pharmacol         214      ( 3 )       :  237  –       43      ,  2006   .        

      223 .         Holgate     ST  ,   Davies     DE  ,   Powell     RM  ,   Howarth     PH  ,   Haitchi     HM  , 
  Holloway     JW             .  Local genetic and environmental factors in asthma dis-
ease pathogenesis: Chronicity and persistence mechanisms .         Eur Respir 
J         29      ( 4 )       :  793  –       803      ,  2007   .            

     



99

C H A P T E R          Asthma and COPD: Animal Models 

    OVERVIEW   

   Animal models have been used extensively in 
the discovery of the biological processes that 
underlie asthma and COPD. For example, the 
demonstration by Gross  et al .  [1]  that instilla-
tion of papain into the lungs of rats resulted in a 
syndrome similar to emphysema, contributed to 
the elastase/anti-elastase hypothesis regarding 
the pathogenesis of emphysema. Animal mod-
els have also been used to guide research into 
pharmacological interventions for the treatment 
of asthma and COPD. For example, the current 
use of leukotriene receptor antagonists for the 
treatment of asthma had its foundation partly 
in the demonstration of the marked broncho-
constrictor potency of cysteinyl leukotrienes in 
guinea pigs  [2] . While many species, including 
dogs, cats, monkeys, horses, pigs, sheep, guinea 
pigs, and rats have been used to study asthma 
and COPD, most current investigations involve 
the use of mice. Consequently, this review will 
focus on models developed using this species. 
Th e advantages of using mice include cost of 
housing, a short breeding period, the availability 
of inbred species with known characteristics, a 
well characterized immune system and genome, 
and the ability to either overexpress or delete 
specifi c genes, sometimes conditionally, that is, 
at specifi c times or in particular cells. Th is abil-
ity to genetically manipulate mice is a powerful 
tool that permits very mechanistic experiments 
that cannot be accomplished in human subjects 
and has yielded some important advances in our 
understanding of lung disease. Th e disadvan-
tages of using mice include diff erences in lung 
anatomy, lung development, pattern and route 
of breathing (mice are obligate nose breathers), 
the pathogen-free facilities in which most mice

are housed which eliminate many environmental 
modifi ers, and some diff erences in the immune 
system (mice have a more polarized T-lym-
phocyte response than humans). Th ese dis-
advantages have been documented elsewhere 
             [3–7]  and may limit the utility of these mod-
els for studying human disease in some cases. 
Mouse models of asthma and COPD will be 
reviewed separately below.  

    MOUSE MODELS OF ASTHMA 

   Human asthma is characterized by intermittent 
reversible airway obstruction, AHR, and airway 
infl ammation. Pathologically, airway remodeling 
including increased airway smooth muscle mass, 
subepithelial fi brosis, mucous hypersecretion, 
and increased airway vascularity are observed. 
Asthma does not typically develop in most 
non-human species. Consequently, many inves-
tigators have chosen to develop animal models 
in which an asthma-like phenotype is induced 
by some intervention. Th e etiology of asthma is 
complex, and still poorly understood, and it is 
clear that multiple factors including exposure to 
allergens, exercise, exposure to air pollution, cer-
tain viral infections, and the onset of obesity can 
also initiate symptoms. Because of the extensive 
nature of this topic, we have chosen to focus on 
only two of these factors: allergen and obesity. 

    Modeling allergic asthma 

   Many investigators have used models of allergic 
asthma in which mice are fi rst sensitized to an 
allergen and then challenged with that allergen 
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via the lungs. Th e sensitization and the challenge protocols 
vary widely among investigators, especially depending on 
whether AHR or airway remodeling are being targeted. Th e 
sensitization is usually i.p. injection of the allergen with an 
adjuvant. Allergens used have included ovalbumin (OVA), 
picryl chloride, sheep erythrocytes, short ragweed extracts, 
and house dust mite allergen. Although not environmen-
tally very relevant, most investigators have used OVA as 
the allergen, perhaps because of its relatively low cost and 
easy availability. Mice are usually assessed 1–3 days after the 
last of several daily airway challenges and the characteristics 
monitored are AHR, airway infl ammation, and serum IgE. 

   Consistent features of the model are increased OVA-
specifi c IgE and IgG1, eosinophilia (intraluminal, peribron-
chial, and perivascular), and recruitment of lymphocytes to 
the airways. Increases in Th 2-type cytokines either in bron-
choalveolar lavage (BAL) fl uid, in lung tissue, or in lymph 
nodes draining the lungs also occur. Th ese changes are gen-
erally similar to those observed in the airways of asthmatics 
after allergen challenge, although the kinetics of the recruit-
ment of eosinophils and lymphocytes diff er: in humans, the 
peak in T-lymphocyte recruitment occurs about 24       h after 
challenge and precedes the peak of eosinophil recruitment, 
whereas in mice, T-cell recruitment continues long after 
eosinophils have peaked and returned to baseline  [8] . 

   AHR is often, though not always observed in aller-
gen sensitized and challenged mice. Th ere are few reports of 
comparisons of the various protocols in terms of their abil-
ity to induce AHR, but those available indicate that both 
systemic sensitization and pulmonary challenge are required 
to induce AHR  [9] . For example, multiple airway chal-
lenges without systemic sensitization can result in pulmo-
nary eosinophilia, but  in vivo  AHR is not observed under 
these conditions  [10] . Th e route of airway challenge (nasal 
or intratracheal versus aerosol) may also be a factor  [11] . 
Mouse strain also has an important impact on allergen-
induced AHR. AHR is relatively easy to induce in Balb/c 
and A/J mice, but more diffi  cult to induce in other strains, 
including C57BL/6 mice even though airway infl ammation 
is robust in this strain            [9, 12–14] . Th e relative resistance of 
C57BL/6 mice to allergen-induced AHR is unfortunate, 
since many of the knockout mice that could be used to 
study the mechanistic basis for allergen-induced AHR are 
originally developed on this background. 

   Recently, investigators have begun using repeated aller-
gen challenges over several weeks to months to model the 
airway remodeling that characterizes human asthma  [15] . In 
general, such challenges often result in tolerance, although 
in the A/J strain, eosinophilia and AHR are preserved over 
several months, and these mice develop subepithelial fi bro-
sis and airway smooth muscle hypertrophy  [12] . However, 
modifi cations to the protocols may improve the utility of 
mouse models for studies of airway remodeling. A recent 
report by Yu  et al .  [16]  indicates that elimination of adjuvant 
during the sensitization phase results in preserved AHR, 
eosinophilia, and subepithelial fi brosis even after 9 weeks of 
repeated weekly intranasal challenges in mice on a C57BL/6 
background. Others have observed subepithelial fi brosis and 
increases in airway smooth muscle mass after chronic chal-
lenge over several months with very low concentrations of 
OVA delivered intranasally, even in C57BL/6 mice  [17] . 

   Murine models of allergic airways disease have been 
used to examine the role of many cells, cytokines, chemok-
ines, enzymes, and other factors in the pathology of asthma. 
Th ese studies are too numerous to document here. Instead, 
we focus on three issues. One, the role of lymphocytes, can 
be seen as a major success of these models. Two others, the 
role of IgE and mast cells, and the role of eosinophils are 
instances where the models do not appear to reproduce the 
human fi ndings. 

    Role of T-lymphocytes in allergen-induced airway 
responses : A major accomplishment of studies using these 
murine models was in establishing a role for lymphocytes in 
the development of allergic asthma. For example, following 
allergen sensitization and challenge, AHR does not develop 
in athymic mice or in mice with severe combined immuno-
defi ciency, but adoptive transfer of lymphocytes from 
wild-type sensitized and challenged mice restores AHR in 
athymic mice        [18, 19] . A particular role for CD4  �   T-lym-
phocytes was established by experiments demonstrating 
that MHC Class II defi cient mice lacking mature CD4  �   
T-lymphocytes and mice depleted of CD4  �   T-cells do 
not develop AHR or airway infl ammation following aller-
gen sensitization and challenge        [20, 21] . Th e requirement 
for CD4  �   T-cells was also underscored by the observation 
that reconstitution of CD4  �   T-cells alone is suffi  cient to 
restore allergen-induced AHR to RAG  � / �   mice which lack 
both B- and T-lymphocytes  [22] . It has since been estab-
lished that other T-cell subsets including  γ  δ -T-cells  , iNKT 
cells, and regulatory T-cells may have roles in enhancing or 
attenuating allergic airways disease in these mouse models 
           [23–26] . 

   A major focus of research using these models over the 
last decade has been to establish how T-lymphocytes con-
tribute to allergic airway responses. Early on, it was estab-
lished that the ability of these cells to generate cytokines 
was likely to be important. Initial work focused on IL-4, 
IL-5, and IL-13                    [19, 20, 22, 27–31] . More recently, other 
cytokines, including IL-17, have received increasing atten-
tion          [32–34] . 

    Role of IgE and mast cells in allergen-induced AHR : 
Mast cells express receptors (Fc � RI) on their surface that 
bind the Fc portion of IgE with high affi  nity. Crosslinking 
Fc � RI receptors upon binding of allergen to IgE results in 
the secretion of a panel of mediators including histamine, 
eicosanoids, and cytokines, many of which have the capac-
ity to cause bronchoconstriction and to elicit AHR, though 
it is important to note that IgE independent activation of 
mast cells can occur in response to complement proteins, 
neuropeptides, and other moieties. In humans, activation 
of mast cells by IgE is important for both early and late 
responses to allergen inhalation: treatment with the human-
ized anti-IgE antibody, omalizumab, markedly reduces both 
the rapid and delayed declines in FEV 1  that occur following 
inhalation of allergen  [35] . An important drawback of using 
mice is that such airway obstruction is not easily observed 
 [36] . Small increases in pulmonary resistance (R L ) (less than 
50% increase) can be observed following systemic admin-
istration of activating anti-IgE antibodies  [37] , but R L  
changes little after airway challenge with allergen  [36] . Th is 
is in marked contrast to many other species which develop 
marked increases in R L  after inhalation of allergen          [38–40] . 
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   Mast cells and IgE also appear to play a role in the 
airway infl ammation that occurs after allergen challenge in 
asthmatics  [41] , but the ability of mouse models to repro-
duce this phenomenon has not been consistent. Kung  et al . 
 [42]  reported that aerosol OVA challenge of systemically 
sensitized mast cell defi cient mice resulted in fewer eosi-
nophils in BAL fl uid and lung tissue compared to congenic 
controls, whereas others            [10, 43–45]  have failed to observe 
any eff ect of mast cell defi ciency or IgE defi ciency on the 
recruitment of eosinophils. At least part of this discrepancy 
is likely related to the precise protocol used to sensitize and 
challenge the mice. Kobayashi  et al . used two distinct pro-
tocols to sensitize and challenge mast cell defi cient mice 
and found reduced eosinophils compared to strain matched 
controls when relatively mild protocols for airway challenge 
that resulted in relatively few eosinophils were employed, 
but no diff erence between mast cell defi cient and control 
mice when more frequent and robust airway challenges that 
produced marked increases in eosinophils were used  [43] . 

    Role of eosinophils in allergen-induced AHR : Eosinophils 
contain cationic proteins such as major basic protein (MBP) 
that have the capacity to induce AHR  [46]  and experiments 
in mice in the late 1990s provided strong evidence that eosi-
nophils may be responsible for the AHR associated with 
allergic asthma. For example, in mice, transgenic overexpes-
sion of IL-5, a diff erentiation, chemoattractant, and survival 
factor for eosinophils, led to accumulations of eosinophils 
and AHR even in the absence of allergen challenge  [47] . 
Following OVA sensitization and challenge, both accumula-
tion of eosinophils in the airways and AHR were prevented 
in IL-5 defi cient compared to wild-type mice and recon-
stitution of IL-5 in these knockout mice restored pulmo-
nary eosinophilia and AHR        [48, 49] . Similar results were 
obtained using anti-IL-5 antibodies  [50] . Th e observation 
of a good correlation between airway eosinophils and AHR 
across multiple strains of mice, all sensitized and challenged 
in the same way, also argued for a relationship between these 
factors  [13] . Data such as those cited above were strong 
enough to initiate clinical trials for anti-IL-5 in human 
asthma. However, the results of such trials have been dis-
appointing. For example, a recent fairly large study showed 
that while anti-IL-5 antibody treatment results in marked 
suppression of both blood and sputum eosinophils, it does 
not impact pulmonary function,  β -agonist use, symptom 
or quality of life scores in patients with persistent asthma 
symptoms despite inhaled corticosteroid use  [51] , although 
it has been argued that the study population (one of diffi  cult 
to control asthma) could have biased the study  [52] . Did our 
mouse models lead us astray? Th ere are certainly data from 
mouse models arguing against a role for eosinophils in the 
AHR associated with allergen sensitization and challenge 
         [19, 53, 54] . Mouse strain and the strength of the allergen 
challenge appear to impact whether a role for eosinophils 
are observed or not: experiments performed in Balb/c mice 
in which milder challenges are used indicate little role for 
eosinophils in OVA-induced AHR  [5] . 

    Summary : Mice are not useful for modeling the early 
or late responses to allergen, but models in which mice are 
sensitized and then challenged with allergen have been use-
ful in establishing a role for T-lymphocytes in asthma and 
are currently being used to investigate the T-cell subsets and 

cytokines involved. Refi nements in these models involv-
ing chronic challenges may ultimately allows us to use such 
models to study the airway remodeling that characterizes 
asthma, but are currently in their infancy. Th e protocol used 
to sensitize and challenge the mice, and the choice of mouse 
strain are key issues and can infl uence outcome.  

    Modeling obesity and asthma 

   Obesity is a risk factor for asthma. Both in adults and 
children, the prevalence and incidence of asthma increase 
with body mass index (BMI) (see recent reviews            [55–58] ). 
Obesity also appears to worsen asthma control and may 
increase asthma severity. In addition, both surgical and 
diet-induced weight loss improve many asthma out-
comes. Th e effi  cacy of many standard asthma medications 
is altered in the obese        [58, 59] , suggesting that additional 
therapeutic strategies may be necessary in this population. 
Development of these strategies will require an understand-
ing of the mechanistic underpinnings of the relationship 
between obesity and asthma. To that end, mice have been 
used to model the relationship between obesity and asthma. 
Th ese studies have established that obese mice exhibit a 
pulmonary phenotype that includes both innate AHR, 
as well as increased responses to ozone (O 3 ) and allergen 
               [60–65] , and suggest a role for adipokines in the obesity–
asthma relationship        [66, 67] . 

   Several types of obese mice have been used in these 
studies (see Ref.  [68]  for details).  Ob/ob  mice are geneti-
cally defi cient in leptin, a satiety hormone synthesized by 
adipocytes and released into blood in proportion to adipose 
tissue mass. In the absence of leptin,  ob/ob  mice eat exces-
sively, have a low resting metabolic rate, and by 8 weeks 
of age weigh at least twice as much as wild-type controls 
 [69] . Th e increased body weight is entirely the result of an 
increase in fat mass.  Db/db  mice are genetically defi cient in 
the long form of the leptin receptor, which is required for 
leptin’s eff ect on satiety and metabolism  [69] . Th us,  db/db  
mice are similar to  ob/ob  mice in many respects: they over-
eat, are hypothermic and inactive, and massively obese. 
However, short forms of the leptin receptor with truncated 
or absent cytoplasmic domains are expressed in these mice, 
and are capable of some types of signaling. Hence, there can 
be subtle diff erences between  ob/ob  and  db/db  mice, includ-
ing diff erences in their pulmonary phenotype  [60] .  Cpe  fat   
mice are genetically defi cient in carboxypeptidase E (Cpe), 
an enzyme involved in processing of neuropeptides involved 
in eating behaviors. Obesity develops more slowly in these 
mice than in  ob/ob  or  db/db  mice, but can be quite marked 
 [69] . Dietary obesity can also be induced by feeding wean-
ling C57BL/6 mice a diet in which 45% or 60% of calories 
are derived from fat (predominantly in the form of lard). 
Diet-induced obesity (DIO) develops slowly and is much 
less marked than in the genetic obesities. All of these obese 
mice are hyperglycemic, hyperinsulinemic, and hyperlipi-
demic to some extent        [68, 69] . 

    Innate AHR : Airway responsiveness to intrave-
nous methacholine is increased in  ob/ob ,  db/db , and  Cpe  fat   
mice, and in mice with DIO                [60–65] , indicating that it is 
a common feature of murine obesity. Consistent with the 
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non-specifi c nature of human asthma, AHR is observed 
following both methacholine and serotonin challenges  [60] . 
Both the magnitude and the duration of obesity appear to 
play some role in the development of AHR in obese mice. 
For example, AHR is more marked in  ob/ob  and  db/db  mice 
than in  Cpe  fat   mice or mice with DIO. Mice do not exhibit 
AHR when they are raised on high-fat diets for approxi-
mately 16 weeks, but AHR is observed after 30 weeks on 
the diet, even though body weight averages about 40% more 
than low-fat fed controls at both time points  [61] . 

   Th e mechanistic basis for the AHR observed in obese 
mice is not known. However, the mice do not have any overt 
cellular infl ammation in their lungs        [60, 63] . All measure-
ments were made in open-chested mice, mechanically venti-
lated at a fi xed positive end-expiratory pressure (PEEP) and 
a fi xed tidal volume, so changes in absolute or tidal volume 
likely do not play a role. In  ob/ob  and  db/db  mice, there are 
eff ects on lung development: despite their massive obesity, 
these mice have small lungs        [60, 65] . However, lung size is 
not aff ected in  Cpe  fat   mice and mice with DIO, but these 
mice still exhibit AHR        [61, 62] . Instead, it is likely that 
some aspect of the chronic low-grade systemic infl amma-
tion that characterizes the obese state  [70]  contributes to the 
AHR observed in obese mice. For example, preliminary data 
in both  db/db  and  Cpe  fat   mice indicate that treatment with 
anti-TNF- α  antibodies reduces airway responsiveness  [71] . 

    Responses to O 3  : Exposure to O 3 , a common air pollut-
ant, is a trigger for asthma. Hospital admissions for asthma 
are higher on days of high ambient O 3  concentrations  [72]  
and in children, O 3  increases asthmatic symptoms even at 
concentrations below the US Environmental Protection 
Agency standard  [73] . O 3  causes airway infl ammation, as 
well as AHR, both of which may contribute to the ability 
of O 3  to exacerbate asthma. 

   Obesity impacts the eff ects of O 3  in the lung. Both the 
changes in pulmonary function and the AHR induced by O 3  
exposure are increased in obese versus lean human subjects 
       [74, 75] . Similar results are observed in obese mice regard-
less of the nature of their obesity. Acute exposure to O 3  
(2       ppm for 3       h) increases R L  in obese but not lean mice and 
induces greater AHR in obese versus lean mice          [60, 62, 65] . 
Compared to lean controls, O 3 -induced injury and infl am-
mation are also greater in  ob/ob  mice , db/db  mice,  Cpe  fat   
mice, and mice with DIO            [60–62, 65] . However, the factors 
that contribute to the innate AHR of obese mice appear to 
be diff erent from those that contribute to their increased 
response to acute O 3 : increased O 3 -induced infl ammation 
is observed as early as 7 weeks of age in  Cpe  fat   mice  [76] , 
whereas AHR is not observed until they are 10 weeks old. 

   At least part of the increased response to O 3  observed 
in obese mice appears to derive from diff erences in IL-6 
signaling. Following acute O 3  exposure, obese mice have 
increased IL-6 release into BAL fl uid compared to lean 
mice          [60, 62, 65] . Treatment with anti-IL-6 antibodies 
ablates the accelerated neutrophil infl ux that is observed fol-
lowing acute O 3  exposure in  ob/ob  mice and also attenuates 
the enhanced O 3 -induced epithelial injury that is observed 
in these mice  [77] . Pulmonary expression of signal trans-
ducer and activator of transcription-1 (STAT-1) is reduced 
in  ob/ob  mice  [77]  and may modify pulmonary responses to 
IL-6 in these mice. 

    Responses to allergen : Some, but not all, aspects of 
the response to allergen are augmented in obese mice. For 
example, following OVA sensitization and challenge, splen-
ocyte proliferation, IL-2 production, and mast cell numbers 
are increased in mice with DIO compared to lean controls 
 [78] . Increased OVA-induced AHR is also observed in 
obese mice  [63] . However, this increase in airway respon-
siveness occurs in the absence of any diff erences in Th 2 
cytokines and in the face of  decreases  in BAL eosinophils 
compared to lean controls, suggesting that other factors 
must contribute. Interestingly, OVA-induced increases in 
serum IgE are also greater in  ob/ob  and  db/db  mice than 
in lean controls. As described above, IgE and mast cells 
do not appear to contribute prominently in most studies 
of allergen-induced airways disease in mice. However, the 
expression of 5-lipoxygenase activating protein is substan-
tially increased in the adipose tissue of  ob/ob  mice  [79] . Th is 
could lead to greater leukotriene synthesis and subsequent 
release from activated mast cells and thus enhance airway 
responsiveness. In this context, Peters-Golden  et al.  recently 
reported a more benefi cial eff ect of the leukotriene antago-
nist montelukast in obese versus lean asthmatics  [80] . 

    Adipokines : Several hypotheses have been proposed 
to explain the association between obesity and asthma 
( Fig. 8.1   ). For example, obesity results in changes in a 
variety of adipose tissue derived factors (adipokines) that 
may contribute to the relationship between obesity and 
asthma. Serum leptin is increased in obesity and two cross-
s ectional studies indicate that leptin is also increased in 
asthmatics        [81, 82] . Numerous reports indicate that lep-
tin is pro-infl ammatory (see recent review  [83] ), and these 
infl ammatory eff ects could exacerbate asthma in the obese. 
Leptin treatment has been shown to augment allergen-
induced AHR in lean mice, without aff ecting eosinophil 
infl ux or Th 2 cytokine expression  [66] . Indeed, rather than 
modifying adaptive immunity, leptin could be acting on the 
innate immune system: exogenous administration of lep-
tin to lean mice increases their subsequent infl ammatory 
response to acute O 3  exposure  [65] , a response character-
ized by release of acute phase cytokines and chemokines, 
and dependent to some extent on toll-like receptor acti-
vation  [84] . However, there must be factors in addition to 

Mechanisms proposed to explain
the relationship between obesity and asthma

Common etiologies
• In utero conditions
• Genetics

Co-morbidities
• Gastroesophageal reflux
• Sleep disorder breathing
• Type-II diabetes
• Hypertension

Effects of obesity
on lung mechanics
• ↓ FRC
• ↓ Tidal volume

Adipokines
• Cytokines
• Chemokines
• Energy regulating hormones
• Acute phase reactants
• Other factors

 FIG. 8.1          Potential mechanisms whereby obesity may be associated 

with asthma. Reproduced from Ref.  [68]  with permission of the American 

Physiological Society.    
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leptin that contribute to the augmented O 3  responses of 
obese mice, since such responses are observed not only in 
 Cpe  fat   and DIO mice        [61, 62]  that have marked increases in 
serum leptin, but also in  ob/ob  and  db/db  mice        [60, 65] , that 
lack either leptin or the leptin receptor. 

   In contrast to other adipokines, adiponectin, an i nsulin-
sensitizing hormone, declines in obesity        [85, 86] . In contrast 
to leptin, adiponectin has important anti-infl ammatory 
eff ects in obesity  [86] . In lean Balb/c mice, exogenous admin-
istration of adiponectin results in an almost complete sup-
pression of OVA-induced AHR, airway infl ammation, and 
Th 2 cytokine expression in the lung  [67] . Adiponectin has 
been shown to inhibit macrophage production of lymphocyte 
chemotactic factors  [87] . An ad iponectin-induced reduc-
tion in lymphocyte infl ux into the lungs would be expected 
to reduce pulmonary concentrations of Th 2 cytokines and 
could thus be responsible for attenuating eosinophilia and 
AHR following OVA challenge. Th ree adiponectin receptors 
have been cloned: adipoR1, adipoR2, and T-cadherin        [88, 
89] . Lung tissue expresses all three adiponectin receptors. 
Th e expression of all three receptors declines in the lungs fol-
lowing allergen sensitization and challenge in mice  [67] , sug-
gesting that asthma may be a state of adiponectin resistance. 
Coupled with obesity-related declines in adiponectin        [85, 
86]  and additional declines in serum adiponectin that occur 
with allergen challenge  [67] , the data suggest that the obese 
asthmatic is likely to have defects in this important immuno-
modulatory pathway that augment the eff ects of allergen 
challenge.   

    MOUSE MODELS OF COPD 

    Modeling COPD 

   Animal models were critical to the development of the 
elastase:anti-elastase hypothesis generated 45 years ago. Th is 
hypothesis remains the cornerstone of our understanding of 
COPD pathogenesis today. Th e major fi nding at that time 
was that instillation of the proteinase papain into experi-
mental animals caused airspace enlargement, the charac-
teristic feature of emphysema  [1] . Since then animals have 
been exposed to a variety of molecular, chemical, and envi-
ronmental agents that lead to airspace enlargement  [90] . In 
particular elastases          [91–93] , cigarette smoke        [94, 95] , and 
more recently inducers of apoptosis have been most inform-
ative        [96, 97] . Mouse genetic mutants have also been criti-
cal in furthering our understanding of the pathogenesis of 
COPD        [4, 95] . 

    Elastases : Ever since the initial fi ndings with papain, a 
variety of proteinases have been instilled into experimental 
animals. Of note, only those with elastolytic activity develop 
emphysema, collagenases do not  [91] . Of most utility 
has been porcine pancreatic elastase (PPE)          [91, 98, 99] , a 
potent elastase that quickly generates airspace enlargement. 
Th is model has also been useful to test agents that have the 
capacity to restore lung structure such as retinoic acid  [100] . 
A recent surprise has been the usefulness of PPE to model 
events upstream from elastolysis. Th is is likely due to the 

fact that elastin fragments themselves  [101]  are chemok-
ines, and that the events following PPE instillation are very 
similar to the infl ammatory cell cascade that one observes 
in COPD following cigarette smoke exposure. Th at is, ini-
tially PPE leads to acute airspace enlargement with elastin 
destruction and release of fragments of elastin and other 
matrix proteins. Th is results in subsequent neutrophilia fol-
lowed within days by a predominant macrophage and T-cell 
infl ux. Th ese activated infl ammatory cells release endog-
enous elastases causing progressive airspace enlargement. 

    Environmental factors : Cigarette smoke is clearly the 
major etiologic factor for COPD. However, a variety of other 
environmental agents have been applied to determine their 
capacity to induce COPD. Nitrogen dioxide and ozone cause 
mild lung injury suggesting that they may be modifying envi-
ronmental factors but unlikely primary environmental factors 
leading to COPD  [90] . Cadmium chloride  [102] , a constitu-
ent of cigarette smoke, primarily causes interstitial fi brosis 
tethering open adjoining airspaces simulating emphysema. 
While this mechanism diff ers from airspace enlargement 
secondary to matrix destruction that characterizes emphy-
sema, excess collagen deposition in the context of loss of 
elastin is a feature of human centrilobular emphysema. 

    Cigarette smoke           [4, 94, 95] : Th e great strength of ciga-
rette smoke-induced models of COPD is that we know 
that this is the causative agent for COPD. Hence, path-
ways leading to phenotypic changes of COPD mirror those 
of human COPD, limited only by diff erences in smoke 
exposure as well as biological diff erences between mice and 
humans. Over the years many species of mammals have 
been exposed to cigarette smoke using a variety of smok-
ing chambers. Larger animals are limited by the long (years) 
duration of exposure required for development of COPD. 
Of small animals tested, the guinea pig is the most suscep-
tible species and rat the least. Several inbred mouse strains 
are also susceptible to cigarette smoke-induced COPD, and 
hence they have dominated the literature due to our ability 
to manipulate gene expression as well as other advantages 
discussed above. 

   Following exposure to cigarette smoke, mice develop 
changes similar to humans including acute infl ammation 
with neutrophils followed by subacute increases in macro-
phages, and CD8  �               �             CD4  �   T-cells  [103] . Proteinases are 
released and apoptosis of structural cells is observed. Th ese 
processes ultimately lead to airspace enlargement that is 
easily detectable in most strains within 6 months. With 
respect to the airway, mice lose cilia upon cigarette smoke 
exposure, develop small airway fi brosis, and also develop 
goblet cell hypertophy        [4, 104] . 

    Apoptosis : Recently investigators have found that 
exposure to agents that initiate either endothelial cell death 
(via VEGFRII inhibition)  [96]  or epithelial cell death 
(via caspase 3 nodularin, ceramide delivery, and VEGF 
inhibition)          [97, 105, 106]  lead to non-infl ammatory air-
space enlargement. Clearly, to lose an acinar unit, one 
must destroy both extracellular matrix (ECM) and struc-
tural cells. Traditionally, we believed that infl ammatory 
cell proteinases destroy ECM and cells unable to attach to 
the ECM fl oat away and die. Th e apoptotic models sug-
gest death of structural cells may be an initiating event, 
with subsequent release of matrix degrading proteinases. 
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Whether this occurs in human COPD as a primary event is 
uncertain, but does raise interesting testable possibilities. 

    Genetic models : Natural genetic mutants, transgenic mice, 
and gene-targeted mice, may develop spontaneous airspace 
enlargement of developmental origin. Th ey may also develop 
progressive airspace enlargement acquired spontaneously over 
time that more closely refl ects the destruction of mature lung 
tissue characteristic of emphysema        [4, 99] . Overexpression or 
underexpression of a protein during development that leads 
to failed alveogenesis and enlarged airspaces is very informa-
tive regarding pathways required for normal lung develop-
ment and hence repair in emphysema. However, this is very 
diff erent from destruction and enlargement of normal mature 
alveoli that defi nes pulmonary emphysema. 

   If overexpression of a protein in transgenic mice leads 
to airspace enlargement in the adult, then  if  the protein is 
overexpressed in the endogenous process it is likely to play 
a role. For example, instillation of PPE mimics emphysema 
quite well, but of course PPE does not travel from the gut 
to the lung in true emphysema. 

   Of most utility in dissecting the pathogenesis of 
COPD are developmentally normal gene-targeted mice 
applied to cigarette smoke. Protection of a  “ knockout ”  with 
smoking suggests that the protein deleted is involved in a 
pathway that promotes COPD, while worsening COPD 
suggests a protective factor was deleted. Th ere are many 
proteins that have been identifi ed using these techniques as 
recently reviewed  [99] . Knowledge gained from these stud-
ies will be synthesized below. 

    Limitations : Th e mouse lung structure is not identical 
to humans. Mice do not inhale cigarettes as humans would 
and these obligate nasal breathers bring the smoke through 
an extensive olfactory epithelium into the airway where 
there are few submucosal glands, much less airway branch-
ing, and no respiratory bronchioles – the initial site of cen-
triacinar emphysema. Hence, mice do not develop  “ small 
airway disease ”  that is so important in human COPD. 
Nevertheless, the opportunity exists to infect mouse airways 
with relevant human pathogens to learn more about airway 
changes and exacerbations of COPD. 

   Mice require months of cigarette smoke exposure to 
develop mild emphysema. Th ese are more likely to refl ect 
Global Initiative for Chronic Obstructive Lung Disease 
(GOLD) stage I and II not the severe stages of COPD (III 
and IV). Moreover, there is a variety of smoking chambers 
now available that diff er with respect to the mode, rate, and 
amount of smoke delivered. Particulate amounts, carboxy-
hemoglobin levels, and other surrogates of exposure are 
often measured to assess how well these mimic human 
exposure. Th e most important features are the resultant 
phenotypic changes in the exposed animals and their rela-
tionship to humans. One note of caution is that excessive 
acute exposure to smoke leads to acute lung injury with pro-
nounced neutrophilia, which is not likely to refl ect COPD.  

    Lessons from mouse models of COPD 

    Infl ammatory cell network in COPD : Animal models have 
taught us that emphysema is not caused by a single cell type 
or proteinase. Rather, multiple infl ammatory and immune 

cells and mediators are involved. Investigators are now 
focused on teasing out mechanisms that lead to this com-
plex network and the interactions between these cells and 
their mediators that leads to COPD. 

   Upon acute exposure to cigarette smoke one observes 
activation of macrophages and structural cells that leads 
to a mild, acute, transient accumulation of neutrophils in 
the lung. Over days to weeks one also observes increased 
number of T-cells, particularly CD8  �   T-cells, and mac-
rophages  [107] . Neutrophils accumulate with each acute 
exposure, but due to the short-half life of the neutrophil do 
not accumulate to high levels. Th e longer-lived macrophages 
and T-cells progressively accumulate with chronic smoke 
exposure. In humans, one observes B-cell accumulation in 
bronchial–alveolar lymphoid tissue (BALT) late in the dis-
ease. While this could be secondary to bacterial coloniza-
tion in humans, it has also been observed in mice exposed 
to cigarette smoke in the absence of infection  [108] . 

   An undoubtedly simplistic but unifi ed pathway, sup-
ported by data from cigarette smoke-exposed mice, can 
account for much of the infl ammation observed in response 
to cigarette smoke. Cigarette smoke, via its oxidant prop-
erties, can activate macrophages leading to TNF- α  pro-
duction with latent TNF- α  translocating to the surface 
whereupon MMP-12  “ sheds ”  active TNF- α  leading to 
neutrophil recruitment and activation  [109] . 

   Release of MMP-12 from macrophages and colla-
genases MMP-8 and MMP-13 (MMP-1 not expressed in 
mice) from macrophages and likely epithelial cells leads to 
generation of elastin and collagen fragments respectively. 
Elastin fragments serve as chemokines for macrophages 
 [101]  and collagen fragments promote neutrophil recruit-
ment  [110] . Indeed, in humans CXC and CC chemokines 
may play a signifi cant role in infl ammatory cell migration, 
particularly when colonized with bacteria. However, in mice 
under sterile conditions, elastin fragments appear to be crit-
ical to the low-level macrophage accumulation one observes 
in response to cigarette smoke. 

   T-lymphocytes, particularly CD8  �   T-cells, are 
increased in lungs of patients with COPD  [111] . 
Overexpression of the T-cell product IFN γ  in transgenic 
mice, results in apoptosis, infl ammation, and emphysema 
 [112] . Moreover, IFN γ  and IFN γ -IP-10 (interferon-
gamma-inducible protein-10) have been shown to be 
increased in CD8  �   T-cells from patients with emphysema, 
and IP-10 was also shown to induce the production of 
MMP-12 in human alveolar macrophages  [113] . In addi-
tion to this potentially indirect infl uence of CD8  �   T-cells 
on emphysema, they may also directly cause cytotoxicity 
contributing to emphysema. Th e importance of the CD8  �   
T-cell in the pathogenesis of emphysema, was recently con-
fi rmed by subjecting wild-type (C57BL/6 J), CD8  �   T-cell 
defi cient (CD8 –/– ) mice, and CD4  �   T-cell defi cient (CD4 –/– ) 
mice to a model of cigarette smoke-induced emphysema 
 [107] . In the absence of CD8  �   T-cells, but not CD4  �   
T-cells, there was a marked inhibition in infl ammation and 
emphysema. Integrating these results into the  “ network, ”  
one can conclude that CD8  �   T-cells via production of IP-
10, signal through macrophage CXCR3 to activate the mac-
rophage leading to proteinase and cytokine production. Th e 
macrophage then recruits neutrophils, and their p roteinases 
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then degrade ECM, particularly elastin and collagen, con-
tinuing the infl ammatory cascade. Hence, CD8  �   T-cells 
may be the master regulator of infl ammation in COPD. 
Of note, these results are entirely consistent with data from 
human COPD. 

   Defects in adaptive immunity are also likely to play an 
important role with respect to colonization of microorganisms 
in the airway and exacerbations. Prolonged cigarette smoke 
exposure (1 month) in mice results in a decrease in lung den-
dritic cell (DC) number, but DC migration to regional tho-
racic lymph nodes remains intact. Once in the lymph nodes, 
however, cigarette smoking suppresses maturation of DCs as 
demonstrated by the reduced expression of co-stimulatory 
molecules. Moreover, these cigarette smoke exposed DC cells 
have impaired capacity to activate CD4  �   T-cells with less 
IL-2 production and diminished T-cell proliferation  [114] . 
Impaired CD4  �   T-cell activation would predispose patients 
to colonization with infectious microorganisms. 

   As discussed, B-cells and BALT are present in 
COPD lung tissue, however, their role in the disease process 
remains to be determined. Of note, recent animal  [115]  and 
human  [116]  studies have implicated autoimmune processes 
in the pathogenesis of COPD. In fact, elastin fragments 
themselves were shown to be an important autoimmunue 
target in COPD in human studies  [116] . Other cell types 
including eosinophils, mast cells, and natural killer (NK) 
cells are also likely to be involved in this infl ammatory cell 
network, but to date, they have not been carefully addressed. 

    Role of oxidative stress in COPD : Cigarette smoke, 
loaded with 10 17  oxidant molecules per puff  leads to 
increased oxidative stress in smokers and in patients with 
COPD. Oxidative stress, in part through inactivation of 
histone deacetylases, exposes DNA sequences and activates 
transcription factors for infl ammatory genes, such as nuclear 
factor- κ B (NF- κ B) and activator protein (AP)-1  [117] . Th is 
fi nding, initially in humans, has been confi rmed in rodents 
exposed to cigarette smoke  [118] . Oxidants also have a sig-
nifi cant role in promoting apoptosis, and although oxidants 
do not directly degrade ECM proteins, they might modify 
these proteins making them more susceptible to proteo-
lytic cleavage. Oxidative stress also can alter the structure 
of pro-MMPs leading to autolytic cleavage and activation 
 [119] . Gene deletion of Nrf-2 a master transcription fac-
tor for antioxidant genes also leads to enhanced emphysema 
in response to cigarette smoke exposure highlighting the 
importance of oxidative stress in COPD  [120] . 

    Role of proteinases in COPD : As mentioned at the 
beginning of this chapter and reviewed in depth in the 
 “ Matrix Degrading Proteinase ”  (Chapter 28)  , ECM 
destruction by proteinases is the cornerstone of emphysema. 
Animal models have played an important role in defi ning 
the contribution of diff erent elastolytic enzymes in this 
process. In addition to the original instillation of papain by 
Gross  [1] , in one of the fi rst applications of gene-targeted 
mice to lung disease, it was shown that macrophage elastase 
(MMP-12) defi cient mice were protected from the develop-
ment of emphysema  [95] . As in several other models of dis-
ease, MMP-12 is pro-infl ammatory, which in part is related 
to the generation of chemotactic elastin fragments  [101] . 

   Subsequently, several other animal models have 
demonstrated the importance of proteinases in COPD. 

Lung-specifi c transgenic mice expressing either the Th 2 
cytokine IL-13 ( “ Dutch mice ” )  [121]  or the Th 1 cytokine 
IFN- γ  ( “ British mice ” )  [112]  both develop proteinase-
dependent emphysema. IFN- γ  overexpressors develop a 
cysteine proteinase/apoptosis mediated form of emphysema, 
while IL-13 overexpression induces infl ammation with 
MMP-12- and MMP-9-dependent airspace enlargement. 
IL-13 transgenic mice also develop small airway remodeling 
that is believed to be due to MMP-9-dependent activation 
of TGF- β  with airway fi brosis  [122] . Th e role of TGF- β  in 
emphysema was also highlighted with a v b6  � / �   mice, that 
are unable to activate TGF- β  in the airspace, develop mac-
rophage infl ammation and MMP-12-dependent emphy-
sema  [123] . TGF- β  regulation is complex as total absence 
of TGF- β  releases the brake on infl ammation and destruc-
tion in the airspace while too much TGF- β  leads to fi brosis 
in the airways. 

   Other gene-targeted mice that develop emphysema 
include surfactant protein D  � / �   (SP-D  � / �  ) mice, which 
exhibit macrophage activation, MMP production, and con-
sequent emphysema  [124] . TIMP-3 defi ciency leads to a 
combination of developmental airspace enlargement com-
bined with progressive destructive emphysema in adults 
 [125] , supporting the role of MMPs in COPD. Th ere is also 
evidence from animal models that neutrophil elastase (NE), 
a serine proteinase long thought to cause COPD, is also 
involved in experimental emphysema. NE  � / �   mice develop 
only 40% as much airspace enlargement as wild-type mice 
exposed to long-term cigarette smoke  [126] . Th ese stud-
ies have uncovered several interactions between NE and 
MMPs. MMPs degrade  α 1-AT and NE degrades TIMPs, 
each potentiating the other’s proteinase activity. Moreover, 
NE mediates monocyte migration and as discussed, acute 
neutrophil infl ammation secondary to smoking is related to 
MMP-12-dependent TNF-shedding  [109] . 

    Role of apoptosis in COPD : As discussed above, induc-
tion of structural cell apoptosis leads to airspace enlarge-
ment. However, there are some aspects of these models that 
do not mimic human disease. Th ey are non-infl ammatory 
and transient, which is likely related to their lack of matrix 
degradation. Most importantly, however, closer pathologic 
and physiologic examination of at least one model of epi-
thelial cell apoptosis demonstrates that this model is not 
emphysema  per se , but acute lung injury with collapsed alve-
oli tethering of open adjoining airspaces to appear enlarged 
(Mouded M and Shapiro SD, unpublished observations). 
Th us, like other traditional models of epithelial apoptosis, 
bleomycin being the classic, the result is acute lung injury 
and if severe, fi brosis. Endothelial apoptosis could have a 
diff erent outcome, but it is likely that apoptosis does not 
initiate emphysema. Apoptosis, however, is likely to be a 
critically important modifi er in the pathogenesis of COPD. 
For example, as in humans, apoptosis is observed in animal 
models following cigarette smoke exposure, likely due to 
loss of basement membrane attachment  � /– oxidant eff ects 
of cigarette smoke. Th e fate of the apoptotic cell is criti-
cal to disease progression. Clearance by macrophages leads 
to anti-infl ammatory TGF- β  production and release of 
growth factors that promote repair  [127] . Ineffi  cient clear-
ance leads to secondary necrosis, augmenting infl ammation 
and destruction. 
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    Role of repair in COPD : Th e ability of the adult lung 
to repair damaged alveoli appears limited. Th is is likely due 
to the structural and functional dependence upon the elas-
tic fi ber architecture combined with the diffi  culty in repair-
ing elastic fi bers. Whether one can temporally and spatially 
bring together the multiple microfi brillar components of an 
elastic fi ber let alone coordinate matrix repair with endothe-
lial and epithelial migration and diff erentiation over an 
injured matrix is unknown. 

   With the emergence of regenerative medicine and 
stem cell biology, there is hope that we can one day cre-
ate new functional lung tissue. However, given the com-
plex three-dimensional nature of the lung, its regeneration 
presents a special challenge relative to other organs. It is 
currently not known whether there is a master stem cell, 
separate progenitors for each cell type, nor what their repar-
ative capacity is. More importantly, given the collapse of the 
elastic fi ber cable network, it is unclear whether stem cells 
alone could regenerate a functional alveolar unit. 

   Th ere has been some evidence that one can repair 
emphysematous lung tissue in animal models. Th e study 
by Massaro  et al.   [100]  discussed above, showing that all-
trans retinoic acid reversed PPE-mediated emphysema, has 
led to hope that we might be able to promote lung repair 
 [100] . Use of retinoic acid did not have signifi cant eff ects in 
human trials, but has opened the door to mechanisms that 
could be reparative. 

   Th ere have been attempts to add growth factors, such 
as keratinocyte growth factor (KGF) to elastase-treated 
lungs. Th e results demonstrate the ability to protect from 
injury, but not repair damaged tissue  [128] . Th e advent of 
lineage tagged and lineage ablated genetically engineered 
mice will be helpful to defi ne progenitor cells and their 
reparative capacity in the future.   

    SUMMARY 

   It is important to keep in mind that there are important 
structural diff erences in the lungs of mice and humans and 
to interpret animal data with caution. In some instances, 
murine models of allergic asthma have not recapitulated 
the human fi ndings, and have led to some costly failures 
in drug development. Nevertheless, animal models have 
been extremely useful in the evolution of current concepts 
regarding the etiology of asthma and COPD and geneti-
cally engineered mice continue to drive the generation and 
testing of new hypotheses.  
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C H A P T E R          Mast Cells and Basophils 

   Mast cells and basophils fi rst came to attention 
over a century ago due to their ample stocks 
of intracellular granules with unusual staining 
characteristics. For many years their origins, nor-
mal functions, and roles in disease were obscure, 
and in some respects remain so. Nonetheless, 
knowledge of their biology increased tremen-
dously in the past two decades              [1–5] . 

   Researchers once focused on mast cell 
and basophil release of histamine and eicosa-
noids in acute allergic events, which were con-
sidered to be a corruption of hypothesized 
normal function of defending against invasion 
by parasites such as worms and ticks. However, 
studies in mice now suggest that mast cells 
contribute to innate immune defense against 
airway bacteria like mycoplasma  [6]  and pro-
tection from immunologically nonspecifi c 
injury, as from venoms  [7] . Mast cells and 
basophils also have the demonstrated potential 
to infl uence immune system development, reg-
ulation, and initiation of the immune response 
           [8–11] . In some contexts, the overall contri-
bution of mast cells is anti-infl ammatory  [6] . 
Th ese roles deviate from traditional concepts 
of mast cell and basophil participation in adap-
tive responses involving antigen recognition 
by IgE. 

   In asthma investigations, attention is shift-
ing from roles of these cells in acute responses 
to aeroallergen to roles in promoting persist-
ent infl ammation and remodeling in chronic 
disease. Th eir roles in other obstructive lung 
diseases have received less attention, but they 
may indeed contribute to conditions apart from 
asthma. 

   Th is chapter summarizes current think-
ing about roles of mast cells and basophils in 
obstructive airway disease. 

    ORIGIN AND FATE 

   Mast cells and basophils have shared origins 
but distinct distributions and fates. Mast cells, 
but not basophils, are normal residents of unin-
fl amed airways. Mature mast cells rarely appear 
in blood, whereas mature basophils circulate 
and are recruited from blood to sites of allergic 
infl ammation. Both cell types originate from 
shared progenitors in bone marrow; see Lee 
and Krilis  [12]  for a review. Immature mast cells 
released from marrow circulate briefl y, exit the 
bloodstream to multiple tissue destinations, then 
diff erentiate, adopting a phenotype determined 
by their microenvironment. Basophils, on the 
other hand, mature in the marrow, circulate, then 
home to sites of infl ammation if recruited to do 
so. Tissue mast cells are not fi xed in location, 
for they migrate toward airway epithelium after 
antigen challenge and traffi  c to lymph nodes 
from sites of antigen exposure. Mast cells prob-
ably also proliferate in tissues. Conditions such 
as gut parasitosis lead to large local increases in 
mast cells. 

   Both types of cell survive degranulation 
and can restock their secretory granules with 
mediators. Life span  in vivo  has not been estab-
lished, but  in vitro  studies predict that basophils 
are short-lived compared to mast cells, which 
survive for weeks in culture. In humans, the 
aggregate mast cell mass is much larger than 
that of basophils, which usually comprise  � 1% 
of circulating leukocytes. Among mammals, 
basophil numbers vary widely, ranging from 
numerous in guinea pigs, few in humans and 
mice, to nearly nonexistent in dogs, in which 
they are arguably unimportant. Th ere are genetic 
variants of mice with almost no mast cells but 

  9 
   George H.   Caughey  

  Cardiovascular Research Institute and 
Department of Medicine, University of 

California at San Francisco, USA   



Asthma and COPD: Basic Mechanisms and Clinical Management

114

none with an inherited, selective defi cit of basophils; thus, it 
is easier to assess involvement of mast cells than of basophils 
in mouse disease models; see Galli  [5]  for a review.  

    DEVELOPMENT AND HETEROGENEITY 

   Paucigranular, mast cell-committed progenitors are released 
from marrow expressing surface receptor tyrosine kinase 
c-kit and low affi  nity IgG receptor (F c  γ RII) but not high 
affi  nity IgE receptor, F c  ε RI.  In vitro , cells with mature char-
acteristics, including F c  ε RI and protease-rich granules, dif-
ferentiate from progenitors under the infl uence of IL-6 and 
kit ligand. Presumably, similar events occur  in vivo , with kit 
ligand produced by endothelial, stromal, and epithelial cells 
being critical for mast cell survival. Mice with defective 
c-kit or its ligand lack mast cells. Th eir importance to mast 
cell development is underscored by gain-of-function c-kit 
mutations in systemic mastocytosis and mast cell malig-
nancy, and development of generalized mastocytosis in 
response to exogenous kit ligand. Th e importance of local 
production of kit ligand is suggested by the fi nding in mice 
that intratracheal kit ligand provokes mast cell-dependent 
hyperreactivity  [13] . 

    In vitro , a variety of cytokines (especially IL-3, -6, -9 
and -10, and TGF- β 1) determines phenotype of matur-
ing mouse mast cells. In the case of IL-9 (a candidate mouse 
 “ asthma gene ” ), airway overexpression in transgenic mice 
causes eosinophilic infl ammation and hyperresponsiveness 
with mast cell hyperplasia  [14] . 

   Mast cells vary in features such as: 

      ●      proteoglycan and protease content;  

      ●      metachromasia;  

      ●      granule ultrastructure;  

      ●      responses to degranulating stimuli, such as substance P.    

   Th ese phenotypic variations appear reversible in a given 
cell and changeable in cell populations in response to infec-
tion and injury. Classically, rodent mast cells are divided into 
 “ mucosal ”  and  “ connective tissue ”  groups, although the phe-
notype distribution is not strictly bimodal. Human mast cells 
are sorted into subsets based on content of granule proteases 
 [15] . MC T  cells express tryptases but not chymase, whereas 
MC TC  express tryptases and chymase. Occasionally, chymase-
only MC C  mast cells are seen. Bronchi contain a mixture of 
types, whereas alveolar interstitium contains predominantly 
MC T . Because mast cells develop and are stimulated in tis-
sues, some variation is due to diff erences in maturation, acti-
vation, or recovery from degranulation. 

   Less is known of factors infl uencing basophil diff er-
entiation. c-Kit appears less important than for mast cells 
because mature basophils normally express little or no c-kit 
and because levels are largely unaff ected by defects in c-kit 
causing profound mast cell defi cits in mice. Nonetheless, 
c-kit �  human basophil-like cells circulate in asthma and 
atopy and manifest phenotypic changes in which c-kit could 
play a role  [16] .  

    RECRUITMENT 

   In asthmatics, increased numbers of basophils and activated 
mast cells appear in sputum after allergen challenge  [17] , 
which may refl ect migration from submucosal sites and blood-
stream, respectively. As noted, mast cell precursors home to 
tissues even without infl ammation. Constitutive homing and 
epithelial migration may involve responses to proteins such as: 

      ●      C5a;  

      ●      RANTES;  

      ●      IL-8;  

      ●      MIP-1 α ;  

      ●      MCP-1;  

      ●      VEGF;  

      ●      fractalkine;  

      ●      CXCL10;  

      ●      kit ligand.    

   Th ese may orchestrate movement singly or in combi-
nation. Cultured human mast cells express a broad repertoire 
of chemokine receptors, which diminishes as cells mature, 
thus limiting mast cell movement after diff erentiation at a 
tissue site. 

   Kit ligand is notable in that it is specifi c for mast 
cells in comparison with other leukocytes and is produced 
by airway cells. Mast cell migration into tissues depends 
on integrins and other adhesion molecules  [18] . Basophils 
express an array of chemokine receptors. Chemokines bind-
ing to CCR3 (such as RANTES and eotaxins) may be 
especially important        [19, 20] . Th e multiplicity of chemoat-
tractants predicts redundant recruiting pathways. Several 
chemoattractants also prime or activate one or both types of 
cells        [20, 21] , enhancing their role in asthma pathogenesis 
beyond that of recruitment alone.  

    ACTIVATION 

    IgE-dependent activation 

   Classic mast cell and basophil activation involves docking 
of allergens to IgE via F c  ε RI expressed as an assemblage of 
subunits ( α  β  γ  2 ) in the plasma membrane. F c  ε RI α  expres-
sion is strongly infl uenced by the serum level of IgE itself 
 [22] . Aeroallergens with repeating epitopes attach to recep-
tor  α  chain-bound IgE, bridging receptors. Allergen-driven 
cross-linking initiates intracellular signaling characterized 
initially by phosphorylation of intracellular immunoreceptor 
tyrosine-based activation motif (ITAM) domains of receptor 
 β  and  γ  chains. In turn, these recruit and activate nonrecep-
tor tyrosine kinases, especially lyn, syk, and btk, which access 
pathways leading to exocytosis and synthesis of eicosanoids 
and cytokines. Some of these activation pathway proteins 
have emerged as targets for new types of anti-allergic drugs 
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       [23, 24] . For example, inhibition of syk blocks allergic air-
way infl ammation in mice  [25] . Intriguingly, syk protein is 
defi cient in some humans with  “ nonreleaser ”  basophils  [26] , 
although the exact relationship between the nonreleaser phe-
notype and the asthma (or lack thereof ) is not yet clear  [27] . 
Furthermore, dexamethasone depresses syk activity, which 
may contribute corticosteroid effi  cacy in asthma  [28] . Th e 
F c  ε RI β  chain is not essential in humans but amplifi es the sig-
nal. F c  γ RI signals are damped by inhibitory receptors, such as 
F c  γ RII and gp49, which possess intracellular, immunorecep-
tor tyrosine-based inhibition motif (ITIM) domains  [29] . 

   Phosphorylated ITIMs attract tyrosine phos-
phatases, such as SHIP, which may inhibit F c  � RI signaling 
by dephosphorylating activated proteins in the signaling 
pathway. 

   F c  γ RII’s importance is particularly compelling  [30] . 
When IgG and IgE antibodies are raised against polyvalent 
antigen,  “ heterotypic ”  cross-linking of F c  γ RII and F c  � RI by 
allergen bound to IgG and IgE inhibits signaling by F c  � RI. 
Th is may be a means by which  “ blocking antibodies ”  reduce 
atopic symptoms after allergen desensitization.  

    IgE-independent activation 

   Mast cells are activated by multiple nonimmunological 
inputs ( Fig. 9.1   ). Physiological activators include: 

      ●      neuropeptides (e.g. substance P);  

      ●      purines (adenosine and ATP);  

      ●      byproducts of complement activation (e.g. C3a);  

      ●      eosinophil toxins;  

      ●      bacterial products (e.g.  E. coli  FimH);  

      ●      chemokines and lymphokines (e.g. IL-4);  

      ●      kit ligand.    

   Th ese inputs are immunologically nonspecifi c and 
provide the means by which products of activation partici-
pate in neurogenic infl ammation and innate host defense 
 [31] . Th ey also augment responses to allergen-specifi c mast 
cell activation (see below). 

   Th us, innate and adaptive responses are not mutually 
exclusive. C3a, an agent of innate immunity, is an example, 
for C3a receptor-null mice are protected from sequelae of 
airway allergen challenge  [32] . 

   It should be noted that human mast cell subpopula-
tions do not respond uniformly to all stimuli. For example, 
lung mast cells tend to be less responsive than skin mast 
cells to substance P  [33] .   

    PRIMING AND INHIBITION 

   Priming describes the response to a substance that does not 
release mediators by itself but enhances the eff ect of another 
stimulus, such as cross-linked F c  ε RI. In cultured human 
mast cells, priming occurs with allergic cytokines, such as 
IL-4 and IL-5  [34] , and also with kit ligand and adenos-
ine  [35] . Mechanisms of priming may be stimulus-specifi c 
and aff ect mediator synthesis and release in diff erent ways. 
Interactions between primers are potentially complex, and, in 
the case of IL-4 and -5, may involve autocrine st imulation. 

Antigen-specific/
“Adaptive”

Antigen 
nonspecific/

“Innate”

Input Output

IL-5
IL-4

Adenosine

Endothelin

ATP

Kit ligand

Escherichia coli FimH 

C3a,C5a

Substance P

NGF

MHC II

CD40L

Ag�IgE

Ag�IgG

Mast cell

Histamine

Heparin
Proteases
Tryptases, tPA
Chymases, Cathepsin G
Gelatinases A & B
Carboxypeptidase A
Dipeptidylpeptidase I

Cytokines
IL-4, IL-13
IL-5, IL-6, TNF-α

Chemokines
IL-8, MIP-1α
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bFGF, VEGF, NGF
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 FIG. 9.1          Mast cell inputs and outputs. This contains a partial listing of factors infl uencing human mast cell production of mediators with postulated roles in 

acute and chronic airway infl ammation in asthma. Inputs are divided into those directly involving immunoglobulin-mediated  “ adaptive ”  responses and those 

involving immunologically nonspecifi c  “ innate/natural ”  immunity.    
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In basophils, priming  in vitro  is especially impressive with 
IL-3, which augments release of histamine in response to 
MCP-4 and IL-4 in response to allergen, and is enhanced 
by eotaxin  [21] . Basophils harvested from allergic asthmat-
ics are primed  [36] , presumably by exposure to cytokines 
 in vivo . 

   Priming may serve to activate cells when (and only 
when) necessary to protect the host; in asthmatics, dys-
regulated priming may contribute to the pathology of aller-
gic infl ammation. F c  � RI-mediated activation can also be 
opposed by physiological infl uences, including adrenergic 
agonists and inhibitory receptors with ITIMs, as discussed 
above. Inhibition of activation is the basis of emerging strat-
egies to combat allergic disease, including use of adenosine 
receptor antagonists, cytokine and chemokine antagonists, 
and activators of ITIM containing co-receptors  [37] .  

    MEDIATORS 

    Eicosanoids, histamine, and proteases 

   Stimulated mast cells and basophils release an astonishing 
variety of stored and newly synthesized  “ mediators ” . Th ese 
include prostanoids (Chapter 23), leukotrienes (Chapter 
24), proteases, chemokines (Chapter 26), lymphokines, 
growth factors (Chapter 29), and nitric oxide (Chapter 30), 
the properties and pharmacology of which are considered in 
other cited chapters and are not reviewed extensively here  . 

   Th e principal eicosanoids synthesized after stimula-
tion are PGD 2  (whose importance in allergic airway infl am-
mation is demonstrated in PGD receptor-null mice  [38] ) 
and LTC 4 , which is the major target of 5-lipoxygenase 
inhibitors and leukotriene receptor antagonists. Th e major 
granule-associated constituents of human mast cells are 
histamine, serine proteases, and proteoglycans (heparin and 
chondroitin). Histamine’s importance is clearer in upper air-
way allergic disease, because antihistamines tend to be more 
eff ective in treating rhinitis than asthma. Proteases are the 
most abundant proteins in secretory granules  [39] , though 
this may not be true of normal basophils. As noted, human 
mast cells vary in expression of tryptases and chymase. In 
atopic and asthmatic individuals, circulating cells resembling 
hybrids of basophils and mast cells may express one or both 
types of protease  [16] . 

   Human tryptases are a polymorphic family of trypsin-
like proteases implicated in asthma based on  in vitro  degrada-
tion of bronchodilating peptides, enhancement of bronchial 
contraction, promotion of airway smooth muscle and suben-
dothelial fi broblast growth and collagen production, and pro-
infl ammatory properties  [40] . Studies in sheep and guinea 
pigs suggest that inhibitors of tryptases reduce allergen-
induced airway infl ammation and bronchoconstriction  [41] . 

   Chymase is postulated to play roles in asthma by 
stimulating gland secretion and promoting airway remod-
eling via production of angiotensin II and activation of 
matrix metalloproteinases          [39, 42, 43] . Apart from helping 
to package and stabilize proteases  [44] , the role of heparin 
and other proteoglycans is less clear. However, because 

heparin delivered into airways in pharmacological doses is 
anti-asthmatic, heparin released from stimulated mast cells 
may attenuate infl ammatory eff ects of mediators released 
from mast cells and other eff ector cells  [45] . 

   Th ere is little evidence that human basophils express 
mediators not also present in mast cells. However, proteins 
of unknown function (such as basogranulin) are recognized 
by monoclonal antibodies and may be basophil specifi c  
      [16, 46] .  

    Cytokines and chemokines 

   Activated human mast cells express cytokines similar to 
those of TH 2  cells, including IL-4, -5, -13, -16, and TNF-
 α . In airways in allergic rhinitis or asthma, mast cells are 
a substantial fraction of leukocytes expressing these  “ TH 2  ”  
cytokines  [47] . 

   Th e relative importance of mast cells and basophils 
versus lymphocytes as a source of these cytokines is unclear. 
However, mast cells diff er from lymphocytes in stor-
ing cytokines in secretory granules. In the case of TNF-
 α , release from mast cell stores is a critical determinant of 
survival from peritonitis  [48] . Asthmatic basophils produce 
prodigious amounts of IL-4 and IL-13 after antigen-specifi c 
activation  [49] . In mice, basophils may be one of the IL-4-
producing cell types that skew the immune environment 
in the lung toward allergic, Th 2-type responses        [50, 51] . 
Th e importance of IL-4 and IL-13 is strongly supported 
by studies in genetically modifi ed mice, which suggest that 
airway overproduction causes epithelial hypertrophy, mucus 
metaplasia, eosinophilic infl ammation, and hyperrespon-
siveness. Cytokine-dependent proliferation of mast cells is 
complex and is subject to autocrine regulation, as from self-
stimulation by other types of mediators, such as leukotrienes 
 [52] . Sustained overproduction of allergic cytokines by mast 
cell and basophils may heighten and perpetuate asthmatic 
infl ammation. Chemokines expressed and secreted by mast 
cells include IL-8 and MIP-1 α , which may recruit eff ector 
leukocytes to sites of infl ammation  [53] .  

    Growth factors 

   Known cellular growth factors expressed by mast cells 
include bFGF  [54] , VEGF,  [55]  and nerve growth factor 
 [56] . Less known growth factors are tryptases, which are 
mitogens for airway fi broblasts, smooth muscle, and epithe-
lial cells  [57]  and may infl uence endothelial cells to form 
vessels, thereby promoting angiogenesis  [58] . Mast cell 
IL-4 is fi brogenic when presented in the context of cell-
to-cell contact  [59] . Th ese mediators suggest mechanisms 
by which mast cell and basophil mediators promote airway 
remodeling in the setting of persistent airway infl ammation. 
Recent data from asthmatics suggest that infi ltration of air-
way smooth muscle by mast cells (mastitis) is a phenome-
non specifi c for asthma, which is to say that it is not seen in 
related infl ammatory airway disorders such as eosinophilic 
bronchitis [(which unlike asthma is not associated with air-
way hyperresponsiveness (AHR)] and smoking-a ssociated 
bronchitis  [60] . Brightling and colleagues propose that 
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a irway smooth muscle mastocytosis in asthma is caused by a 
unique asthmatic smooth muscle phenotype, which includes 
production of mast cell chemoattractants like CXCL10 
 [61] . In turn, tryptase and other growth factors produced by 
mast cells recruited to airway smooth muscle may promote 
myocyte hyperplasia or hypertrophy        [62, 63] . On the other 
hand, Wenzel and colleagues report a positive correlation 
between the chymase-positive subset of distal airway mast 
cells and lung function  [64] .   

    ROLES IN HOMEOSTASIS 

   Basophils and mast cells are presumed to exist for reasons 
other than to promote sneezing, itching, and wheezing. 
Lacking informative animal models or natural defi ciency 
states, investigators have few direct clues regarding normal 
basophil function. However, compelling evidence of roles 
for mast cells has emerged from studies by using mast cell-
d efi cient mice, which suggest critical roles in innate as well as 
adaptive immune responses, including defense against bacterial 
peritonitis and pneumonia        [48, 65] . In similar mouse models 
(reviewed in  [5] ), mast cells promote a variety of immunologi-
cally nonspecifi c forms of infl ammation, for example, ozone-
infl icted lung injury  [66] , providing further evidence that they 
are activated by IgE-independent pathways.  

    ROLES IN ASTHMA 

    Animal models 

   Several experiments in mice support a role for mast cells in 
asthma-like allergic infl ammation, including eosinophilia, 
hyperresponsiveness, and epithelial remodeling              [14, 67–70] . 
Other studies suggest that IgE and mast cells do not make 
major contributions (reviewed in        [71, 72] ). Together, these 
studies reveal that IgE- and mast cell-dependence vary with 
strain of mouse, choice of antigen, mode of sensitization and 
challenge, and choice of physiological endpoints. Mast cell 
dependence is easier to detect in mice sensitized and chal-
lenged locally than systemically, using lower (more physi-
ological) amounts of antigen, without adjuvants. Overall, 
murine studies suggest that mast cells and IgE are not 
essential for development of eosinophilic infl ammation but 
do infl uence kinetics and magnitude of its expression.  

    Humans 

   Notwithstanding some studies questioning its importance 
in mice, IgE’s long-suspected contributions to human 
asthma are supported by trials by using anti-IgE antibodies, 
which reduce circulating IgE to nearly undetectable levels 
and decrease symptoms and corticosteroid use in moder-
ate, steroid-dependent asthmatics,  [73]  and rhinitics  [74] . 

A nti-IgE joins a growing list of anti-asthmatic drugs infl u-
encing mast cells, basophils, and their products. Th ese include: 

      ●      corticosteroids (which decrease mast cell numbers)  [75] ;  

      ●      cromones;  

      ●       β -adrenergic agonists;  

      ●      theophylline;  

      ●      heparin (which inhibits degranulation);  

      ●      IL-4 antagonists (which inhibit priming) (58);  

      ●      leukotriene pathway inhibitors.    

   Others, eff ective in animal models, include tryptase 
inhibitors  [76] . 

   Interestingly, mast cell desensitization to chronic 
 β -agonists used by asthmatics without corticosteroids may 
contribute to clinical deterioration  [77] . Furthermore, corti-
costeroids may protect mast cells from desensitization  [78] . 

   Pharmacological evidence of roles for mast cells cor-
relates with studies indicating activation in allergic airway 
disease        [1, 79] . Mast cells release histamine and tryptase 
into bronchi following allergen challenge  [80] . Th ey appear 
degranulated in asthmatic airway, even in stable disease,        [81, 
82]  and the percentage of mast cells expressing cytokines 
IL-4, IL-5, and TNF- α  increases  [47] . Mast cell and 
basophil numbers rise in asthmatic airways and correlate 
with hyperresponsiveness to acetylcholine  [83] . However, 
fewer basophils are seen in asthmatic bronchial biopsies 
than mast cells or eosinophils, and they are more promi-
nent in cutaneous than airway late-phase reactions  [84] . 
Nonetheless, their arrival coincides with development of 
late-phase bronchoconstriction  [85] . Airway basophils are 
thought to be a source of the late histamine release after 
allergen exposure, because this occurs without a correspond-
ing peak in tryptase, which is more abundant in mast cells. 
On the other hand, other granulated leukocytes, including 
polymorphonuclear neutrophils, also can be sources of air-
way histamine  [86] . 

   More basophils appear in asthmatic sputum with 
late-phase responses to allergen than in those without such 
responses, and their numbers correlate with methacholine 
responsiveness  [17] . Th is supports the hypothesis that mast 
cells and basophils are important in early- and late-phase 
responses, respectively. Th e further hypothesis that these 
cells promote chronic, persistent asthma is speculative. 
However, this notion is supported by the studies summa-
rized above suggesting that proteases, cytokines, and growth 
factors from chronically activated mast cells and basophils 
promote airway remodeling and sustain TH 2 -assisted IgE 
production and allergic infl ammation.   

    ROLES IN CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 

   Several lines of evidence suggest connections between mast 
cells and chronic obstructive pulmonary disease (COPD)  [87] .
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Elevated levels of histamine and tryptase in smokers ’  lavage 
fl uid  [88]  imply that mast cells are activated by smoke. Studies 
in mice suggest that mast cells promote airway injury and epi-
thelial remodeling in response to ozone  [66] , which could 
explain some human responses to smoke. Most mast cells 
close to human bronchial glands express chymase  [89] , which 
stimulates gland cell secretion  [42]  and may promote sputum 
production in bronchitis. 

   Conceivably, mast cells contribute to emphysema-
tous lung destruction by secreting matrix altering proteases, 
for example chymase, tryptases, gelatinases, plasminogen 
activator, and dipeptidyl peptidase I  [39] . Some investiga-
tors fi nd increased mast cell numbers in proximal airways 
of asymptomatic smokers with mild COPD  [90] , although 
the relationship to lung function is less clear. Overall, evi-
dence of mast cell involvement in asthma is more compel-
ling, although further investigation of connections between 
mast cells and COPD is warranted.  

    SUMMARY 

   Mast cells protect from certain types of infection and injury 
by contributing to innate and adaptive immune responses. 
Th e homeostatic roles of basophils are less clear. Both cell 
types participate in the pathology of atopy and asthma by 
deploying an arsenal of infl ammatory mediators, including 
proteases, growth factors, chemokines, and  “ TH 2  ”  cytokines. 
Mast cells, being permanent airway residents, are more likely 
to encounter aeroallergens fi rst and to participate in acute 
responses. Basophils, because of the time lag of recruitment, 
may be more important in late-phase responses. 

   Support is mounting for the hypothesis that both types 
of cells magnify the pathology of persistent infl ammation in 
chronic asthma, including stimulation of IgE production, 
recruitment of eosinophils, and remodeling of epithelium.  
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C H A P T E R             Dendritic Cells in Asthma and COPD 

    INTRODUCTION 

   Th e lung contains many subsets of dendritic cells 
(DCs) that are distributed in various anatomi-
cal compartments. In homeostatic conditions, a 
fi ne-tuned balance exists between plasmacytoid 
and myeloid DCs necessary for maintaining 
tolerance to inhaled antigen and for avoiding 
overt infl ammation. Th ese subsets of DCs also 
play important roles in establishment of airway 
infl ammation seen in asthma and COPD. Based 
on these new insights on airway DC biology, 
several approaches that interfere with DC func-
tion show potential as new intervention strate-
gies for these ever increasing diseases. 

   Obstructive airway disease, broadly 
divided clinically into asthma or COPD, is a 
signifi cant cause of morbidity and mortality. In 
allergic asthma, allergen-specifi c T-helper type 
2 (Th 2) cells produce key cytokines like IL-4, 
IL-5, and IL-13 that regulate the synthesis of 
allergen-specifi c IgE and control tissue eosi-
nophilic airway infl ammation and remodeling 
of the airways. In the lungs of COPD patients, 
predominantly CD8 lymphocytes and neu-
trophilic airway infl ammation are seen, con-
comitant with remodeling of small airways and 
the destruction of distal air spaces characteris-
tic of emphysema. It is increasingly clear that 
DCs are essential for inducing activation and 
diff erentiation of not only naïve but also eff ec-
tor CD4  �   T- and CD8  �   T-cells in response to 
inhaled antigen, and it has been well established 
that these cells play a pivotal role in the initia-
tion and maintenance phase of airway infl am-
mation  [1] . In this chapter, we will highlight the 
recent discoveries in airway DC biology with 
special emphasis on mouse models of asthma 
and COPD. Th e applicability to the human 

situation and the therapeutic potential of novel 
fi ndings will be discussed where possible.  

    LUNG DC SUBSETS IN 
MOUSE AND MAN 

   It has long been established that the various 
lung compartments (conducting airways, lung 
parenchyma, alveolar compartment, pleura) con-
tain numerous DCs, of which the precise line-
age or origin have been poorly defi ned. Recently 
however, many groups have refi ned the ways 
in which lung DCs should be studied, both in 
mouse            [2–5]  and in human        [6, 7] . It is clear 
that diff erent DC subsets can be found in the 
lung, each with functional specialization. In the 
mouse, all of these express the integrin CD11c 
and the subsets are further defi ned on the basis 
of the expression of the myeloid marker CD11b, 
as well as anatomical location in the lung. Th e 
trachea and large conducting airways have a 
well-developed network of intraepithelial DCs, 
even in steady-state conditions. Th ese cells in 
some way resemble skin Langerhans ’  cells, 
and have been shown to express langerin and 
CD103 while lacking expression of CD11b        [4, 
8] . In the submucosa of the conducting airways, 
CD103  �  CD11b  �  CD11c  �   myeloid DCs can be 
found, particularly under conditions of infl am-
mation, and these cells are particularly suited for 
priming and restimulating eff ector CD4 cells 
in the lung        [8, 9] . Th e lung interstitium that is 
accessible by enzymatic digestion also contains 
CD11b  �   and CD11b  �   DCs that access the 
alveolar lumen and migrate to the mediastinal 
lymph nodes (MLN)          [2, 5, 10] . It should be 
noted that this population is  contaminated with 
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DCs lining the small intrapulmonary bronchioles, as well as 
those lining the vessel walls. In the nearby alveolar lumen, 
CD11c hi  alveolar macrophages control the function of these 
interstitial DCs. Plasmacytoid DCs are CD11b  �  CD11c int  
cells expressing SiglecH and bone marrow stromal Ag-1 
(recognized by the moAbs mPDCA-1 or 120G8). In the 
lungs, pDCs are predominantly found in the lung intersti-
tium and produce large amounts of IFN α  in response to 
triggering by CpG motifs or viral infection  ex vivo   [11] . 

   Th e exact defi nition of the diff erent DC subtypes in 
the human lung is incomplete and a subject of controversy. 
Two groups identifi ed myeloid DC and plasmacytoid DC 
in single cell suspensions from digested human lung tis-
sue by fl ow cytometry, using the blood dendritic cell anti-
gen markers (BDCA) 1 through 3        [7, 12] . Th e Cluster of 
Diff erentiation (CD) nomenclature of these BDCA mark-
ers is as follows: BDCA1      	      CD1c, BDCA2      	      CD303, and 
BDCA3      	      CD141. Within the low autofl uorescent mono-
nuclear cells of the lung digests, cells that were positive 
for the lineage markers, that is, CD3, CD19, CD20, and 
CD56, were excluded. Within the lineage negative pulmo-
nary mononuclear cells, myeloid DC type 1 were character-
ized as CD1c  �  /HLA-DR  �   cells, myeloid DC type 2 were 
characterized as CD141  �  /HLA-DR  �   cells, and plasmacy-
toid DC were characterized as CD303  �  /CD123  �   cells.  In 
vitro  studies suggest that Langerhans type DC (that are 
Langerin  �  , CD1a  �  , and Birbeck granule positive) derive 
from myeloid DC precursors that are CD1c  �   and CD1a  �   
 [13] , and others have shown that Langerhans-type DC can 
be generated from monocytes under the infl uence of inter-
leukin-15  [14] . It is unclear whether diff erences in terms of 
expression of surface markers refl ect separate stages of dif-
ferentiation of the DC, rather than diff erent sublineages. 
It is tempting to speculate that, within these DC subsets, 
carrying diff erent surface markers, functional specialization 
does occur. Indeed, pulmonary myeloid DC types 1 and 2 
were shown to release proinfl ammatory cytokines (TNF- α , 
IL-1 β , IL-6, and IL-8) in response to Toll-like receptor-2 
(TLR-2) and TLR-4 ligands, whereas plasmacytoid DC 
released high amounts of interferon- α  in response to the 
TLR-9 ligand CpG oligonucleotides  [6] . Moreover, mye-
loid DC type 1 was shown to be strong inducers of T-cell 
proliferation in a mixed leukocyte reaction, while plasmacy-
toid DC induced little T-cell proliferation and myeloid DC 
type 2 had an intermediate T-cell-stimulatory capacity  [6] . 

   How, where, and by which DC subset inhaled anti-
gen is sampled from the airway lumen has been a matter 
of debate. Jahnsen demonstrated that, analogous to that 
reported in the gut, a subset of rat airway intraepithelial 
DCs extend their processes into the airway lumen. Th is 
 “ periscope up ”  function is constitutively expressed within 
the airway mucosal DC population, providing a mechanism 
for continuous immune surveillance of the airway lumi-
nal surface in the absence of  “ danger ”  signals  [15] . In the 
mouse, CD103  �  CD11b  �   intraepithelial DCs express the 
tight junction proteins claudin-1, claudin-7, and zonula-2, 
allowing the sampling of airway luminal contents whereas 
keeping the epithelial barrier function intact  [4] . Th is subset 
is also found in the alveolar septa, and DCs lining the alve-
olar wall can take up inhaled harmless ovalbumin (OVA) or 
bacterial anthrax spores by forming intra-alveolar extensions 

and then migrating to the MLN in a CCR7-dependent way 
         [5, 8, 10] . It is still a matter of debate, however, whether the 
uptake and transport of inhaled antigen occurs exclusively 
by alveolar wall DCs, by intraepithelial DCs lining the large 
conducting airways or by both        [2, 5] . Another controversial 
issue is the location and extent by which plasmacytoid DCs 
take up inhaled antigen. Two reports describe that within 
24–48       h following exposure of inhaled fl uorescently labeled 
Ag, almost 50–60% of pDCs are antigen-positive        [11, 16] , 
whereas another report saw only a minor percentage of Ag 
uptake in this subset  [5] . It remains to be demonstrated 
if pDCs take up antigen in the periphery of the lung and 
subsequently migrate, whether they get their antigen from 
another migratory DC  [17] , or whether they take up free 
aff erent lymph while residing in the lymph node. How 
much antigen crosses the epithelial barrier passively in the 
absence of DC uptake is unknown, but it heavily depends 
on the molecular weight of the Ag, its dose, as well as the 
potential to disrupt epithelial tight junctions. Control of 
epithelial barrier function could be under important genetic 
control as well, as many of the gene polymorphisms associ-
ated with atopy in humans control epithelial integrity (e.g. 
Spink5, S100 family). It is similarly possible that Ag uptake 
by lung pDCs would be facilitated by the presence of Ag-
specifi c immunoglobulins acting on Fc receptors, thus 
enhancing endocytosis  [18] .  

    ROLE OF DCS IN ASTHMA 

    Outcome of antigen inhalation depends 
on the functional state of myeloid and 
plasmacytoid DCs 

   Th e usual outcome of inhalation of harmless protein antigen 
in the lungs is immunological tolerance (see  Fig. 10.1    for a 
model depicting cellular interactions). As a result, when the 
antigen is subsequently given to mice in an adjuvant setting 
(e.g. in combination with the Th 2 adjuvant alum) it no longer 
induces an immunological response that leads to eff ector 
cells causing infl ammation        [11, 19] . Inhalational tolerance is 
mediated in part by deletion of Ag reactive T-cells as well as 
induction and/or expansion of regulatory T-cells in the medi-
astinal nodes            [17, 19–21] . Th e latter type of tolerance is domi-
nant and can be transferred to other mice by adoptive transfer. 
Induction of tolerance to inhaled antigen is a function of lung 
DC subsets that migrate from the lung in a CCR7- dependent 
way  [17] . It is often claimed that induction of tolerance is a 
function of  “ immature ”  DCs, meaning that these cells lack the 
expression of high levels of major histocompatibility complex 
(MHC), adhesion, and co-stimulatory molecules, However, 
Reis and Sousa recently argued that the term  “ mature DC ”  
should be reserved for those DCs that have the potential to 
generate eff ector T-cells, and that expression of costimulatory 
molecules by DCs does not exclude the possibility that toler-
ance would be induced  [22] . In the lungs, inhaled tolerance is 
dependent on signals delivered by CD86 and/or ICOS-L on 
DCs, supporting this view  [20] . 
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   Conventional lung DCs (either CD11b  �   or CD11b  �  ) 
are necessary for tolerance induction  [17]  but are also 
responsible for inducing Th 2 sensitization, providing there is 
some form of activation (either LPS or TNF α )  [23]  leading 
to functional DC diff erentiation and their capacity to prime 
Th 2 eff ector cells (see  Fig. 10.2    for a model depicting cellular 
interactions leading to Th 2 sensitization in the airways). In 
further support, Th 2 sensitization can be induced by adop-
tive intratracheal transfer of GM-CSF-cultured bone mar-
row DCs, most closely resembling mature monocyte-derived 
CD11b  �   DCs, but not by Flt3L-cultured bone marrow-
derived DCs that more resemble the immature steady-state 
DCs resident in the lymph nodes and spleen  [11] . As acti-
vation of lung DCs is the common event leading to Th 2 
sensitization, it is likely that under homeostatic conditions, 
the degree of DC maturation is, therefore, constantly kept in 
check. One such pathway of tonic DC suppression seems to 
involve COX-2-derived prostaglandins or their metabolites, 
most likely derived from nearby alveolar macrophages  [24] . 
Chimeric mice in which the PGD 2  receptor DP1 was selec-
tively deleted on hematopoietic cells, demonstrated sponta-
neous maturation of lung mDCs and subsequently, response 
to harmless antigen was greatly enhanced, suggesting tonic 
inhibition of DC function by PGD 2  in the lung  [25] . When 
exposed to selective PGD2 agonists, myeloid DCs induced 
the formation of Foxp3  �   Ag-specifi c Tregs that subsequently 
suppressed airway infl ammation. A similar mechanism on 
DCs was found for stable PGI 2  analogs        [26, 27] . 

   When pDCs are depleted from the lungs, inhaled tol-
erance is abolished, and consequently pDC/mDC balance 
in the lung is tightly regulated among others by the cytokine 
osteopontin as well as complement C5a            [11, 16, 28, 29] . 
How exactly pDC depletion leads to sensitization is still 
unsolved, but  in vitro  and  in vivo  data suggest that pDCs 
directly suppress the potential of mDCs to g enerate eff ector 
T-cells        [11, 29] . Plasmacytoid DCs can also stimulate the 
formation of Treg cells, possibly in an ICOS-L-d ependent 
way        [11, 30] . Tregs expressing GITR could also induce 
the production of the tryptophan catabolizing enzyme 
indoleamine 2,3-dioxygenase (IDO) through reverse sign-
aling in pDCs  [31] . In mice depleted of pDCs, there was 
endogenous release of extracellular adenosine triphosphate 
(ATP) responsible for inducing mDC maturation and 
Th 2 skewing potential. Th 2 sensitization to inhaled OVA 
was abolished when ATP signaling was blocked using the 
broad spectrum P2X and P2Y receptor antagonist suramin. 
On the contrary, a non-degradable form of ATP was able 
to break inhalation tolerance to OVA  [32] . At present, it 
is unclear how purinergic receptor triggering on DCs pro-
motes Th 2 development, but it could involve the formation 
of the infl ammasome, a multi-protein complex that leads to 
activation of caspase 1 and processing and release of IL-1, 
IL-18, and possibly IL-33. One possibility is also that ATP 
indirectly infl uences DC function via the modifi cation of 
mast cell and eosinophil function. Mast cells (e.g. through 
release of cytokines, PGD2 or  sphingosine metabolites)  [33]  
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 FIG. 10.1          Dendritic cell function following inhalation of harmless antigen in homeostatic conditions. When an inhaled antigen reaches the deeper airways 

and it is not cleared by mucociliary transport or by macrophages, it will be taken up by airway DCs. Both mDCs and pDCs take up antigen. mDCs seem to 

do this in the periphery, whereas pDCs only do this in the mediastinal nodes. In baseline conditions, the mDCs that reach the nodes are only partly  “ mature ”  

and the T-cell response that they induce is characterized mainly by division but not by diff erentiation to eff ector cells. Eventually many dividing cells die. 

Additionally, mDCs induce Treg cells that suppress infl ammation. At the same time, the pDCs control the level of activity of the mDCs so that these cells are 

kept in a quiescent state. This function of pDCs is controlled by Treg control occurring via GITR–GIRL ligand and CLTA4–CD80/86 interactions. The signals 

involved are not precisely known but could involve IDO, or some surface expressed ligand on pDCs (programmed death ligand-1, PDL1). The function of 

mDCs is constantly kept in check among others by tonic inhibition by cyclooxygenase-2 (Cox-2) derived prostaglandins (PGs), as well as by complement 

activation acting on the C5a receptor (C5a). The precise ligand for the class A scavenger receptors (MARCO and SR-AI/II) are not known.    
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and eosinophils (through release of leukotrienes and eosi-
nophil-specifi c enzymes) also infl uence DC function  [34] . 
Th e conditions regulating ATP release in the lungs will have 
to be studied more carefully before we can conclude how 
important the pathway of purinergic signaling is in sensiti-
zation to more common allergens, like house-dust mite.  

    Direct or indirect mechanisms of Th2 
sensitization to inhaled antigen 

   Induction of tolerance or immunity to inhaled antigen by DCs 
is tightly controlled by signals from alveolar m acrophages, 
Tregs, NKT cells, complement activation, nervous system 
interactions, and epithelial activation. While studying the 
literature on particular substances that can break inhala-
tion tolerance and induce Th 2 priming, one needs to won-
der, therefore, whether a stimulus acts directly on mDCs or 

pDCs or whether its eff ects are mediated indirectly through 
modifi cation of any of the above interactions. For systemically 
administered TLR agonists, like endotoxin, the activation 
of DCs occurs mainly through direct recognition by TLR4 
expressed on the DC, but in epithelia, the response could be 
clearly diff erent  [35] . As an example, low dose endotoxin was 
able to break inhalation tolerance to inhaled OVA by induc-
ing mDC maturation  [23] . Th ese eff ects could be mediated 
directly via TLR and Myd88-dependent pathways in DCs 
but could also be mediated via TLRs on bronchial epithelial 
cells  [36] . Bronchial epithelial cells could produce chemok-
ines as well as crucial growth and diff erentiation factors that 
subsequently attract, activate, and polarize lung DCs to prime 
Th 2 responses. In this regard, the epithelial cytokines thymic 
stromal lymphopoeitin (TSLP) and GM-CSF might be cru-
cial, as their overexpression in the lungs breaks inhalational 
tolerance        [37, 38] . On the contrary, neutralization of these 
cytokines, during priming regimens, eliminates much of the 
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the airways. Also, several experimental models have been developed in which sensitization occurs even after inhalation of harmless antigens to the lung, 

providing there is some form of DC activation. In these models, respiratory tolerance is broken. Some models have induced a shift in the pDC/mDC balance, 

and consequently mDCs induce priming because they are no longer suppressed by adequate numbers of pDCs. Activated mDCs also produce chemokines 

like CCL17 or CCL22 to further attract Th2 cells into the response. Some adjuvants induce proper activation of mDCs (yet not suffi  cient to induce IL-12) 

so that they now induce eff ector Th2 cells rather than regulatory T-cells. Some stimuli, like concomitant viral infection, might have an additional eff ect by 

inducing maturation of pDCs and their production of IFN α . This is a known maturation stimulus for mDCs and in this way, these cells might even contribute 

to sensitization upon viral infections. Activation of epithelial cells by proteolytic allergens, virus infection, TLR ligands, or air pollutants is an indirect way of 

activating and polarizing the DC network, through release of thymic stromal lymphopoeitin (TSLP) or granulocyte-macrophage colony stimulating factor 

(GM-CSF) or interleukin 1 (IL-1). The precise source and role of endogenous danger signals such as ATP, tumor necrosis factor  α  (TNF- α ), high mobility group 

box 1 (HMGB1), or uric acid is currently being investigated.    
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adjuvant eff ects of diesel exhaust particles (DEP)        [39, 40]  or 
pro-allergic eff ects of house-dust mite  [41] . Importantly, the 
production of these cytokines by bronchial epithelial cells in 
response to these triggers might be genetically regulated and 
this could be the explanation why some individuals become 
primed to inhaled antigen under the right environmental 
exposure  [42] . Under some conditions, predictions about sen-
sitizers or adjuvants can be made from  in vitro  experiments. 
Ambient particulate matter (APM) is ubiquitous in the envi-
ronment and is associated with allergic diseases in inner cities. 
 In vitro , inhaled APM can act directly on human DCs as a 
danger signal to direct a proallergic pattern of innate immune 
activation, thus explaining why it acts as an adjuvant  [43] . 
Likewise, DEP induce maturation of human DCs indirectly, 
via promoting GM-CSF production in bronchial epithelial 
cells  in vitro   [40] . In mice, DEP and APM induce altered 
DC maturation directly, via nuclear factor-erythroid 2 (NF-
E2)-related factor 2-mediated signaling, implicating oxidative 
stress in the activation of DCs  [44] . Whether enhancement 
of infl ammation in Nrf-2-defi cient mice, which are hyper-
sensitive to oxidative stress, is also the result of overzealous 
DC activation remains to be shown  [45] . Another known 
sensitizer is cigarette smoke. When given concomitantly with 
harmless OVA, it induces Th 2 responses, and this response 
is associated with enhanced DC maturation and migration 
 [46] . DCs developed in a nicotinic environment (nicDCs) 
fail to support the terminal development of eff ector memory 
Th 1 cells due to their diff erential expression of costimulatory 
molecules and lack of IL-12 production. In both human and 
mouse, nicDCs promoted the development of Th 2 responses 
 [47] . As maternal cigarette smoking is a solid risk factor for 
becoming sensitized in early life, it will be important to eluci-
date how it leads to DC activation (e.g. whether any indirect 
mechanisms acting via epithelial TLR4 contribute), as this 
might provide novel intervention strategies. Another unsolved 
question is how the nearby nervous endings react to viruses 
or air pollution and how this could aff ect the way DCs react 
to inhaled allergen. In this regard, the remodeling that occurs 
in the airway unmyelinated nerves following RSV virus could 
partly explain the subsequent enhanced risk of Th 2 sensitiza-
tion in mice.  

    Function of DCs in allergic infl ammation 
and tissue remodeling 

   Not only do DCs play a role in the primary immune response 
to inhaled allergens, they are also crucial during the eff ector 
phase of asthma. Th e number of CD11b  �   DCs is increased in 
the conducting airways and lung interstitium of sensitized and 
challenged mice during the acute phase of the response          [9, 
48, 49] . However, during the chronic phase of the pulmonary 
response, induced by prolonged exposure to a large number 
of aerosols, respiratory tolerance develops through unclear 
mechanisms. During this regulatory phase, the number of 
mDCs as well as their costimulatory molecules in the lungs 
steadily decreased, and this was associated with a reduction 
of bronchial hyperresponsiveness (BHR), possibly mediated 
by the action of Treg cells          [19, 50, 51] . Infl ammation how-
ever reappears when mature infl ammatory CD11b  �   DCs 

are given  [50] . Increased levels of class A scavenger receptors 
(MARCO and SR-AI/II) were found in the lungs of asth-
matic mice, possibly suppressing DC-driven infl ammation. 
Th ese receptors are expressed on lung macrophages, DCs, and 
basophils. Receptor-defi cient mice had more eosinophilic air-
way infl ammation, airway hyperresponsiveness (AHR), and 
increased migration of DCs to the MLN  [52] . 

   Th e role of mDCs in the secondary immune response 
was further supported by the fact that their depletion at 
the time of allergen challenge abrogated all the features of 
asthma, including airway infl ammation, goblet cell hyperpla-
sia, and BHR  [9] . Again the defect was restored by intrat-
racheal injection of GM-CSF cultured CD11b  �  CD11c  �   
mDCs, most closely resembling monocyte-derived  “ infl am-
matory DCs ” . Th e same eff ects were observed when DCs 
were depleted in the nose in an animal model for allergic 
rhinitis  [53] . It therefore seems that  “ infl ammatory ”  DCs 
are both necessary and suffi  cient for secondary immune 
responses to allergen. Upon allergen challenge, lung 
DCs upregulate the expression of CD40, CD80, CD86, 
ICOS-L, PD-L1, and PD-L2, particularly upon contact 
with Th 2 cells              [9, 11, 48, 49, 54] . Costimulatory molecules 
might be involved in activation of eff ector T-cells in the tis-
sues or in regulation of Treg activity. In allergen- challenged 
mice, DCs might also be a prominent source of the infl am-
matory chemokines CCL17 and CCL22, involved in 
attracting CCR4  �   Th 2 cells to the airways, and in produc-
ing eosinophil-selective chemokines        [29, 49] . In helminth 
infections, recruitment of Th 2 cells and eosinophils depends 
on an IL4/IL13-responsive bone marrow-derived cell, most 
likely a DC or alternatively an activated macrophage pop-
ulation  [55] . A number of cytokines and innate immune 
response elements control the production of these chemok-
ines. Th e pro-allergic cytokine TSLP induces the production 
of large amounts of CCL17 by mDCs, thus contributing to 
the recruitment of Th 2 cells to the airways, explaining how 
it may act to enhance infl ammation  [37] . Th e c omplement 
factor C5a suppresses the production of CCL17 and 
CCL22  [29] . A similar eff ect was seen with the cytokine 
IL-17, explaining how it may suppress allergic infl amma-
tion when given during allergen challenge.  In vitro , IL-17 
reduced CCL17 production and antigen uptake by DCs and 
IL-5 and IL-13 production in regional lymph nodes  in vivo . 
Furthermore, IL-17 is regulated in an IL-4-dependent man-
ner as mice defi cient for IL-4R α  signaling showed a marked 
increase in IL-17 concentration with inhibited eosinophil 
recruitment  [56] . Emerging evidence suggests that IL4R α  
expression on lung DCs is an important feedback mecha-
nism through which IL-4 producing cells (eff ector Th 2 cells, 
eosinophils, basophils) might promote further Th 2 polariza-
tion in ongoing responses  [57] . 

   As the number and activation status of lung CD11b  �   
DCs during the secondary challenge seems critical for con-
trolling allergic infl ammation, studying the factors that 
control recruitment, survival, or egress from the lung dur-
ing allergic infl ammation will be important, as this might 
reveal therapeutic targets. In an elegant study using mixed 
bone marrow chimeras in which half the hematopoietic 
cells were CCR2  � / �   and half were CCR2  � / �  , it was shown 
by Robays  et al . that CCR2 (and not CCR5 or CCR6) is 
crucial for releasing DC precursors from the bone marrow 
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and attracting them into allergically infl amed lung. Th is 
was unexpected, as CCR6 is generally seen as the chemok-
ine receptor attracting immature DCs into peripheral tis-
sues  [58] . Lung mDCs use CCR7 ligands and CCR8 for 
emigration to the draining lymph nodes but not the leuko-
triene C4 transporter multidrug-related protein-1 as they 
do in the skin  [59] . Unexpectedly, disruption of CCR7-
selective chemokines in paucity of lymphocyte T-cell (plt) 
mutant mice, defi cient in CCL21 and CCL19, resulted in 
airway infl ammation and Th 2 activity that were enhanced 
 [60] . Still, increased numbers of mDCs could be found in 
the draining lymph nodes of these mice. So, in addition to 
CCR7 ligands, there are other factors involved in the migra-
tion of DCs to the draining LN, including other chemokine 
receptors  [59] . Eicosanoid lipid mediators like prostaglan-
dins and leukotrienes can also infl uence the migration of 
lung DCs  [61] . Leukotriene LTB4 promoted the migration 
of immature and mature skin DCs but these eff ects seem to 
be indirect  [62] . It will be important to study if well-known 
inducers of LTB4 in the lungs, such as the environmen-
tal biopolymer chitin, derived from fungi, helminthes, and 
insects, also induce DC migration  [63] . Additional  “ drugga-
ble ”  factors promoting the migration of DCs to the drain-
ing mediastinal nodes during infl ammatory responses could 
be sphingosine-1-P and extracellular ATP        [32, 64] . 

   In humans, allergen challenge leads to an accumula-
tion of myeloid, but not plasmacytoid DCs in the airways 
of asthmatics, concomitant with a reduction in circulating 
CD11c  �   cells, showing that these cells are recruited from 
the bloodstream in response to allergen challenge        [65, 66] . A 
recent report suggests that pDCs are also recruited into the 
bronchoalveolar lavage (BAL) fl uid but are poor antigen-
presenting cells (APCs)  [66] . Th e exact role of plasmacytoid 
DCs in ongoing allergen-specifi c responses in asthma is 
currently unknown. It was shown that pDCs accumulate in 
the nose, but not lungs, of allergen challenged atopics  [67] . 
When pDCs were pulsed with pollen allergens, they were as 
effi  cient as mDCs in inducing Th 2 proliferation and eff ec-
tor function  [68] . Others have suggested, as in the mouse, 
that pDCs might also confer protection against allergic 
responses  [16] . In children at high risk of developing atopic 
disease, the number of circulating pDCs was reduced.   

    ROLE OF DCS IN COPD 

    The infl mmatory basis of COPD 

   COPD is an infl ammatory disease of the large and small 
airways and the lung parenchyma, which is caused most 
commonly due to the inhalation of noxious particles and 
gases and is associated with an abnormal systemic infl am-
matory response. Th e lungs of COPD patients are infi ltrated 
with cells of the innate immune system such as neutrophils 
and macrophages  [69] , but there is also evidence for an 
activated adaptive immune response with accumulation of 
CD8  �   T-cells, B–cells, and the presence of lymphoid fol-
licles        [70, 71] . Four key elements appear to be crucial in the 
pathogenesis of COPD: increased  oxidative stress  (caused by 

cigarette smoke and by activated cells of the innate immune 
system, causing tissue damage), disturbance in the  p rotease–
antiprotease balance  (with an elevated production of proteases 
and/or decreased levels of antiproteases such as  α 1-anti-
trypsin and tissue inhibitors of matrixmetalloproteïnases 
(TIMP)), increased  programmed cell death  and  profi brotic con-
ditions  in the small airways. Th e exact pathogenetic mecha-
nisms for ongoing pulmonary infl ammation and damage in 
COPD, even after the initial inciting agent has disappeared 
(i.e. after smoking cessation), are poorly understood. Latent 
viral respiratory infections, chronic bacterial colonization of 
the lower airways, repetitive infectious exacerbations, auto-
immune responses against changed epitopes in the lung, 
and genetic predisposition, are proposed as important driv-
ing mechanisms for the persistent infl ammation in patients 
with COPD  [72] . 

   Th e DCs present in the human lung and lymphoid 
organs, linking innate and adaptive immune responses, 
could be a key element in the pathogenesis of COPD. In the 
remaining part of the chapter, we will discuss what is known 
about the eff ects of cigarette smoke on DCs and how DC 
populations are altered in  “ healthy ”  smokers (without airway 
obstruction) and patients with COPD. We will also formu-
late several hypotheses about the role of DC in the patho-
genesis of COPD.  

    DC populations in lungs of smokers and 
COPD patients 

   Th ere have been only a few studies addressing the number 
and distribution of DCs in the lungs of smokers and 
patients with COPD. Most of these descriptive studies have 
a cross-sectional design, so that the sequence of events can-
not be established and any evidence for causality is (very) 
weak. At fi rst sight, some data in the literature appear dis-
crepant or even contradictory, but this may be due to dif-
ferences in the area of interest (bronchial biopsies sampling 
large airways  versus  surgical resection specimens sampling 
small airways and parenchyma versus BAL sampling the 
alveolar lumen) ( Fig. 10.3   ), diff erences in the examination 
techniques (electron microscopy, fl owcytometry, or immu-
nohistochemistry) or diff erences in the immunohistochemi-
cal markers used to identify and enumerate the DCs. It is 
also critical to discriminate between the eff ects of smoking 
 per se  on DC numbers, phenotypic markers, or functions 
versus the disease-specifi c eff ects of COPD on DC, irre-
spective of the current smoking status (see  Fig. 10.3 ). 

   When studying pulmonary DC, it is important to take 
into account not only the diff erent DC subsets mentioned 
earlier but also the diff erent anatomic locations (i.e. distribu-
tion) of DC within the lung. Moreover, the diff erent com-
partments of the lungs (large airways, small airways, lung 
parenchyma interstitium and alveolar lumen) are sampled 
by diff erent methods (bronchoscopy, surgical lung resec-
tions, and BAL, respectively). In the large airways (trachea, 
bronchi), sampled by bronchoscopy with bronchial biopsies, 
the number of CD1a  �   DC was evaluated in healthy smok-
ing controls and current smoking COPD patients, showing 
no signifi cant diff erences between groups        [73, 74] . Others 
evaluated the number of DC in large a irways using electron 
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microscopy, based upon morphologic criteria derived from 
cultured CD1c  �   DC, and showed a signifi cant decrease in 
the number of DCs in the large airways of smoking COPD 
patients versus ex-smoking COPD patients and never smok-
ing controls  [75] . 

   In the small airways (bronchioli), which is the main 
location responsible for airway obstruction in COPD, the 
number of DC was evaluated using immunohistochemical 
staining for CD1a and CD1c (BDCA-1), showing no dif-
ference between smokers and non-smokers  [76] . In patients 
with COPD, however, a signifi cant increase in the number 
of CD207 (Langerin) positive cells was found compared to 

never-smokers and healthy-smokers (without COPD), sug-
gesting an accumulation of Langerhans-type DC in COPD 
 [77] . Moreover, the number of Langerin  �   DC further 
increased with the severity of the disease  [77] . 

   Studies sampling BAL fl uid evaluated the number of 
DCs between never-smokers and smokers without COPD, 
showing a signifi cant increase in the expression of Langerin 
and CD1a (markers of Langerhans cells) on myeloid DC 
 [78]  as well as an increase in Birbeck granule positive 
Langerhans-type DC in smokers versus non-s mokers  [79] . 
Finally, in the alveolar parenchyma, the number of CD1a  �   
DC was increased in smokers versus never-smokers, whereas 
the number of CD1c  �   DC was not diff erent  [76] . 

   Taken together, evidence points toward an accumulation 
of myeloid DC with Langerhans-type cell markers (CD207, 
CD1a, and Birbeck granules) in the small airways and alveoli 
of smokers and COPD patients. Th is is in agreement with 
data from experimental models of COPD, in which mice are 
chronically exposed to cigarette smoke and develop manifest 
pulmonary infl ammation and emphysema. A clear accumula-
tion of myeloid DC was seen in the BAL fl uid and lungs of 
these mice  [80] , exposed to relatively high doses of cigarette 
smoke (with carboxyhemoglobin levels in serum compara-
ble to the levels obtained in human smokers who smoke 20 
cigarettes a day). However, exposing the mice to a lower dose 
of cigarette smoke appears to decrease the number of DCs in 
the lung in the absence of infl ammation  [81] .  

    Functional diff erences in DCs exposed to 
cigarette smoke 

   Evidence from the mouse model of COPD and from 
human lung tissue suggests an activated macrophage 
infl ammatory protein 3 α  (MIP3alpha)/CC-chemokine 
 ligand (CCL20)–CC-chemokine receptor 6 (CCR6)-axis in 
COPD, responsible for the accumulation of myeloid DC in 
the lung        [77, 82] . At the epithelial surface, DCs are capable 
of sensing danger signals and take up antigens to process 
them. However, little is known about the infl uence of ciga-
rette smoke on the expression and function of innate recep-
tors of DCs, including TLR and lectin-like receptors (such 
as Langerin and blood DC antigen-2  [83] ). Once the DC 
has sampled the antigen, it will process the antigen, upregu-
late the expression of CC-chemokine receptor 7 (CCR7), 
and migrate toward the secondary lymphoid organs (i.e. 
MLN) ( Fig. 10.4   ). 

   Several  in vitro  studies have evaluated the eff ect of 
nicotine and cigarette smoke extract (CSE) on the matu-
ration process and T-cell stimulatory capacity of myeloid 
DC. Human monocyte-derived DCs, which have a pre-
dominant interstitial phenotype, show increased maturation 
and increased IL-10 and IL-12 production upon exposure 
to a high dose nicotine  [84] , whereas a low dose of nico-
tine results in a decreased immature DC-dependent T-cell 
proliferation and a decreased IL-12 production after LPS 
stimulation  [85] . Th ese nicotine-exposed DCs are indeed 
less able to induce diff erentiation of naïve T-cells into 
T-helper 1 cells        [47, 86] . When CSE is added during the 
last 18       h of a monocyte-derived DC culture, mimicking the 
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exposure to mainstream cigarette smoke, the DC-induced 
T-cell proliferation is signifi cantly reduced, with a reduction 
of IL-12 production and an increase of IL-10 production 
by the DC. Moreover, the T-cell priming is skewed toward 
a T-helper 2 response and the LPS-induced maturation of 
CSE-exposed DC is inhibited, with a reduced upregulation 
of costimulatory molecules and an inhibition of chemotac-
tic CCR7, which is involved in migration of the DC toward 
the secondary lymphoid organs. In summary, these  in vitro  
data suggest that CSE impairs the maturation of intersti-
tial type DC, skews the DC induced T-cell diff erentiation 
toward a Th 2 response, and could possibly alter the migra-
tion of DC toward the lymph nodes. In contrast,  ex vivo  
data from human myeloid DC obtained from BAL show an 

increased expression of maturation markers by myeloid DC 
combined with a decrease of CCR7 expression in s mokers 
compared to non-smokers  [78] . Although  in vitro  – 
for a specifi c stimulus – cigarette smoke exposed DC might 
mature less than non exposed DC, we hypothesize that  in 
vivo  the overall infl ammatory response and danger signals 
due to the damaging eff ect of cigarette smoke in the lungs 
will still enhance maturation of DC in smokers and patients 
with COPD. 

   Apart from the integration of danger signals and 
antigens, DCs are also capable of producing substantial 
amounts of proteinases, contributing to the p roteinase–
a ntiproteinase imbalance in COPD. Mouse DCs show 
indeed an increase of MMP-12 production upon cigarette 
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smoke exposure  [87]  and could thereby contribute to the 
pathogenesis of emphysema. 

   Further research evaluating the eff ects of CSE on the 
diff erentiation of DC and on the maturation of Langerhans-
type DC compared to interstitial type DC is mandatory to 
understand the role of the DC in  smoking-related diseases. 
Ideally, longitudinal studies sampling the large and small 
airways should be performed in never-smokers, smokers 
without COPD, and patients with COPD to enumerate 
the diff erent DC subsets. Importantly, healthy-smokers and 
smoking COPD patients should be studied longitudinally 
before and after smoking cessation, to be able to discern the 
eff ects of smoking per se versus the disease-specifi c eff ects 
of COPD on DC numbers, phenotypic markers, and func-
tions. Moreover, the role of the plasmacytoid DC in COPD 
has to be elucidated, both during stable disease and at exac-
erbations. As plasmacytoid DC have important antiviral 
and tolerogenic properties, they could play a crucial role in 
the pathogenesis of COPD. In addition, impaired matu-
rational response of DC upon cigarette smoke exposure 
could lead to an increased susceptibility to viral and bacte-
rial infections, contributing to the increased incidence of 
lower respiratory tract infections (including pneumonia and 
tuberculosis) in smokers and of infectious exacerbations in 
patients with COPD.   

    DCS AS DRUG TARGETS IN OBSTRUCTIVE 
AIRWAY DISEASES 

   If DCs are crucial in mounting immune responses during 
ongoing infl ammation in the lung, then interfering with 
their function could constitute a novel form of treatment 
for obstructive airway diseases. Additionally, pharmacologi-
cal modifi cation of DCs might fundamentally reset the bal-
ance of the pro-infl ammatory immune response in favor of 
regulatory T-cells and thus lead to a more long lasting eff ect 
on the natural course of allergic disease as well as progres-
sion in COPD. Glucocorticosteroids are currently the cor-
nerstone of anti-infl ammatory treatment in these diseases. 
Inhaled corticosteroids reduce the number of lung and nose 
DCs in patients with allergic asthma and allergic rhinitis 
 [88] . Corticosteroids might also interfere with a GITRL-
driven induction of the enzyme IDO in plasmacytoid DCs, 
thus broadly suppressing infl ammation  [31] . 

   Recently, several other new molecules have surfaced 
that may alter DC function in allergic infl ammation and 
thus treat disease. Many of these compounds were fi rst 
discovered by their potential to interfere with DC-driven 
Th 2 sensitization. Th e sphingosine-1-P analog FTY720 
is currently used in clinical trials for multiple sclerosis and 
transplant rejection. When given to the lungs of mice with 
established infl ammation, it strongly reduced infl ammation 
by suppressing the T-cell stimulatory capacity and migratory 
behavior of lung DCs  [64] . Also selective agonists of partic-
ular prostaglandin series receptors might suppress DC func-
tion. Th e DP1 agonist BW245C strongly suppressed airway 
infl ammation and bronchial hyperreactivity when given to 
allergic mice by inhibiting the maturation of lung DCs  [25] . 

A very similar mechanism was described for inhaled iloprost, 
a prostacyclin analog acting on the IP receptor expressed 
by lung DCs  [27] . Extracellular ATP might be released by 
platelets upon allergen challenge. Neutralization of ATP 
via administration of the enzyme apyrase or the broad spec-
trum P2 receptor antagonist suramin reduced all the cardi-
nal features of asthma by interfering with DC function  [32] . 
A specifi c small molecule compound (VAF347) that blocks 
the function of B-cells and DCs was also shown to be eff ec-
tive in suppressing allergic airway infl ammation in a mouse 
model of asthma  [89] . Finally, specifi c inhibitors of  syk  
kinase were shown to suppress DC function and eliminate 
established infl ammation  [90] .  

    CONCLUSION 

   Our understanding of DC biology in the airways has grown 
considerably. Th e concept that diff erent subtypes of DCs 
perform diff erent functions not only during sensitization 
but also during established infl ammation is a theme that 
will persist in the coming years. Slowly, therapeutic strate-
gies are emerging from these basic studies in animal models 
of asthma and COPD, which can eventually reach clinical 
application. However, detailed knowledge of DC biology in 
human airways is still lacking.   
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C H A P T E R

        

    Macrophages 

   Macrophages are a family of mononuclear leu-
kocytes that are widely distributed throughout 
most tissues. Th ey vary considerably in pheno-
type depending on the local microenvironment 
 [1] . Macrophages are involved in the scaveng-
ing of dying cells, pathogens, and molecules 
through phagocytosis and endocytosis  [2] . 
Macrophages secrete more than 100 substances. 
Th ese secreted molecules 

      ●      induce cell movement;  

      ●      induce cell growth;  

      ●      induce cell death;  

      ●      infl uence cell diff erentiation;  

      ●      modify connective tissue structures;  

      ●      regulate blood vessel growth.    

   Macrophages within tissues make a vital 
contribution to immune and infl ammatory 
responses  [2] . Macrophages are crucial for 

      ●      early recognition of microbes, particulates, 
and immunogens;  

      ●      the initiation and regulation of infl ammatory 
responses and adaptive immunity;  

      ●      the ingestion and killing of invading 
microbes.    

    ORIGIN AND DISTRIBUTION 

   Th e mononuclear phagocyte system (MPS) is 
composed of strikingly diverse diff erentiated 
cell types. Two subsets of murine monocytes 
arise from a common hematopoeitic progeni-
tor, the macrophage, and dendritic cell precur-
sor (MDP, or monoblast)  [3] .  “ Infl ammatory ”  

monocytes express the cell surface protein Ly6c 
(Gr-1  �  ), the chemokine receptor CCR2 and the 
adhesion molecule L-selectin and are selectively 
recruited to infl amed tissues and lymph nodes. 
Th e second subset of monocytes ( “ resting ” ) are 
found in resting and infl amed tissues. Th is subset 
is defi ned by high expression of the chemokine 
receptor CX 3 CR and LFA-1 and by the lack of 
expression of Gr-1, CCR2, and L-selectin. Two 
monocyte subsets have also been identifi ed in 
humans; CD14  �  , CD16 –  monocytes resemble 
murine infl ammatory monocytes and CD14 low  
and CD16  �   monocytes resemble mouse resi-
dent monocytes  [3] . Interleukin-3 (IL-3), gran-
ulocyte-macrophage colony stimulating factor 
(GM-CSF), and macrophage colony stimulating 
factor (M-CSF) stimulate a sequence of diff eren-
tiation steps important in monocyte development 
by binding to specifi c receptors on progenitor 
cells. Cytokines released during acute infl amma-
tory responses also regulate macrophage diff eren-
tiation. Interleukin-1 (IL-1) and tumor necrosis 
factor (TNF- α ) enhance M-CSF and GM-CSF 
production. Inhibitory infl ammatory cytokines 
involved in macrophage diff erentiation include 
macrophage infl ammatory protein-1 α  (MIP-1 α ) 
and transforming growth factor  β  (TGF- β )  [4] . 

   Monocytes/macrophages require continu-
ous reconstitution. Th is can be achieved by self 
renewal of diff erentiated cells, by proliferation 
of bone marrow-derived precursors in peripheral 
tissues  [5]  or by the continuous extravasation 
and diff erentiation of circulating mononuclear 
phagocyte precursors  [6] . Alveolar macrophages 
(AMs) are derived from blood monocytes and 
from proliferating macrophage precursors in the 
interstitium of the lung. Approximately 1% of 
the AM population in the normal lung is pro-
liferating at any single time  [7] . AMs have a life 
span of months and perhaps years  [8] .  
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    RECOGNITION OF MICROBES/MICROBIAL 
PRODUCTS 

   Macrophages are a major cellular component of the innate 
immune system  [9] . Th e molecular and cellular processes 
of the innate immune response defend the host in the fi rst 
minutes or fi rst hours after exposure to microbes. Th e rec-
ognition of microbes is problematic because of their molec-
ular heterogeneity and their high mutation rates. Th e innate 
immune system uses a relatively small number of proteins 
encoded in the germ line to recognize a vast variety of 
molecular structures associated with microbes. Th e recep-
tors recognize a few, highly conserved structures present 
in large groups of microorganisms. Th e receptors recognize 
molecular patterns rather than particular structures and 
accordingly have been termed pattern- recognition recep-
tors (PRRs). Th e pathogen-associated molecular patterns 
(PAMPs) recognized by PRR are chemically quite distinct 
but share certain features. PAMPs are: (a) produced only 
by microbes and not by eukaryote hosts, (b) essential for 
survival or pathogenecity of the microbe, and (c) invariant 
structures shared by classes of pathogens. Characteristic 
PAMPs include lipopolysaccharides (LPSs) and teichoic 
acids, shared by gram-negative and gram-positive bacte-
ria, respectively; mannans, conserved components of yeast 
cell walls; and the unmethylated CpG motif characteris-
tic of bacterial but not mammalian DNA. PRRs expressed 
on macrophages include the mannose receptor, DEC205, 
CD14, scavenger receptors, integrins, and toll-like receptors 
(TLRs). Recognition of pathogens results in the activation 
of various types of innate immune receptors                [10–15] . 

   TLRs comprise a family of PRRs that recognize a 
variety of conserved PAMPs displayed by microbes. Ten 
TLRs have been described (an eleventh is functional in 
mice but not in man                  [16–22] ). Th e principle role of TLRs 
appears to be induction of immune/infl ammatory responses 
to a broad range of pathogens (viruses, helminths, bacteria, 
protozoa, and fungi). TLR4 is crucial for eff ective responses 
to gram-negative LPS  [23] . LPS delivery to TLR4 requires 
the accessory proteins LPS-binding protein (LBP), CD14 
and MD-2. Integrins such as CD11b/CD18 may facilitate 
responses to LPS        [13, 24] . TLR4 also facilitates responses 
to  Streptococcus pneumoniae  pneumolysin and proteins of 
respiratory syncytial viruses        [25, 26] . TLR2 mediates the 
responses to lypoproteins and lipoteichoic acids (LTA) from 
gram-positive bacteria ( S. pneumoniae ) and Mycobacteria 
       [27, 28] . TLR2 plays a role in responses to  Borrelia burgdor-
feri ,  Aspergillus fumigatus , and  Mycoplasma . TLR2 responses 
are broadened by hetero-dimerization; TLR1/2 heterodim-
ers respond to a diff erent panel than TLR2/6 heterodimers. 
TLR2 and TLR4 respond to helminths. 

   TLR9 mediates the responses through recognition of 
CpG motifs in microbial DNA. TLR9 is activated by bac-
teria, Herpes viruses        [29, 30] , and  Aspergillus   [31] . TLR3 
responds to double stranded viral RNA and TLR7 and 
TLR8 mediate responses to single stranded RNA        [32, 33] . 
TLRs also respond to endogenous host molecules, includ-
ing defensins  [34] , reactive oxygen species (ROS)  [35] , 
protein released from dying cells  [36] , surfactant protein 

A  [37] , fi brinogen  [38] , and breakdown products of tissue 
matrix, such as fi bronectin fragments  [39]  and hyaluronic 
acid oligosaccharides  [40] . 

   Activation of TLRs initiates signal transduction path-
ways that initiate and amplify infl ammatory responses in the 
lung and modulate adaptive immune responses. Molecules 
induced by PAMP-PRR interactions include 

      ●      signals that generate infl ammatory responses, 
including TNF α , IL-1, IL-6, interferon (IFN) α / β  and 
chemokines;  

      ●      signals that function as co-stimulators of T-cell 
activation, B7.1 and B7.2;  

      ●      signals that regulate the diff erentiation of lymphocytes, 
including IL-4, IL-5, IL-10, IL-12, TGF- β  and 
IFN- γ   [41] .    

   Activation of TLRs can also contribute to the induc-
tion of programmed cell death.  

    HOMEOSTATIC REGULATION OF AM 
FUNCTION 

   Resident AMs are continually exposed to inhaled and aspi-
rated particulates due to their position in the airway and 
alveolar lumen. In spite of this exposure to particulates, 
resident AMs produce only low levels of cytokines and are 
poorly phagocytic. 

   A mechanism by which the lung microenvironment 
instructs AM innate and adaptive immune functions has 
recently been defi ned  [42] . Under homeostatic conditions, 
AMs closely adhere to alveolar epithelial cells (AECs). Th is 
cell–cell interaction induces TGF- β  dependent expres-
sion of the integrin  α v β 6 on AEC. Localized activation of 
TGF- β  in the vicinity of the macrophage suppresses mac-
rophage phagocytosis and cytokine production. Th is inhibi-
tion of macrophage function by the  α v β 6–TGF- β  complex 
is unique to the lung. 

   Th e mechanism whereby microbial infection over-
comes suppression is also explained by AEC-macrophage-
TLR responses. Infectious agents trigger TLRs which lead 
to a rapid loss of contact with AECs which in turn induces 
rapid loss of expression of  α v β 6 on AEC. Under these con-
ditions TGF- β  is no longer activated and macrophage activa-
tion and innate immune functions are no longer suppressed. 
Macrophages can now be primed to secrete pro-infl ammatory 
cytokines and to ingest and kill microbes. AMs lack a feed 
forward mechanism of amplifi cation mediated in other mono-
nuclear phagocytes by autocrine secretion of IFN- β . AMs 
thus require exogenous IFN- β  for a robust response  [43]   

    GENERATION OF INFLAMMATORY RESPONSES 

   Resident AMs can eff ectively ingest and kill invading 
microbes if the bacterial burden is low and the microbe is 
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minimally virulent        [44, 45] . However, the recruitment of 
polymorphonuclear neutrophils (PMN) is essential for the 
eff ective containment of most virulent encapsulated bacte-
ria within the lung and for the eventual clearance of these 
virulent microbes from the host. Th e generation of infl am-
mation in the lower respiratory tract is a dynamic process 
that involves the coordinated expression of both pro- and 
anti-infl ammatory cytokines. After the introduction of 
microbes or microbial products, TLR-mediated signals 
result in the production of TNF- α  and IL-1 β . TNF- α  and 
IL-1 β  stimulate the expression of adhesion molecules on 
vascular endothelial cells. L-selectin on neutrophils interacts 
with its receptor/ligand (P- and E-selectin) on endothelial 
cells that lead to rolling. Intercellular adhesion molecule-1 
(ICAM-1) expression is also induced on the surface of the 
endothelium; interactions between neutrophils and ICAM 
lead to fi rm adhesion        [46, 47] . CXC chemokines and CC 
chemokines are also rapidly produced in macrophages fol-
lowing microbial stimuli. CXC chemokines include IL-8, 
(CXCL8), GRO α , (CXCL1) ENA-78, and (CXCL5) are 
major PMN chemoattractants ( Table 11.1   ). Th us, immedi-
ately after the recognition of bacterial products in the alveo-
lar environment, PMNs begin to accumulate. 

   Macrophages also play a major role in amplifying the 
infl ammatory response by stimulating cytokine production 

by cells that do not respond directly to bacterial products. 
Mononuclear phagocytes, neutrophils, and endothelial 
cells produce CXC chemokines in response to LPS. 
Alternatively, airway and AECs, pulmonary fi broblasts, and 
pleural mesothelial cells produce IL-8 in response to spe-
cifi c host-derived signals, such as TNF- α  or IL-1          [48–50] . 
Th e importance of IL-1 and TNF- α  as key cytokines in 
the initiation of this augmented infl ammatory response 
is emphasized by the fact that all nucleated cells possess a 
functional receptor for IL-1 and TNF- α . 

   Macrophages are also potent sources of bioactive 
lipids, which are important in infl ammatory responses. 
Leukotriene (LT) synthesis is dependent on three sequential 
enzymes: cytosolic phospholipase A (cPLA 2 ), 5-lipoxygenase
(5-LO), and 5-LO-activating protein (FLAP). Th ese three 
proteins co-localize at a single membrane site to form a 
macromolecular complex termed a metabolon. Th ere is now 
abundant evidence documenting that the nuclear envelope 
is the site at which this metabolon is assembled  [51] . 

   Th e LT synthetic pathway is initiated when cPLA 2  
translocates from the cytosol to the nuclear envelope fol-
lowing activation signals. Arachidonate is released from 
nuclear envelope phospholipids and is bound by FLAP, an 
integral nuclear envelope protein. FLAP facilitates process-
ing by 5-LO. On activation, 5-LO also translocates from 
its resting locale(s) in the cytosol and/or nucleoplasm to 
the nuclear envelope where it catalyzes the initial steps in 
LT synthesis        [52, 53] . LTs, thus synthesized, are capable 
of either entering into the nucleus or being exported out 
of the cell  [53] . Monocytes release LTB4 and LTC4 after 
being exposed to non-immunologic stimuli or immunologic 
stimuli. AMs produce a substantial excess of LTB4 com-
pared with LTC4 after stimulation  [54] . LTB4 is a potent 
chemotactic factor for PMNs and weaker chemotactic fac-
tor for eosinophils. LTB4 accounts for the majority of neu-
trophil chemotactic activity elaborated by AM immediately 
following stimulation  [54] . LTB4 also promotes adherence 
of infl ammatory cells to the endothelium. Leukotrienes 
also play a permissive role in infl ammation by promoting 
the synthesis by macrophages of TNF- α , IL-8, (CXCL8), 
GRO α , (CXCL1) ENA-78, (CXCL5), and IL-6. 

   An important implication of the metabolon concept 
is that the site of macromolecular assembly has evolved in a 
manner to best serve the needs of the cell. Th e observation 
that the LT metabolon is located within the nuclear enve-
lope suggests that the autocrine actions of bioactive lipid 
mediators, including those potentially mediated within the 
nucleus, may be of more importance than those paracrine 
actions that have been classically recognized. 5-LO metab-
olites are important modulators of mitogenesis, apoptosis, 
and the activation of various transcription factors. A solu-
ble nuclear receptor for LTB4 provides additional support 
for such interactions; interestingly, this receptor is a mem-
ber of a super-family of transcription factors and its ligation 
induces gene transcription. Alternatively, reactive oxygen 
species, which are a byproduct of arachidonate 5-lipoxygen-
ation could exert nuclear actions by activating transcription 
factors or otherwise modifying nuclear constituents. 

   Monocytes exit the blood in infl amed tissues in 
response to specifi c chemotaxins. Monocyte recruitment is 

 TABLE 11.1          The CXC chemokine/receptor family.  

   Systematic 

name  Human ligand  Mouse ligand 

 Chemokine 

receptor(s) 

   CXCL1  GRO α /MGSA- α   GRO/KC?  CXCR2      �      CXCR1 

   CXCL2  GRO β /MGSA- β   GRO/KC?  CXCR2 

   CXCL3  GRO γ /MGSA- γ   GRO/KC?  CXCR2 

   CXCL4  PF4  PF4  Unknown 

   CXCL5  ENA-78  LIX?  CXCR2 

   CXCL6  GCP-2  Ck α -3  CXCR1, CXCR2 

   CXCL7  NAP-2  Unknown  CXCR2 

   CXCL8  IL-8  Unknown  CXCR1, CXCR2 

   CXCL9  Mig  Mig  CXCR3 

   CXCL10  IP-10  IP-10  CXCR3 

   CXCL11  I-TAC  Unknown  CXCR3 

   CXCL12  SDF-1 α / β   SDF-1  CXCR4 

   CXCL13  BLC/BCA-1  BLC/BCA-1  CXCR5 

   CXCL14  BRAK/bolekine  BRAK  Unknown 

   (CXCL15)  Unknown  Lungkine  Unknown 

  A systematic name in parentheses means a human homologue has not been 

identifi ed.

  A question mark indicates that the mouse ligand homologue listed may not 

correspond to the human ligand.  
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critically dependent on CC chemokines  [29] . Twenty-seven 
diff erent CC chemokine ligands (CCL) have been described 
 [55] . Chemokines that act mainly on monocytes are located 
on a cluster on human chromosome 17q11.2. Important 
monocyte chemoattractant CC chemokines include MCP-1 
(CCL2), MIP-1 α  (CCL3), MIP-1 β  (CCL4), and RANTES 
(CCL5) ( Table 11.2 ). CC chemokines are produced by 
monocytes, alveolar macrophages, lymphocytes, neutrophils, 
epithelial cells, fi broblasts, smooth muscle cells, and endothe-
lial cells. Th ese cells produce chemokines in response to a 
variety of factors including cigarette smoke, viruses, bacte-
rial products, IL-1, TNF, C5a, LTB4, and INFs                          [56–66] . 
Bronchial epithelial cells release monocyte chemotaxins 
in response to cigarette smoke  [63] . TNF- α  and IL-1 are 
among the most potent stimuli for epithelial cell cytokine 
production. Macrophage stimulation of epithelial cells by 
TNF or IL-1 likely enhances and perpetuates the initial 
infl ammatory response. Increased epithelial expression of 
MCP-1 has been observed by immunohistochemistry and 
biopsy specimens from patients with atopic asthma, and 
increased levels of this chemokine are also seen in bron-
choalveolar lavage (BAL) fl uid of allergic asthmatics when 
compared with normal subjects        [65, 66] . 

   Th e biological eff ects of chemokines are mediated by 
seven transmembrane domain receptors that are a subset of 
the G-protein-coupled receptor super-family. Sixteen recep-
tors have been identifi ed. Redundancy and binding promis-
cuity exists between ligands and receptors ( Tables 11.1  and 
11.2). A single chemokine may bind to several receptors 
and a single chemokine receptor can transduce signals for 
several chemokines  [55] . 

   Monocytes also respond to formyl peptides, C5a, and 
elastin fragments. In a murine model of cigarette smoke-
induced emphysema, CC and CXC chemokines are unde-
tectable but chemotactic extracellular matrix fragments, 
particularly elastin fragments, are   present          [67–69] .  

    T-CELL INDEPENDENT MACROPHAGE 
ACTIVATION 

   Th e early nonantigen-specifi c activation of macrophages 
is one of the fi rst events in the innate immune response 
and is often very eff ective in eliminating microbes. Innate 
immune macrophage activation fi lls a gap between micro-
bial entry into the host and the development of antigen-
specifi c immunity. Innate immune macrophage activation is 
a cytokine mediated macrophage-NK cell interaction  [70] . 
Macrophages release IL-12 and TNF- α  following micro-
bial recognition; these cytokines induce NK cell IFN- γ  
which primes macrophages for microbicidal activity. IL-12 
is regulated by both positive and negative feedback mecha-
nisms. IFN- γ  activated macrophages produce much higher 
levels of IL-12. IL-10, a product of macrophages and other 
cell types, is a potent inhibitor of IL-12 production  [71] . 
Expression of IL-10 is delayed compared with the expres-
sion IL-12  in vivo . IL-10 is a critical component of the 
host’s natural defense against excessive production of IL-12 
and its pathological consequences.  

 TABLE 11.2          The CC chemokine/receptor family.  

   Systematic 

name  Human ligand  Mouse ligand 

 Chemokine 

receptor(s) 

   CCL1  I-309  TCA-3/P500  CCR8 

   CCL2  MCP-1/MCAF  JE?  CCR2 

   CCL3  MIP-1 α /LD78 α   MIP-1 α   CCR1/CCR5 

   CCL4  MIP-1 β   MIP-1 β   CCR5 

   CCL5  RANTES  RANTES  CCR1/CCR3/

CCR5 

   (CCL6)  Unknown  C10/MRP-1  Unknown 

   CCL7  MCP-3  MARC?  CCR1/CCR2/

CCR3 

   CCL8  MCP-2  MCP-2?  CCR3 

   (CCL9/10)  Unknown  MRP-2/CCF18/

MIP-1 γ  

 Unknown 

   CCL11  Eotaxin  Eotaxin  CCR3 

   (CCL12)  Unknown  MCP-5  CCR2 

   CCL13  MCP-4  Unknown  CCR2/CCR3 

   CCL14  HCC-1  Unknown  CCR1 

   CCL15  HCC-2/Lkn-1/

MIP-1 δ  

 Unknown  CCR1/CCR3 

   CCL16  HCC-4/LEC  LCC-1  CCR1 

   CCL17  TARC  TARC  CCR4 

   CCL18  DC-CK1/PARC 

AMAC-1 

 Unknown  Unknown 

   CCL19  MIP-3 β /ELC/

exodus-3 

 MIP-3 β /ELC/

exodus-3 

 CCR7 

   CCL20  MIP-3 α /LARC/

exodus-1 

 MIP-3 α /LARC/

exodus-1 

 CCR6 

   CCL21  6Ckine/SLC/

exocus-2 

 6Ckine/SLC/

exocus-2/

TCA-4 

 CCR7 

   CCL22  MDC/STCP-1  ABCD-1  CCR4 

   CCL23  MPIF-1  Unknown  CCR1 

   CCL23  MPIF-2/

Eotaxin-2 

 Unknown  CCR3 

   CCL25  TECK  TECK  CCR9 

   CCL26  Eotaxin  Unknown  CCR3 

   CCL27  CTACK/ILC  ALP/CTACK/

ILC ESkine 

 CCR10 

  A systematic name in parentheses means a human homologue has not been identifi ed.  

A question mark indicates that the mouse ligand homologue listed may not 

correspond to the human ligand.  
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    ROLE OF MACROPHAGES IN INITIATION OF 
IMMUNE RESPONSES 

   Th e activation of T-lymphocytes is a complex biological func-
tion that requires the participation of an antigen-presenting 
cell (APC). Most cell types cannot perform these functions; 
 “ professional APCs ”  (macrophages, dendritic cells (DCs), and 
B-cells) are required. Antigen presentation involves the dis-
play of an antigenic epitope in association with a major his-
tocompatibility complex (MHC) molecule. Th ree additional 
molecular interactions are crucial to the interaction between 
an APC and a T-lymphocyte: 

    1.     adhesion molecules that promote the physical interaction 
between APC and T-cells;  

    2.     co-stimulatory molecules which are membrane bound 
growth/diff erentiation molecules that produce T-cell 
activation  [72] ;  

    3.     soluble molecules such as TNF- α  and IL-1.    

   AMs are ineff ective in presenting antigen to T-cells 
         [73–75] . AMs are less eff ective than monocytes in inducing 
proliferation of blood T-lymphocytes to soluble recall anti-
gens. AMs can, however, restimulate recently activated T-
cells eff ectively. AMs fail to activate CD4  �   T-cells because 
of defective expression of B7 co-stimulatory cell surface 
molecules. AMs activated with IFN- γ  fail to express B7-1 or 
B7-2 antigens  [76] . Resident pulmonary AMs also actively 
suppress T-cell proliferation induced by antigen  [73] . 

   Th e mechanisms whereby particulate antigens and 
microbial agents induce T-cell responses are being defi ned. 
DCs are present in the airways and in the interstitium of 
the lower respiratory tract  [77] . DCs are clearly crucial for 
activating naive T-cells for proliferation and clonal expan-
sion. Monocytes are also stimulatory to T-cell activation. 
Th us, infl ammatory stimuli that recruit fresh monocytes 

to the lung might theoretically dilute the resident AM 
po pulation with recruited monocytes and convert a nor-
mally im munosuppressive tissue milieu into one that is sup-
portive of T-cell activation.  

    INNATE IMMUNE CONTROL OF ADAPTIVE 
IMMUNE RESPONSES 

   Naive T-lymphocytes can diff erentiate along diff erent path-
ways to become distinct eff ector cells. Th e tissue micro-
environment in which the specifi c immune response is 
generated crucially regulates this diff erentiation process via 
the secretion of specifi c cytokine signals ( Fig. 11.1   ). IL-12 
produced by macrophages during the early innate immune 
response and IFN- γ  induced by IL-12 create an environ-
ment in which antigen-specifi c CD4  �   and CD8  �   T-cells 
are preferentially induced to diff erentiate into T1 cells that 
produce even higher levels of IFN- γ   [78] . IL-4 is crucial 
to the development of T2 responses during the priming of 
naive T-cells. Th e crucial cellular source of early IL-4 pro-
duction is uncertain. Basophils, mast cells,  γ  δ  cells, T2 lym-
phocytes, and an NK 1.1  �   CD4  �  CD8  �   T-lymphocyte have 
all been reported to produce IL-4  [79] . 

   Th e type of APC that presents the antigen may also 
be crucial. DCs preferentially activate T2 cells in certain cir-
cumstances  [80] . Th e mechanisms by which DCs favor the 
expression of T2 cells remains uncertain but may be related 
to the ability of DCs to secrete IL-1, a co-stimulator for T2 
cells but not T1 cells, and to the absence of IFN- γ  produc-
tion by DCs which would inhibit the development of T2 
cells. Diff erential expression of co-stimulatory molecules 
may also be crucial to this polarization process. AM fails to 
express B7.1 or B7.2 even when stimulated with IFN- γ . B7.2 
is constitutively expressed on DCs and macrophages, whereas 
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B7.1 is not. Th e outcome of B7.1 and B7.2 co-stimulation is 
diff erent. B7.2 co-stimulates the production of IL-4 as well 
as IL-2 and IFN- γ . Th us, after B7.2 co-stimulation, an  initial 
source of IL-4 is available. However, B7.2 co-stimulation 
provides only a moderate signal for T2 cell diff erentiation; 
additional signals are almost surely required to achieve high 
levels of IL-4 production  [81] . B7 co-stimulatory signals can 
be delivered by bystander APC  in vitro  with the same effi  -
ciency as the APC engaging the TCR. Accordingly, T-cell 
activation  in vivo  may occur with MHC-TCR engagement 
being provided by one APC, whereas co-stimulation is deliv-
ered by a second bystander APC-type  [82] . 

   Th e tissue microenvironment in which the immune 
responses are generated is crucial in determining the type 
and intensity of T-lymphocyte responses. Cytokines secreted 
in the tissues, where the antigen is deposited, are also crucial 
for the maintenance and regulation of immune responses.  

    ROLE OF MACROPHAGE-DERIVED 
GROWTH FACTORS IN TISSUE 
REMODELING AND REPAIR 

   Fibrotic changes occur in airways and the lower respira-
tory tract following certain injuries. Macrophages produce 
numerous growth factors for fi broblasts including platelet-
derived growth factor (PDGF), TGF- α  and TGF- β , and 
insulin-like growth factor          [83–85] . 

      ●      PDGF induces fi broblast proliferation and collagen 
production.  

      ●      Th e wound healing eff ects of PDGF are macrophage 
dependent in most models  [85] .  

      ●      TGF- α  stimulates the closure of wounds induced in 
cultures of type II AEC  in vitro .  

      ●      TGF- α  likely plays a role in epithelial cell repair of the 
lungs following injury. Macrophages also produce TGF-
 β , which has important eff ects on the turnover of matrix 
proteins and the proliferation of fi broblasts.  

      ●      TGF- β  activates genes that favor the production of 
matrix proteins. TGF- β  also down-regulates production 
of matrix metalloproteinases derived from PMNs and 
macrophages that digest matrix in the interstitium 
and alveolar spaces. In aggregate, these eff ects shift the 
balance in favor of matrix accumulation.    

   GM-CSF has a protective eff ect on repair processes 
following bleomycin. Th is protective eff ect is mediated, in 
part, by GM-CSF-induced production of PGE 2  by pulmo-
nary macrophages  [86] . PGE 2  has crucial down-regulatory 
eff ects on fi broblasts, including decreasing fi broblast prolif-
eration and decreasing matrix produced by fi broblasts. 

   Macrophages may also play critical roles in regulating 
angiogenesis, which is a central biological event in repair 
and remodeling. CXC chemokines such as IL-8 or ENA-78 

that contain the sequence GLU-LEU-ARG (ELR motif ) 
are potent angiogenic factors. In contrast, CXC chem-
okines that lack the ELR motif (platelet factor 4, IFN- γ  
inducible protein 10) behave as potent angiostatic factors. 
Non-ELR-containing chemokines can inhibit angiogenic 
activity of both ELR-CXC chemokines and structurally 
unrelated macrophage-derived angiogenic factor bFGF  [87] . 

    Macrophages and chronic obstructive 
pulmonary disease 

   A marked increase in the number of macrophages and neu-
trophils in the airways of both humans and experimental 
animals is the most consistent, early eff ect of exposure to 
cigarette smoke  [88] . Histologic studies of bronchial biop-
sies and lung parenchyma obtained from cigarette smokers 
demonstrate a predominance of macrophages and CD8  �   
T-cells at sites of parenchymal destruction        [89, 90] . Th e 
paucity of neutrophils in lung parenchyma and airway biop-
sies suggests neutrophils traffi  c rapidly from the blood into 
the airway lumen. Th e infl ammatory process, once initiated, 
persists in ex-smokers        [90, 91] . Surprisingly, the infl amma-
tory responses persist in end-stage emphysema. Increased 
number of macrophages, CD8 and CD4 T–lymphocytes, 
and neutrophils are noted in lungs from patients undergoing 
lung volume reduction surgery. 

   Macrophages are likely to play an important role in 
initiating the neutrophilic infl ammatory response in ciga-
rette smokers. Macrophages may be activated by cigarette 
smoke and other inhaled particulates. Elevated levels of the 
CXC chemokines, IL-8, (CXCL8), GRO α , and (CXCL1) 
are noted in cigarette smokers. IL-8 and (CXCL8) lev-
els in sputum correlate with the magnitude of neutrophilic 
infl ammation and with percent predicted FEV1  [92] . LTB4 
is increased in the sputum of patients with chronic obstruc-
tive pulmonary disease (COPD); this potent neutrophilic 
chemoattractant likely participates in the generation of the 
neutrophilic infl ammatory response. 

   Th e infl ammatory response in COPD has several dis-
tinguishing features: 

      ●      Resident AMs are activated upon exposure to cigarette 
smoke.  

      ●      Neutrophils are rapidly recruited almost immediately 
after cigarette smoke exposure in response to macrophage 
and epithelial cell-derived chemokines and leukotrienes.  

      ●      Macrophages and CD8  �   and CD4  �   T-lymphocytes 
accumulate within days to weeks and continue to 
accumulate with time.  

      ●      Th e abnormal accumulation of infl ammatory cells 
persists throughout the disease process, even when the 
inciting agent, cigarette smoke, is removed.     

    Macrophage proteinases and COPD 

   Early changes of emphysema include subtle disruption of 
elastic fi bers, bronchiolar and alveolar distortion, and the 
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appearance of fenestrae. Destruction of the elastic frame-
work leads to loss of the intra-alveolar septae and macro-
scopic appearance of spaces of more than 1mm in diameter. 
Th is destructive process is accompanied by an increase in the 
mass of collagen, suggesting that active alveolar wall fi brosis 
occurs in the tissues which remain in otherwise emphysema-
tous lungs  [93] . Th e dominant, working hypothesis to explain 
the pathogenesis of emphysema has postulated an imbalance 
between proteolytic enzymes and proteinase inhibitors in the 
lung, favoring an excess of proteinases, particularly elastases. 
Th is hypothesis postulates that cigarette smoke, macro-
phages, chemoattractants, neutrophils, elastases, and protei-
nase inhibitors interact with lung connective tissue, primarily 
elastin, to cause repeated destruction and synthesis of pulmo-
nary matrix. 

   Pulmonary macrophages may play an important role 
in this proteolytic process by releasing neutrophil chemotac-
tic factors, which recruit neutrophils to the respiratory tract. 
Neutrophil elastase is believed to play an important role in 
COPD. Neutrophil elastase is one of the most potent elastases 
in the lung. Instillation of neutrophil elastase and protein-
ase 3 causes emphysema in animals          [94–96] . Neutrophils 
are recruited into the lungs of animals and generate detect-
able elastin fragments following exposure to cigarette smoke. 
Neutrophil elastase is also a potent mucus secretagague. 

   Macrophages also secrete potent proteinases. Human 
AMs produce the cysteine (thiol) proteinases, cathepsins 
B, H, L, and S. Cathepsins L and S have relatively indis-
criminate substrate specifi cities that include elastin and 
other matrix components. Cysteine proteinases are involved 
in lung destruction in IL-13 and IFN- γ  transgenic mice 
       [97, 98] . 

   Pulmonary macrophages also produce matrix metallo-
proteinases (MMPs). Studies of human emphysematous lung 
tissue have demonstrated the presence of several MMPs. A 
correlation between MMP-1 and MMP-9 and emphysema 
was noted when smokers with emphysema were compared 
with smokers without emphysema  [99] . Studies using trans-
genic and gene-targeted mice also lend support for the role 
of MMPs in emphysema. Transgenic mice over-expressing 
human MMP-1 in the lung develop airspace enlargement 
 [100] . Studies of MMP-12 knockout mice provide specifi c 
loss-of-function data that MMP-12 is importantly involved 
in the development of emphysema in response to cigarette 
smoke. Exposure of MMP-12      �     / �  mice to long-term ciga-
rette smoke led to infl ammatory cell recruitment followed 
by alveolar space enlargement similar to that seen in humans 
with emphysema. Mice defi cient in MMP-12 (MMP-
12      �     / � ) were protected from development of emphysema 
despite long-term smoke exposure  [101] . Interestingly, 
MMP-12      �     / �  mice failed to recruit monocytes into the 
lung in response to cigarette smoke. MMP-12      �     / �  mice 
could egress from the pulmonary vasculature in response to 
MCP-1 instillation. However, even in the presence of MMP-
12      �     / �  macrophages, the lungs of mice exposed to cigarette 
smoke had no changes in the mean linear intercept in alveolar 
duct areas when compared to mice not exposed to smoke. 

   Th ese fi ndings suggest that MMP-12 is expressed by 
resident AMs after exposure to cigarette smoke. MMP-12 
generates monocyte chemotaxins, likely fragments of 

 elastin, which are responsible for the monocyte recruit-
ment in response to smoke. Macrophage-mediated lung 
destruction after exposure to cigarette smoke is, at least in 
part, directly related to the presence of MMP-12, which is 
most likely required for direct degradation of lung tissue. 
Th e generation of chemotactic elastin fragments provides a 
positive feedback loop perpetuating macrophage accumula-
tion in lung destruction. 

   Cigarette smoke induces a distinct pattern of AM 
gene expression not seen in non-smokers or patients with 
asthma  [102] . AM from smokers strongly express MMP-12, 
but most of the 72 genes upregulated in smokers were not 
identifi ed in two transgenic murine models of emphysema.   

    MACROPHAGES AND ADAPTIVE 
IMMUNITY IN COPD 

   Cigarette smoking stimulates humoral and cellular compo-
nents of the adaptive immune response. Th is response may 
provide exquisite specifi c memory for previous exposures 
to foreign materials. Th e histologic hallmark of an adap-
tive immune response is the presence of lymphoid follicules 
with germinal centers. Bronchial-alveolar lymphoid tis-
sue (BALT) collections are found in 5% of smokers with 
normal lung function (GOLD0) and in those with mild 
(GOLD1) and moderate (GOLD2) severity. Th ese collec-
tions of BALT increase sharply in severe (GOLD3) and 
very severe (GOLD4) COPD perhaps in response to colo-
nization and infection of the lower airways  [90] .  

    MACROPHAGES AND APOPTOSIS IN COPD 

   Th ere is growing evidence for a role for apoptosis in COPD 
 [103] . AMs show a markedly reduced capacity to ingest 
apoptotic cells relative to their avid ingestion of inert par-
ticles  [104] . Th is capacity is further reduced in COPD 
with attendant increased accumulation of apoptotic cells. 
Apoptotic cell recognition typically induces a unique anti-
infl ammatory state; defective clearance might be a factor 
encouraging lung infl ammation  [105] .  

    MACROPHAGES AND INITIATION OF 
ANTIGEN-SPECIFIC T2 IMMUNE 
RESPONSES IN ASTHMA 

   Resident pulmonary AMs actively suppress T-cell pro-
liferation induced by antigen or polyclonal stimuli  [73] . 
Changes occur within the local inductive milieu of the lung 
in patients with asthma. AM suppression is reduced after 
exposure to allergens          [106–108] . 
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   Th e tissue microenvironment is a crucial regulator of 
specifi c immune response generation ( Fig. 11.1 ). Th e pres-
ence of IgE on APCs likely promotes the uptake and the 
processing of allergens and their eventual presentation to 
naïve T-cells. DCs express both Fc  ε  R I and Fc  ε  R II. Th ese 
two receptors could function to capture allergen bound to 
allergen-specifi c IgE and thus focus the immune response 
through facilitated antigen presentation  [109] . 

   Antigens also deliver signals via quantitative vari-
ation in ligand density on APC. Peptide/MHC class II 
complexes that interact strongly with the TCR favor T1 
responses, whereas weak interactions result in the priming of 
T2 responses. Th e overall binding affi  nity can be varied by 
modifying the peptide, which results in diff erent signals. Th e 
mechanisms by which signals delivered via the TCR con-
trol diff erentiation is uncertain; diff erential TCR aggrega-
tion may result in diff erential intracellular signals that favor 
distinct cytokine gene expression or certain MHC–TCR 
interactions may favor diff erential co-receptor expression 
 [110] . As noted above, co-stimulatory molecules may direct 
the polarization of T-cells into T1 or T2 cells; B7.2 pro-
vides only a moderate signal for T2 cell diff erentiation; and 
co-stimulatory signals may be delivered either by the APC 
that presents the antigen or by the bystander APC. Th us, 
macrophages may serve as bystander APC and infl uence 
DC-induced T-cell proliferation  [111] . Soluble cytokines 
produced by cells of the innate immune response are likely 
the major regulators of T-cell diff erentiation (see  “ Innate 
Control of Adaptive Immune Responses ”  section).  

    MACROPHAGES IN THE EFFECTOR PHASES OF 
IMMUNE RESPONSES IN ASTHMA 

   Macrophages are likely the sources of cell-specifi c chem-
oattractants in patients with asthma. RANTES, (CCL5), 
MIP-1 α , and (CCL3) are chemotactic for macrophages, 
eosinophils, and basophils. MCP-1 and (CCL1) are chem-
otactic for macrophages and basophils. IL-8 and (CXCL8) 
are chemotactic for neutrophils, basophils, and to lesser 
extent eosinophils. Additionally, macrophage-released early 
cytokines likely induce epithelial cells and fi broblasts to 
release chemoattractants and growth factors (GM-CSF, IL-
8, (CXCL8), MCP-1, (CCL1), MCP-3, (CCL7), MCP4, 
(CCL13), MIP-1 α , (CCL3), RANTES, and (CCL9)) in 
patients with asthma            [112–115] . 

   Leukotrienes are perhaps the best studied macrophage-
produced mediators involved in the pathogenesis of asthma. 
Th e role of macrophage-derived leukotrienes remains uncer-
tain. Cysteinyl leukotrienes (LTC4, D4, and E4) are minor 
products of AMs when compared to LTB4 production          [51, 
53, 113] . Th is metabolic profi le argues against a role for AMs 
in LT overproduction in the lung. Alternatively, several fea-
tures favor a role for AMs in LT production. Th e cells are 
located on the airway surface, express plasma membrane 
IgE receptors, and secrete substantially more LTC4 than do 
PMN. Cysteinyl leukotrienes are known to promote mucus 
hypersecretion, airway infl ammation, and marked, prolonged 
contraction of smooth muscles in airways.  

    MACROPHAGES AND AIRWAY RESPONSES TO 
VIRAL INFECTION 

   Host innate immune responses to respiratory viral infec-
tions may play a crucial role in the pathogenesis of asthma. 
Th e site of initial viral replication is usually respiratory epi-
thelial cells and macrophages. Host defense against virus 
depends on the targeted death of infected cells and the sub-
sequent clearance of the cellular corpses by macrophages. 
Macrophages must avoid viral-induced death for this proc-
ess to be eff ective. CCL5–CCR5 interactions are required 
to prevent apoptosis of virus infected macrophages  in vivo  
and  in vitro . Infected macrophages must resist cell death 
to effi  ciently clear virus infected apoptotic cells from the 
lung. If this clearance process is disrupted, pathogens are 
not cleared and residual apoptotic cells including activated 
macrophages can cause further damage  [116] .   
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C H A P T E R            Eosinophils 

   Eosinophil   infi ltration of the airways is a charac-
teristic feature of obstructive pulmonary diseases 
in particular of bronchial asthma. But eosinophils 
have also been connected with chronic obstruc-
tive pulmonary disease (COPD) in at least a 
subgroup of patients. Initially, the function of 
eosinophils was almost exclusively related to their 
destructive activity mediated by the toxic eff ects 
of the eosinophil granule proteins. In the last 
two decades research work has made it clear that 
eosinophils also play important roles in immu-
nomodulation as well as in repair and remodeling 
processes. To describe the role of eosinophils in 
bronchial asthma or other eosinophilic diseases, 
we will fi rst review their functional properties and 
the regulation of eosinophil numbers. We will 
then focus on the potential role of eosinophils 
in the pathogenesis of bronchial asthma and 
COPD. However, as the reader will realize our 
current knowledge on the physiologic and patho-
genic role of eosinophils is still not complete. 

    MORPHOLOGY AND LOCATION 

   Among the leukocytes, eosinophils attract atten-
tion because of their characteristic appearance 
revealing a bilobed nucleus with highly condensed 
chromatin and a multitude of coarse granules. 
Eosinophils can easily be identifi ed because of 
their strong affi  nity to the acidic dye eosin in blood 
and tissues even when they are paraformaldehyde 
fi xed and paraffi  n embedded  . Th is characteristic 
inspired Paul Ehrlich to name these granular leu-
kocytes eosinophils after discovering them in 1879 
 [1] . Eosinophils are released from the bone mar-
row into the peripheral blood, where they  represent 
1–5% of the leukocytes with an upper limit of 

0.4      �      10 9 /l under normal conditions  [2] . Some 
laboratories list higher upper values, in particular 
in children (as high as 0.75      �      10 9 /l). Eosinophils 
circulate only a few hours in the peripheral blood 
before they enter the tissues, where they can sur-
vive for at least 2 weeks        [3, 4] . 

   Th e cytoplasmic granules are composed 
of four distinct populations, which can be 
identifi ed under electron microscopy: primary 
and secondary granules, small granules and 
lipid bodies  [5] . Th e primary granules contain 
g alectin-10, the Charcot-Leyden crystal protein, 
which binds lysophospholipases  [6] . Th e cyto-
toxic cationic proteins are stored in the second-
ary granules. Th ese granules are formed by a core 
containing major basic protein (MBP) and a 
matrix composed of eosinophil cationic protein 
(ECP), eosinophil peroxidase (EPO), and eosi-
nophil derived neurotoxin (EDN)  [7] . Mature 
eosinophils also house small granules stor-
ing proteins, such as arylsulphatase B and acid 
phosphatase. Th e lipid bodies contain arachi-
donic acid, the basic component for eicosanoid 
production  [8] . In addition, both the secondary 
granules and the lipid bodies store a number of 
cytokines, chemokines and growth factors  [5] . 

   In the absence of eosinophil-specifi c sur-
face markers  [9] , MBP and ECP are widely 
used as targets for immunohistochemical stud-
ies. Some investigations revealed that eosinophil 
granule proteins are present not only in the 
cells, but also in the extracellular spaces suggest-
ing eosinophil degranulation  [10] . In addition, 
receptors, which are almost specifi cally expressed 
by eosinophils, for example, CC chemokine 
receptor (CCR)3 and interleukin (IL)-5 receptor 
alpha, or the transcription factor GATA-1 can be 
used as markers to identify eosinophils. Recent 
research using fl ow cytometry and microarray 
assay techniques demonstrated that eosinophils 
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express typical surface molecule patterns consisting of CCR3, 
Siglec-8 (Siglec-F), FIRE (F4/80–like receptor), CD62 lig-
and, and paired Ig-like receptor A/B (Pir-A/B) at diff erent 
stages of diff erentiation and activation  [11] . 

   Under physiologic conditions, eosinophils are found in 
the bone marrow, the lymphatic organs such as spleen, lymph 
nodes, and thymus, and throughout the gastrointestinal tract 
except the esophagus  [12] . Recent studies reported the essen-
tial role of eosinophils in mammary gland branch formation 
 [13]  and maturation of the pubertal uterus in mice  [14] . In 
the gastrointestinal tract, numbers of eosinophils depend 
on the location as well as on the exposure to pathogens in 
asymptomatic individuals  [15] . Under normal conditions, 
the baseline levels of eosinophils are controlled by eotaxin-1 
 [16] . Moreover, in preinvolutional human thymi, eosinophils 
 [17]  and eosinophil precursors  [18]  have been identifi ed, the 
latter suggesting diff erentiation of eosinophils in the thymus. 
Eosinophils have been associated with major histocompat-
ibility complex (MHC) class I-restricted selection/deletion 
in the thymus, pointing to an immunomodulatory function 
under non-pathological conditions  [19] .  

    EOSINOPHIL FUNCTIONS 

   Th e view of eosinophil function has profoundly changed in 
the last two decades. Eosinophils have always been regarded 
as destructive eff ector cells that release toxic granule pro-
teins. Th e primary function of eosinophils has been related 
to the protection against helminth parasites  [20] . Th e obser-
vation that eosinophils surround parasites in the tissue as 
well as a number of in vitro and animal experiments revealed 
a direct role for eosinophils in killing parasites. Later it 
became clear that eosinophils also play a role in the patho-
genesis of helminth infections by causing tissue damage 
and organ dysfunction  [20] . Results of more recent research 
indicate that eosinophils play an important role in repair 
and remodeling processes after tissue damage as well as in 
immunomodulation  [21] . Interestingly, eosinophils produce 
and release a broad spectrum of cytokines, chemokines, and 
leukotrienes as well as express cell surface receptors for these 
mediators, suggesting autocrine and paracrine mechanisms 
in regulating eosinophil functions  [21] . Th e main eff ector 
molecules of eosinophils are summarized in  Fig. 12.1   . 

   Activation of eosinophils is required for their migra-
tion into the sites of infl ammation in the tissue, for the 
production and release of their granule proteins and lipid 
mediators, as well as for the generation of reactive oxygen 
species  [5] . Hematopoietins, such as IL-3, IL-5 and granu-
locyte-macrophage colony-stimulating factor (GM-CSF), 
increase functional responses of eosinophils to various 
agonists including lipid mediators, complement factors, or 
chemokines. Th is eff ect of hematopoietins is called priming. 

    Granule protein production and release 

   MBP is highly cytotoxic  [22]  and plays an essential role 
in host defense against helminth infection. Because of its 

cationic nature, it aff ects the charge of surface membranes 
resulting in disturbed permeability, disruption, and injury of 
cell membranes  [23] . At low concentrations, MBP stimu-
lates mediator production by other infl ammatory cells 
(discussed later). ECP and EDN have been identifi ed as 
ribonucleases  [24]  and possess antiviral activity  [25] . ECP 
damages target cell membranes through the formation of 
pores or transmembrane channels  [26] . Besides their ribonu-
clease activities, both EDN and ECP are potent neurotoxins 
 [27] . Eosinophils store abundant amounts of ECP and may 
release it upon repetitive stimulation with the same agonist, 
implying that mature eosinophils do not require signifi cant 
 de novo  ECP synthesis for secretion  [28] . EDN was demon-
strated to induce recruitment and cytokine release by den-
dritic cells  [29] . EPO is involved in the generation of toxic 
oxygen species as part of the respiratory burst. 

   Upon activation, eosinophils specifi cally release their 
granule proteins by exocytosis or degranulation  [30] . In 
classical exocytosis, single secretory granules are extruded to 
the cell exterior, whereas in compound exocytosis fusion of 
intracellular granules precedes their release through a sin-
gle fusion pore to eff ectively target surfaces as it has been 
shown for helminth infection  [31] . Piecemeal degranula-
tion has been identifi ed as mechanism by which cytoplas-
mic secretory vesicles containing cytoplasmic crystalloid 
granules with core components are released from eosi-
nophils. In addition, granule deposition in the tissue may 
occur after cytolysis of the eosinophil  [30] . A prerequisite 
for exocytosis is the docking of the vesicles/granules to the 
cell membrane mediated by membrane-associated proteins 
forming soluble NSF attachment protein (SNAP) receptors 
(SNAREs)  [32] .  
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 FIG. 12.1          Eosinophil eff ector molecules.    
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    Respiratory burst 

   Th e superoxide radical generation after activation of the 
NADPH oxidase complex presents a powerful weapon by 
which eosinophils dispose of pathogens; and this mecha-
nism is even more powerful than that in neutrophils  [33] . 
Activated NADPH oxidase catalyzes O 2  to O 2  

– , which 
enters further redox pathways to generate hydrogen peroxide 
(H 2 O 2 ) in the presence of superoxide dismutase, or hydroxyl 
and nitrogen dioxide radicals, after combining with nitric 
oxide. Th e granular protein EPO oxidizes bromide, nitrite, 
and thiocyanate in the presence of H 2 O 2 , which have the 
potency to disrupt cell membranes or cause intracellular oxi-
dant stress  [34] .  

    Cytokine production and release 

   Eosinophils are able to produce, store, and secrete a wide 
spectrum of cytokines and chemokines and thus may func-
tion as immunomodulatory cells. Although eosinophils are 
terminally diff erentiated cells, their capacity to generate 
cytokines can be quite intriguing. Eosinophils from nor-
mal individuals constitutively express IL-4 and IL-10 with 
further upregulation in response to infl ammatory signals 
 [35] . Both the cytokines as well as IL-2, IL-5, and IL-13 
are stored in the crystalloid core. Cytokines and chemok-
ines that may activate cytokine production by eosinophils 
are IL-3, IL-5, GM-CSF, interferon (IFN)- γ , tumor 
necrosis factor (TNF)- α , and complement factor C5a        [5, 
36] . In response to stimulation, eosinophils may produce 
proinfl ammatory cytokines, which may overlap the typical 
spectrum of both T helper 1 and T helper 2 cytokines, reg-
ulatory cytokines, and chemokines: IL-1, IL-3, IL-5, IL-6, 
IL-8, IL-12, IL-13, IFN- γ , tumor growth factor (TGF)- α , 
TGF- β , GM-CSF, TNF- α , macrophage infl ammatory pro-
tein (MIP)-1 α , regulated upon activation, normal T-cell 
expressed and secreted (RANTES) and eotaxin                [4, 5, 37–
40] . Recently, eosinophils have been shown to be involved 
in innate immune responses by expressing Toll-like recep-
tors  [41] . By generating IL-10 and TGF- β , eosinophils are 
suggested to modulate T regulatory cell function and sup-
press infl ammatory events  [21] .  

    Lipid mediator generation 

   In eosinophils, eicosanoid derivatives of arachidonic acid 
are generated by both cyclooxygenase and lipoxygenase 
pathways, which have been localized to the sites of the peri-
nuclear membranes and the cytoplasmic lipid bodies  [8] . 
Platelet-activating factor (PAF) as well as agonists of CCR3 
can initiate the  de novo  formation of lipid bodies  [8] . To 
synthesize leukotrienes (LT), eosinophils need to be both 
primed (e.g. by IL-3, IL-5, GM-CSF) and activated (e.g. by 
C5a, PAF)        [42, 43] . To reach the threshold needed to phos-
phorylate cytosolic phospholipase A 2  (PLA 2 ), a concurrent 
stimulation of G-protein-coupled receptor and cytokine 
receptor resulting in an activation of the mitogen-activated 
protein kinase (MAPK) cascade is required  [42] . Th e acti-
vation of PLA 2 , which also requires calcium, is essential 

for leukotriene generation  [42] . Because of their content 
of leukotriene C 4  synthetase, eosinophils are an important 
source of cysteinyl leukotrienes, predominatly LTC 4  and its 
active metabolites LTD 4  and LTE 4   [8] . Leukotrienes pos-
sess proinfl ammatory activities. Th ey may act intracellularly 
as intracrine signaling molecules, for example, in regulating 
IL-4 release  [8] . Leukotrienes may amplify the infl amma-
tory cascade, for instance by acting as chemotactic factors or 
by triggering the release of cytotoxic proteins.  

    Antigen presentation 

    In vitro  experiments have demonstrated that eosinophils are 
able to process antigens and express costimulatory molecules 
and MHC class II molecules, and therefore may function as 
antigen-presenting cells in stimulating T-cell responses  [44] . 
Whereas blood eosinophils from normal and eosinophilic 
donors do not express MHC class II molecules, HLA-
DR synthesis occurs following stimulation with specifi c 
cytokines including IL-3, IL-4, GM-CSF or IFN- γ         [44, 
45] . During transmigration into the tissues, HLA expres-
sion is further increased  [46] . By expressing costimulatory 
molecules, such as CD80 and CD86, eosinophils provide 
additional secondary signals for lymphocytes  [44] . However, 
the role of eosinophils as antigen-presenting cells to naïve 
T-cells is minor compared to dendritic cells  [47] .   

    REGULATION OF PRODUCTION, 
MIGRATION, AND SURVIVAL 

   Prerequisite for eosinophil infi ltration and function in the 
tissues is a precise regulation of their production, migration, 
and accumulation as well as activation ( Fig. 12.2   ). 

    Production 

   In the bone marrow, eosinophils are generated from 
CD34 �  hematopoietic progenitor cells under regulation 
of critical transcription factors especially GATA-1 and 
the eosinophilopoietins IL-5, GM-CSF, and IL-3  [4] . 
Eosinophils share this progenitor with basophils  [48] . IL-5 
specifi cally regulates the production rate and diff erentiation 
of the eosinophil lineage  [49] . Th e importance of IL-5 is 
evident from the studies of IL-5 defi cient mice, which are 
unable to develop eosinophilia upon allergen sensitization 
and challenge  [50] . In contrast, IL-5 transgenic mice exhibit 
extensive eosinophil production and tissue eosinophilia 
 [51] . Anti-IL-5 therapy of asthma patients was shown to 
lead to an inhibition of eosinophil maturation in the bone 
marrow and a decrease of eosinophil progenitors in the 
bronchial mucosa  [52] . Besides IL-5, IL-3 and GM-CSF 
have also been shown to increase eosinophil production 
 [53] . Whereas the release of eosinophils into the peripheral 
blood circulation requires IL-5  [54] ; the migration into the 
tissues under physiologic conditions is independent of IL-5 
and mainly under the control of eotaxin-1 as shown for the 
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gastrointestinal tract  [55] , the mammary glands  [13] , the 
uterus  [14] , and the thymus  [16] . Th e receptor for the CC 
chemokine eotaxin is CCR3, which is expressed on both 
CD34 �  progenitor cells and mature eosinophils        [56, 57]  
and can be upregulated during allergic infl ammation  [57] .  

    Migration into tissues 

   Priming of eosinophils circulating in the peripheral blood is 
a prerequisite for their transmigration through the endothe-
lial cell layer, which has been demonstrated for eosinophils 
of asthmatic patients in contrast to healthy individuals  [58]  
and in response to allergen challenge  [59] . Migration com-
prises a series of sequential events including rolling, adhe-
sion, and transmigration through the vascular endothelium. 
In the initiation and regulation of these processes a number 
of cytokines and chemokines are involved. 

   Th e initial steps of eosinophil recruitment are adhe-
sion mediated by interaction of the P-selectin-glycopro-
tein ligand (PSGL)-1 on eosinophils with P-selectin on 
endothelial cells and rolling, a process in which PAF and 
eotaxin are involved  [5] . While L-selectin is constantly 
expressed on eosinophils, P- and E-selectins on endothe-
lial cells are upregulated by the infl ammatory cytokines 
IL-1 and TNF- α   [36] . Th e fi rm attachment of eosi-
nophils to the endothelium is mediated by eosinophil sur-
face very late activation antigen (VLA)-4 (integrin  α 4 β 1) 
and CD11b/CD18 binding to vascular adhesion molecule 

(VCAM)-1 and intercellular adhesion molecule (ICAM)-1  , 
respectively  [36] . IL-4 was shown to induce the expression 
of the adhesion molecule VCAM-1, whereas IFN- γ  stimu-
lates ICAM-1 expression  [60] . Th e expression of VLA-4 on 
eosinophils, which signifi cantly contributes to eosinophil 
infl ammation in allergic responses, can be upregulated by 
eotaxin  [61] . After transmigration through the blood vessel, 
eosinophils enter the extracellular matrix where they bind to 
matrix proteins such as fi bronectin. Th is binding is mediated 
by integrins and selectins on the eosinophils. Eosinophils 
migrate into the tissue along chemokine gradients. Th eir 
movement is characterized by adhesion/deadhesion to extra-
cellular matrix proteins  [36] . 

   Eotaxin and RANTES are important chemokines 
for eosinophils and largely contribute to the movement of 
eosinophils from the peripheral blood to the sites of infl am-
mation  [62] . Th e principal receptor involved in eosinophil 
attraction is CCR3  [56] . In addition to eotaxin, RANTES 
and monocyte chemoattractant protein (MCP)-1, 2, 3, and 
4 may also bind to CCR3          [63–65] . IL-5 alone has weak 
chemotactic activity, but increases the eff ect of eotaxin by 
enhancing CCR3-mediated responses  [65] . Priming of 
eosinophils leads to an upregulation of additional chem-
okine receptors including CCR1, the receptor for MIP-1a, 
RANTES, and MCP-3  [66] . 

   Complement factors such as the anaphylatoxins C3a 
and C5a  [67]  as well as PAF  [68]  have also been implicated 
in eosinophil recruitment. Moreover, leukotrienes (LTB 4 ) 
and prostaglandins (PGD 2 ) were found to induce eosinophil 
chemotaxis        [69, 70] , whereas lipoxin A 4  blocks eosinophil 
traffi  cking  [71] . All these chemoattractants, C5a, PAF, 
LTB 4 , and PGD 2  can be produced and released by mac-
rophages that were shown to play a role in recruiting eosi-
nophils to the lung and peritoneal cavity during helminth 
infection  [11] . Th e T helper 2 cytokine IL-13 was shown to 
promote eosinophilia by increasing local IL-5 and/or eotaxin 
expression  [72] .  

    Survival 

   Tissue eosinophilia is regulated not only by recruitment of 
eosinophils from the bone marrow but also by eosinophil sur-
vival. Delayed apoptosis as a pathogenic mechanism has been 
shown in several eosinophilic diseases including asthma        [73, 
74] . However, resolution of infl ammation is associated with 
disappearance of eosinophils  [75] . Apoptotic eosinophils 
are taken up by macrophages  [75]  and epithelial cells  [76] . 
In addition, eosinophils may be cleared by transepithelial 
migration  [77] . In particular IL-5, but also IL-3 and GM-
CSF delay apoptosis and prolong eosinophil survival        [78, 3] . 
Recently, it has been shown that leptin may also block eosi-
nophil apoptosis  [79] . 

   Th e signaling events important for cytokine-medi-
ated antiapoptosis include activation of tyrosine kinases and 
signal transducers and activators of transcription (STAT) 
proteins resulting in the transcriptional activation of mem-
bers of the Bcl-2 and inhibitor of apoptosis proteins (IAP) 
families          [80–82] . IL-5 upregulates the antiapoptotic pro-
teins Mcl-1 and Bcl-xL, and inhibits translocation of 
proapoptotic Bax, resulting in an inhibition of the caspase 

 FIG. 12.2          Mechanisms and key players (bold) leading to eosinophilic 

infl ammation in asthma.    
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cascade and thus preventing apoptotic cell death        [83, 84] . 
Moreover, following IL-5 stimulation, normal blood eosi-
nophils express the antiapoptotic molecules survivin and 
cIAP-2  [82] . Although TNF- α  and TNF-related apoptosis 
inducing ligand (TRAIL) are death receptor ligands, they 
do not induce eosinophil apoptosis under normal condi-
tions    [85] . On the contrary, both TNF- α  and TRAIL were 
shown to prolong eosinophil survival        [86, 87] . Stimulation 
of CD137, another member of the TNF-family, which 
is expressed on eosinophils of allergic patients, by a spe-
cifi c antibody together with IL-5 or GM-CSF blocks the 
inhibitory eff ect of the survival factors on eosinophil apop-
tosis  [88] . Eosinophil death can be induced by interaction 
of the surface death receptors CD95 (Fas) and its ligand, 
CD95L (FasL), which is expressed by activated T-cells  [89] . 
Th erefore, T-cells, known as main producers of eosinophil 
survival factors, may also limit eosinophil expansion within 
infl ammatory sites  [90] .   

    ROLE IN LUNG DISEASES 

    Asthma 

   Eosinophilia in the blood and/or tissues is a feature of multi-
ple disorders. Although the initial cause and the organs vary, 
there are only the following two major pathways that medi-
ate eosinophilia: (1) a cytokine-mediated increased diff er-
entiation and survival of eosinophils (extrinsic eosinophilic 
disorders) and (2) a mutation-mediated clonal expansion of 
eosinophils (intrinsic eosinophilic disorders)  [2] . Th e most 
common cause of eosinophilia is the increased generation 
of IL-5-producing T-cells, as is observed in allergic diseases 
including bronchial asthma ( Fig. 12.2 ). 

   Th ere are a great number of reports in the literature 
demonstrating the correlation between asthma severity and 
levels of eosinophils and their products in blood, sputum, 
bronchoalveolar lavage fl uid, or bronchial biopsies  [91] . 
Eosinophils found in the airways of asthmatics are activated 
 [92] . Since clinical trials investigating monoclonal anti-IL-
5 antibody treatment in bronchial asthma provided rather 
disappointing results, a vehement controversy on the role of 
eosinophils in the pathogenesis of asthma started. Recent 
studies in genetically targeted mice showed that eosinophils 
are crucial for airway hyperresponsiveness and mucus accu-
mulation  [93]  as well as for airway remodeling  [94] . 

   Th e diff erent activities of eosinophils that contribute 
to the pathogenesis of bronchial asthma can be categorized 
as tissue destruction, remodeling, and immunoregulation 
( Fig. 12.3   ). During asthmatic infl ammation, eosinophils 
interact with leukocytes including lymphocytes, mast cells, 
dendritic cells, macrophages and neutrophils, as well as with 
resident tissue cells, such as epithelial cells, endothelial cells, 
smooth muscle, fi broblasts, and nerve cells  [21] . 

    Tissue destruction 

   Th e release of eosinophil granule proteins, such as MBP, 
EPO, ECP, and EDN, has suggested that the main eosinophil 

eff ector function, causing desquamation and d estruction 
of the epithelium, leads to airway damage and lung dys-
function        [21, 95] . MBP has been localized to the sites of 
epithelial damage and has been detected in the sputum 
of asthmatic patients  [40] . Eosinophils from asthmatic 
patients contain, and in response to IL-5 and GM-CSF 
release, signifi cantly higher amounts of EDN compared 
to healthy controls    [96] . Increased ECP levels in blood, 
sputum, and bronchoalveolar lavage fl uid of patients with 
bronchial asthma have been reported to correlate with air-
way obstruction and disease activity  [97] . Polymorphisms 
in the ECP gene are associated with the development of 
asthma  [98] . 

   Nitrotyrosine, a product of EPO, has been observed 
in the airways as well as in lung parenchyma of asthmatic 
patients        [99, 100] . Eosinophils from patients with various 
types of asthma were reported to excessively produce reac-
tive oxygen species  [5] . Th ese mechanisms may contribute 
to the damage of resident cells in the lungs. Patients with 
bronchial asthma have elevated levels of nitric oxide (NO) 
in their expired air  [101] , which is thought to refl ect the 
extent of eosinophilic infl ammation of the lower airways 
 [102] . Expired NO is used as diagnostic tool in monitoring 
asthma  [102] . Viral and non-viral infections are known to 
induce asthma exacerbations, in which an increase in blood 
and sputum eosinophil numbers often precedes deteriora-
tion of symptoms and lung function  [103] . In response to 
respiratory syncytial virus infection, epithelial cells of the 
airways express chemokines leading to the recruitment and 
degranulation of eosinophils  [104] . EDN and ECP are 
RNAses and were shown to function as anti-viral agents 
 [25] . However, granule proteins released during viral infec-
tion may also lead to bronchial hyperreactivity and asthma 
exacerbation in susceptible individuals        [25, 40] . 

   It should be noted that basic proteins are believed 
to have additional function. For instance, MBP has been 
described to induce histamine release from mast cells and 
basophils  [105] , eosinophil degranulation and cytokine (IL-8) 
production  [106] , as well as to increase neutrophil        [107, 108]  
and platelet functions  [109] . In addition, MBP and EPO 
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 FIG. 12.3          Possible roles of eosinophils in the pathogenesis of asthma.    
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were reported to increase bronchial hyperresponsiveness by 
binding to the muscarinic M2 receptors of bronchial smooth 
muscles resulting in a vagal overstimulation and bronchocon-
striction  [110] .  

    Remodeling 

   Eosinophils are involved in airway remodeling character-
ized by structural changes of the lung including epithelial 
hypertrophy, subepithelial deposition of extracellular matrix 
proteins in the lamina reticularis, mucus gland hypertrophy, 
airway smooth muscle hypertrophy, and vascular changes 
 [111] . Th e matrix deposition (collagen, fi brin) in the lungs 
observed upon prolonged allergen challenge was signifi -
cantly increased in wild-type mice compared to eosinophil-
defi cient  [94] . Many of the factors implicated in remodeling 
are expressed by eosinophils and have been found to be 
increased in asthmatic airway including fi broblast growth 
factor (FGF)-2, IL-4, IL-11, IL-13, IL-17, nerve growth 
factor (NGF), and vascular endothelial growth factor 
(VEGF)  [112] . In patients receiving anti-IL-5 antibody 
therapy, a reduced deposition of extracellular matrix proteins 
(tenascin, lumican, procollagen III) beneath the bronchial 
basement membrane has been observed, again suggesting 
an essential role of eosinophils in airway remodeling  [113] . 
Th is decrease of extracellular matrix proteins was accompa-
nied by a signifi cant reduction of TGF- β  expression  [113] . 
TGF- β  by autocrine–paracrine actions may stimulate eosi-
nophils to generate IL-11, another cytokine with fi brogenic 
potential, which has been found to be signifi cantly increased 
in the airways of asthmatics compared to healthy controls 
 [114] . Furthermore, eosinophils express IL-6, whose func-
tion has been related to tissue fi brosis  [114] . Since eosi-
nophil granule proteins interact with several resident cell 
types in the lungs, they are suggested to play additional 
roles in tissue remodeling. MPB interacting with IL-1 
and TGF- β  stimulates lung fi broblasts  [115] , while EPO 
products aff ect endothelial cells  [116] . By secreting metal-
loproteinases, especially matrix metalloproteinase (MMP)-
9, eosinophils may directly aff ect airway remodeling  [117] . 
MMP-9 has been found to be increased in severe persistent 
asthma and following allergen challenge  [118] . Th at eosi-
nophils play a role in the late-phase reaction and remod-
eling processes  [112]  is consistent with the observation that 
eosinophils are abundant in the submucosa of lung tissues 
from patients with slow-onset fatal asthma  [119] . 

   Eosinophils synthesize proangiogenic mediators 
such as VEGF and FGF-2 and thus are able to promote 
angiogenesis, which presents an additional important 
mechanism in chronic infl ammation and tissue remodeling 
 [120] . In bronchial biopsies of asthmatics, eosinophils are 
positively stained for VEGF and FGF-2  [121] . VEGF is 
released upon stimulation with GM-CSF and IL-5  [122] . 
Furthermore, eosinophils can promote angiogenesis directly 
by secreting extracellular matrix-degrading enzymes such as 
MMP-9 and heparanase  [123]  or indirectly by IL-8 secre-
tion enhancing MMP-2 and MMP-9 mRNA expression 
by endothelial cells  [120] . In contrast; VEGF produced 
by infl ammatory and structural cells such as macrophages, 
neutrophils, epithelial cells, fi broblasts, and smooth muscle 
cells, induces migration and mediator release by eosinophils 

expressing VEGF receptors  [124] . In a murine model of 
asthma, the administration of anti-VEGF receptor anti-
bodies reduced eosinophil infi ltration  [125] . Th e media-
tors, expressed by eosinophils during infl ammation, can also 
activate smooth muscle cells. For example, eotaxin-1 pro-
duced by eosinophils themselves can bind to CCR3, which 
is highly expressed on airway smooth muscle cells in asth-
matic lungs  [126] . Eosinophils have the capacity to gener-
ate IL-25, which has been detected in bronchial biopsies of 
patients with asthma, and is suggested to have remodeling 
functions by stimulating airway smooth muscle cells to 
express extracellular matrix components  [114] .  

    Immunoregulation 

   Th e infl ammation in asthma is characterized by T helper 
2 immune responses leading to increased production of 
cytokines such as IL-4, IL-5, IL-9, and IL-13. Since eosi-
nophils have been demonstrated to express these cytokines, 
they are suggested to be involved in sustaining a local T 
helper 2 immune microenvironment  [39] . Th is view is sup-
ported by the observation that in eosinophil-defi cient mice 
the production of T helper 2 cytokines is reduced in the 
lungs after allergen challenge  [93] . By producing cytokines 
associated with acute infl ammatory responses such as TNF-
 α , eosinophils may enhance the infl ammation in asthma 
 [36] . Eosinophils are an important source of the cysteinyl 
leukotrienes  [127] . In bronchial mucosa biopsies of asth-
matics, eosinophils overexpress LTC 4  synthetase  [128] . 
LTC 4  and its derivatives LTD 4  and LTE 4  were shown 
not only to increase mucus secretion  [129]  and bronchoc-
onstriction  [130] , but also eosinophil survival  [131] . In 
asthmatic patients, antigen challenge induces HLA-DR 
expression on recruited eosinophils, which enables them to 
function as antigen-presenting cells in stimulating T-cell 
responses        [132, 133] . Moreover, eosinophils provide cos-
timulatory signals for lymphocytes by expressing CD40, 
for which an increased surface expression has been found in 
atopic patients  [134] . Endobronchial eosinophils are able to 
process inhaled antigens, traffi  c to the regional lymph nodes 
where they stimulate CD4 �  T-cell responses  [135] . Th ose 
lymph node eosinophils phenotypically resemble dendritic 
cells and express MHC class II, CD80, and CD86  [136] .    

     Chronic obstructive pulmonary disease 

   In the pathogenesis of COPD, neutrophils, macrophages, 
and CD8 �  T-cells are considered as key eff ector cells        [137, 
138] . Th e presence and role of eosinophils in COPD is con-
troversial  [138] . For instance, airway eosinophilia has been 
reported occurring during acute exacerbations of COPD 
 [139]  and has also been observed in patients with stable 
disease  [140] . However, in one study, eosinophil numbers in 
induced sputum taken during a stable disease period were 
compared with those during an acute exacerbation in the 
same patients, and no diff erences have been observed  [141] . 
Eosinophilia in COPD has been linked to smoking  [142]  as 
well as to an asthmatic component  [143] . Moreover, a irway 
obstruction was observed to correlate with an increase in 
the number of activated eosinophils in the airways  [144] . 
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   Interestingly, eosinophilia in COPD does not seem to 
depend on IL-5  [145] , but is linked to an upregulation of 
RANTES  [146]  as well as eotaxin and CCR3  [147] . Th e 
production of RANTES may be induced by TNF- α , which 
is increased in acute exacerbations  [148] . Elevated levels of 
IL-6 and IL-8 were found in the sputum during exacerba-
tions of COPD correlating with the number of infl amma-
tory cells in particular eosinophils  [141] . IL-8, although 
usually associated with neutrophil chemotaxis, has been 
suggested to recruit and activate eosinophils in COPD 
       [139, 149] . 

   Th e principal mechanisms by which eosinophils 
contribute to airway infl ammation have been suggested 
as being similar to those in asthma  [148] . In patients with 
COPD, higher numbers of eosinophils have been found in 
bronchial biopsies compared to healthy controls accompa-
nied by increased eosinophil and ECP levels in bronchoal-
veolar lavage fl uid and induced sputum  [150] . In addition 
to ECP, EPO levels are raised in the sputum in patients 
with COPD  [151] . Moreover, several studies reported 
eosinophil infi ltration of the airway walls associated with 
increased amounts of ECP in bronchoalveolar lavage fl uid 
and induced sputum during exacerbations of COPD          [138, 
148, 152] . Since COPD exacerbations may be associated 
with viral infections, eosinophils are suggested to have a role 
in antiviral host defense, for example, by releasing ECP and 
EDN acting as ribonucleases  [138] . 

   Eosinophilic airway infl ammation is suggested to 
contribute to airfl ow obstruction and symptoms in patients 
with COPD  [143] . Th e patients with sputum eosinophilia 
are more likely to respond to corticosteroid therapy  [143] . 
Th erefore, sputum eosinophilia may be used as predictive 
marker in identifying patients who will benefi t from corti-
costeroid therapy  [153] .   

    ANTI-EOSINOPHILIC THERAPIES 

   Since eosinophils exhibit a multifunctional role in the patho-
genesis of asthma, therapeutic approaches aiming to reduce 
their numbers and/or activity seem promising. Th ere are sev-
eral potential mechanisms for how to do so: reduce eosinophil 
production, stop eosinophil migration into infl amed tissues, 
activate eosinophil apoptosis, prevent eosinophil priming and 
activation, stop generation and release of mediators, and/or 
antagonize them. Here, we shortly discuss established as well as 
new therapeutic options which specifi cally attack eosinophils. 

    Immunosuppressive therapy 

   Corticosteroids are widely used in the treatment of bron-
chial asthma and COPD. Although corticosteroids increase 
the rate of eosinophil apoptosis  [154] , their main eff ect on 
eosinophils appears to be due to inhibition of cytokine and 
chemokine production by leukocytes, such as T-cells and 
resident airway cells  [155] . Th e same mechanism is true for 
other immunosuppressive drugs such as cyclosporine.  

    Leukotriene antagonists 

   Leukotriene antagonists are well-established substances in 
the treatment of asthma that inhibit the eff ect of cysteinyl 
leukotrienes, which are generated in high amounts by eosi-
nophils, mast cells, basophils, macrophages, and monocytes 
during asthmatic infl ammation  [156] . A second way to 
interfere with leukotrienes is the inhibition of their genera-
tion by blocking the 5-lipoxygenase pathway  [157] .  

    Interferons 

   Th e treatment with low-dose IFN- α  was shown to be eff ec-
tive in the treatment of patients with severe corticosteroid 
resistant asthma with or without Churg–Strauss syndrome. 
Th e establishment of a correct T helper 1/T helper 2 bal-
ance as well as the induction of IL-10 are regarded as possi-
ble mechanisms  [158] . IFN- γ  therapy was shown to reduce 
blood eosinophil numbers in patients with severe steroid-
dependent asthma. However, physiological asthma param-
eters, such as FEV 1  and peak expiratory fl ow rates, did not 
improve upon treatment with IFN- γ  over 90 days  [159] .  

    Anti-IL-5 monoclonal antibodies 

   Th e fi rst study using a monoclonal antibody to IL-5 investi-
gated the eff ect and safety of a single dose of mepolizumab in 
patients with mild bronchial asthma  [160] . Although peripheral 
blood and sputum eosinophil numbers signifi cantly decreased, 
this treatment had no eff ect either on airway hyperresponsive-
ness before and after allergen challenge or on the allergen-
induced late asthmatic response. A second study, in which the 
same anti-IL-5 antibody was given over 3 months, demon-
strated that the expression of activation markers and T helper 
2-cytokine receptors on eosinophils as well as the number of 
circulating T-cells and their capacity for generating cytokines 
were not aff ected  [161] . Another antibody (SCH55700) was 
tested in patients with severe asthma. A single dose of this 
anti-IL-5 antibody resulted in a short improvement of baseline 
FEV1 and decrease of blood eosinophil numbers, but failed to 
improve asthma symptoms signifi cantly  [162] . Investigating 
eosinophil numbers at diff erent sites revealed that anti-IL-5 
therapy produced only a partial decrease of 52% in the bone 
marrow, and of 55% in the airways, but a 100% decrease in 
the peripheral blood  [163] . Th e anti-IL-5 antibody seemed 
to exclusively reduce mature eosinophils in the bone marrow 
and in the peripheral blood, whereas CD34 �     /IL-5 receptor �  
progenitor cells were not reduced  [52] . However, the observed 
decrease of eosinophil progenitor cells in the bronchial mucosa 
suggested that local eosinophilopoiesis was impaired upon 
anti-IL-5 therapy. Th e reason why a single anti-IL-5 treatment 
failed to improve asthma might be the redundancy of diff er-
ent cells and cytokines contributing to eosinophilia and asthma 
symptoms.  

    Anti-TNF- α  

   Th e proinfl ammatory cytokine TNF- α  plays a role in leu-
kocyte recruitment and activation. Although anti-TNF- α  
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therapy was shown to improve asthma symptoms, it did not 
aff ect the number of sputum eosinophils  [164] .  

    IL-12 

   IL-12 is a macrophage-derived cytokine that modulates 
T-cell responses and therefore might reduce eosinophilic 
infl ammation. Recombinant human IL-12, administered to 
patients with mild asthma in three increasing dosages over 
3 weeks, resulted in a decrease of eosinophil numbers in the 
peripheral blood and in the sputum after allergen challenge 
as well as in an improvement of the allergen induced airway 
hyperresponsiveness  [165] . However, severe adverse events 
leading to withdrawal were seen in 4 out of 19 patients.  

    Selectin antagonists 

   Because recruitment of infl ammatory cells from the periph-
eral blood into the airways is a characteristic feature of 
asthma, targeting selectins or their ligands is a promising 
approach in the treatment of asthma  [166] . Bimosiamose, 
a pan-selectin antagonist, was studied in patients with mild 
allergic asthma revealing an inhibitory eff ect on late-phase 
responses but not on airway hyperresponsiveness or exhaled 
NO after allergen challenge  [167] .  

    CCR3 antagonists 

   To block the principal chemokine receptor of eosinophils, 
the eff ect of a low-molecular weight CCR3 antagonist has 
been investigated in a mouse asthma model. Th is revealed 
promising results as it markedly reduced eosinophil infi ltra-
tion of the airways followed by a normalization of airway 
hyperresponsiveness, reduced mucus production and pre-
vention of airway remodeling  [168] . 

    Integrin inhibitors 

   Since intergrins are involved in migration of infl ammatory 
cells including eosinophils from the blood vessels into the 
tissues, antagonizing integrins off ers another promising 
treatment option for asthma or allergic diseases.  In vitro  
and  in vivo  experiments showed that a newly developed 
small molecule VLA-4 ( α 4 β 1 integrin) inhibitor may pre-
vent VLA-4/VCAM interactions resulting in reduced eosi-
nophil migration and infi ltration in the tissue  [169] .    
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C H A P T E R             The Lymphocyte in Asthma and COPD 

    INTRODUCTION 

   Asthma and chronic obstructive pulmonary 
disease (COPD) are chronic infl ammatory 
diseases of the airways that share a high prev-
alence and, when severe, impose a substan-
tial burden on aff ected persons and society at 
large. Although controversy has surrounded the 
extent to which these conditions may be related, 
distinct patterns of airway infl ammation have 
been described in the two conditions and evi-
dence for the participation of diff erent T-cell 
subsets in the pathogenesis of the two diseases 
is emerging. Th ere is, however, some evidence 
of convergence of the infl ammatory processes 
in advanced COPD and in severe asthma but, 
for the most part, there are clear and obvious 
diff erences. In particular, although the chronic 
infl ammatory infi ltrate in both diseases results 
in airway obstruction, obstruction is usually 
reversible in asthma, and is largely irreversible 
and progressive in COPD. Th ese key diff er-
ences in the pathophysiology of the two dis-
eases are due to the type and consequences of 
the infl ammation. Infl ammation is largely lim-
ited to the airways in asthma whereas both the 
airways and parenchyma are aff ected in COPD 
and in such a way that irreversible fi brosis of the 
small airways and parenchymal destruction with 
emphysema may result. Both diseases when 
fully established show evidence of an adaptive 
immune response with an excess of activated 
T-cells, but of diff erent phenotypes, secreting 
type 2 cytokines in asthma and type 1 cytokines 
in COPD. Descriptions of the immunopathol-
ogy of asthma as well as data from animal mod-
els leave little doubt about the central place of 
the CD4  �   T-cell in virtually all of the key fea-
tures of asthma, ranging from the characteristic 

eosinophil-rich infl ammation to bronchocon-
striction and tissue remodeling. T-cell cytokines 
recruit, activate, and enhance the survival of a 
range of infl ammatory cells that are the more 
direct mediators of the pathologic processes. 
Th e participation of the T-cell in COPD is rel-
atively less well understood but involves CD8  �   
T-cells to a greater extent. Both diseases are 
now known to have features mediated by an 
adaptive immune response to antigens, attribut-
able to inhaled soluble antigens in asthma, and 
to self-antigens either newly revealed or modi-
fi ed by tissue injury secondary to tobacco smoke 
in COPD. Why the mucosal immune system of 
the respiratory tract responds in such diff erent 
manners to the antigenic stimuli, and results in 
the distinct disease phenotypes is still not very 
clear. 

   In this chapter we will review the evi-
dence for the role of T-cells in the pathobiol-
ogy of these two major causes of morbidity and 
mortality. We will also discuss the additional 
roles for certain T-cell subsets, such as the 
potential eff ect of  γ  δ  T-cells in the maintenance 
of airway epithelial integrity, that extend the 
range of functions beyond the classical adaptive 
immune functions most commonly thought of 
in association with the T-cell.  

    HISTORICAL NOTE 

   Early preoccupations with the role of lym-
phocytes in asthma revolved around the role 
of B-cells in IgE production. It was observed 
as early as 1975 that human asthmatic subjects 
appeared to have a relative lymphopenia  [1]  and 

  13 
   James   G. Martin   and   

  Manuel G.   Cosio  

  Meakins-Christie Laboratories and the 
Respiratory Division, Department of 

Medicine, McGill University, Montreal, 
Quebec, Canada    



Asthma and COPD: Basic Mechanisms and Clinical Management

158

a defective T-cell response to stimulation by mitogens such 
as phytohemagglutinin and concanavalin A  [2] . B-cells 
from atopic subjects were shown to spontaneously synthe-
size IgE  in vitro  and T-cells from the aff ected individuals 
were much less inhibitory of this synthesis compared to T-
cells from unaff ected persons  [3] . Specifi c immunotherapy 
led to a correction of the reduced inhibitory T-cell subset 
 [4] . Subsequently elevated CD4  �   to CD8  �   ratios in the 
blood of asthmatic subjects was also interpreted as suggest-
ing a defi ciency of suppressor T-cell function in asthmatics 
 [5] . Diff erences in the ratio of CD4  �   to CD8  �   T-cells were 
noted following challenge of allergic asthmatic subjects as 
a function of whether the subjects demonstrated isolated 
early responses to challenge or had dual airway responses, 
with both early and late bronchoconstriction. Th e hypoth-
esis proposed was that CD8  �   T-cells were recruited from 
the blood to the airways and prevented the development of 
the late airway response in single responders  [6] . Activation 
of CD4  �   T-cells (surface expression of IL-2R, VLA-1, 
and HLA-DR) was also noted during acute asthma exac-
erbations  [7] . HLA-DR expression on cells in bronchial 
biopsies of stable asthmatics was correlated with airway 
hyperresponsiveness  [8] . 

   A more obvious link of T-cells to airway infl am-
mation emerged as evidence of the synthesis of high 
molecular weight chemotactic factors for eosinophils was 
obtained by injecting concanavalin A into the skin of a 
guinea pig    [9] . However, without doubt, the single most 
important step forward in understanding the place of 
T-cells in allergic airway infl ammation occurred with the 
description of Th 1 and Th 2 type CD4  �   T-cells in 1986 by 
Mosmann and colleagues  [10] . For the subsequent 20 years 
research on the role of the T-cell in asthma has focused sin-
gularly on the exploration of this paradigm. Indeed much 
of the infl ammatory process in allergic asthma is explained 
by this paradigm although added complexity has emerged 
as new subsets, such as regulatory T-cells, Th 17 cells,  γ  δ  
T-cells, and  i NKT cells that have been described, and have 
begun to be integrated into the pathogenetic schema of 
infl ammatory airway disease  . 

   Early observations on airway infl ammation in 
subjects with COPD revealed typical innate immune 
infl ammation. Young cigarette smokers were noted to 
have increased cellularity in the bronchoalveolar lav-
age (BAL) fl uid that was attributable to macrophages 
but few neutrophils were present  [11] , while older smok-
ers had increased numbers of both neutrophils and alveo-
lar macrophages  [12] . From these data originated the 
concept that the destruction of lung tissue resulted from 
the release of potent proteinases from these cells and 
the proteinase–anti-proteinase balance became the para-
digm for the pathogenesis of COPD for almost 40 years. 
Th e nature and mechanisms of infl ammation were recon-
sidered following the description by Finkelstein  et al . of a 
prominent T-cell infi ltration in the lungs of patients with 
COPD, the degree of which was strongly related to the 
extent of emphysema  [13] . Th ese fi ndings suggested new 
mechanisms for the pathogenesis of COPD through T-
cell involvement and prompted us to suggest that COPD 
might be an autoimmune disease triggered by cigarette 
smoking        [14, 15].   

    LYMPHOC YTES IN THE RESPIRATORY TRACT 

   Th e lymphocytes in the respiratory tract are present in the 
form of localized bronchus-associated lymphoid tissue 
(BALT) and the nasal-associated lymphoid tissue (NALT) 
that are organized lymphoid aggregates, comprising 
T- and B-lymphocytes that may mediate adaptive immune 
responses to inhaled antigens. BALT is present at bron-
chial bifurcations and may be responsible for the synthesis 
and secretion of immunoglobulins in response to antigenic 
stimulation. Humoral immune responses elicited by BALT 
are primarily IgA secretion. Th e BALT is in many respects 
analogous to mucosal lymphoid aggregates in the intestine 
that has important functions in regulating intestinal mucosal 
immunity (reviewed in  [16] ). Th e epithelial cells overlying 
the BALT lack cilia and appear to be equivalent to M-cells 
in the intestinal epithelium. Th e M-cells are derived from 
basal cells in the respiratory epithelium and, as in the intes-
tine overlying Peyer’s patches, have the capacity to selec-
tively phagocytose and pinocytose particles and molecules 
in their immediate environment. Lymphocytes are also dis-
tributed within the epithelium and more diff usely through 
the airway wall, invading all of the tissues in the setting of 
airway infl ammation.  

    INCITING STIMULI 

   Both asthma and COPD are diseases that involve infl am-
mation mediated by the respiratory mucosal immune sys-
tem. In asthma aeroallergens are the best characterized 
inducers of disease although other causes such as strong 
irritants (often mediating damage through oxidant injury) 
and viral illness are also of importance. Th ese same stimuli 
may trigger asthma attacks also. Th e place of the adaptive 
immune system in the pathogenesis of asthma caused by 
nonallergic mechanisms is not clear. It is possible that air-
way hyperresponsiveness may be induced as a result of air-
way remodeling from airway insults, bypassing the need for 
a major participation of adaptive immunity in the process. 
Model systems, based in recent years on murine and rodent 
models, have been heavily exploited to unravel the complex 
immunological reactions triggered by allergen. Th e literature 
is replete with references to murine asthma, for example, 
but it must be acknowledged that models based on a small 
number of allergen challenges model only a limited part of 
the disease. Growing literature on the role of viruses, such 
as respiratory syncytial virus and rhinovirus, will comple-
ment the results from allergen challenge to provide a more 
complete picture of the triggers and inducers of asthma. 
Likewise, the T-cell contribution to other forms of injury 
such as oxidant injury has received little attention. To date 
the mechanisms for activation of T-cells in asthma have 
dealt almost exclusively with allergic mechanisms. 

   Th e infl ammatory reaction to cigarette smoke is cen-
tral to COPD and the global initiative workshop summary 
for chronic obstructive lung disease (GOLD) defi nition of 
COPD states that   “ the airfl ow limitation is usually progressive 
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and associated with an abnormal infl ammatory response of the 
lungs to noxious particles or gases ” (GOLD Report update 2007,  
  www.GOLDCOPD.com    downloaded May 2008)   [17] . In 
both disease processes there is an important contribution of 
the innate immune response to the pathobiology and close 
links to lymphocyte function. Of particular importance is 
the dendritic cell, but macrophages and other cells may also 
play a role in conditioning the T-cell response. Cigarette 
smoke and other pollutants (ozone, NO 2 , diesel particles) 
produce an acute innate immune reaction in the lung as do 
the triggers of asthma. Th e epithelium is exposed to all of 
these triggers over its surface and through damage, stress, or 
stimulation via receptors, such as Toll receptors, is impor-
tant in initiating the response  . Th e present evidence suggests 
that, by sending  “ danger ”  signals in response to cigarette 
smoke, the epithelium is responsible for the initiation and 
possibly maintenance of the innate immune response seen 
in smokers. Over 2000 diff erent xenobiotic compounds 
have been identifi ed in cigarette smoke, and it has been esti-
mated that there are 10 14  free radicals in each puff  of ciga-
rette smoke  [18] . Not surprisingly, it has been shown that 
cigarette smoke is cytotoxic to epithelial cells and that the 
extent of injury produced is directly related to the concen-
tration of smoke to which the cells were exposed  [19] . 

   Th e sustained innate immune response found in the 
lungs of cigarette smokers (neutrophils, macrophages, eosi-
nophils, mast cells,  γ  δ  T-cells, dendritic cells, and perhaps 
natural killer (NK) cells), and their products (cytokines, oxy-
gen radicals, proteinases) are capable of producing matrix 
and cellular damage. Studies in mice have shown that after 
24       h of cigarette smoke exposure, measurable increases in 
desmosine, a marker of elastin breakdown and hydroxypro-
line, a marker of collagen breakdown, are found in BAL and 
their levels are correlated with the number of neutrophils in 
the BAL        [20, 21] . Evidence of connective tissue breakdown 
in human smokers also exists. Increased plasma and urine 
levels of elastin-derived peptides and desmosine        [22, 23]  
have been found in COPD patients when compared with 
nonsmokers        [24, 25] . However, the levels of elastin break-
down products are also elevated in smokers without COPD 
             [24, 26–29] . Smokers with rapid decline in lung function, 
likely to develop COPD, were found to excrete 36% more 
desmosine than low decliners  [30] . 

   However the protease–anti-protease imbalance 
paradigm by itself cannot explain why only some smok-
ers develop COPD. It might be closer to reality to consider 
the connective tissue breakdown as one of the many con-
sequences of the innate infl ammatory reaction triggered by 
smoking. Furthermore, these breakdown products or peptides 
once revealed to the immune system may be antigenic and 
be presented to T-cells, eventually triggering, in some smok-
ers, a T-cell adaptive immune response against lung antigens 
(autoimmunity), as has been recently shown  [31] . Th ere is 
extensive literature showing that infectious and environ-
mental agents have the potential to alter  “ self-proteins ”  that 
may then be recognized as antigens by the adaptive immune 
system. Among the important protein modifi ers present in 
smokers are free radicals/oxidative stress and xenobiotic 
agents which abound in cigarette smoke. Nitric oxide (NO) 
 per se  or following its conversion to peroxynitrite by super-
oxide or other reactive oxygen species (ROS) may produce 

mitochondrial damage, DNA strand breaks, structural/func-
tional modifi cation of proteins, and ultimately cell death. 
Oxidative modifi cation of proteins has been implicated in 
the immune mechanisms of rheumatoid arthritis, multiple 
sclerosis, and arteriosclerosis  [32] . Induction of organ-s pecifi c 
autoimmune disease following tissue trauma, infl ammation, 
and viral or bacterial infections has been frequently reported 
and likely occurs via tissue damage that results in the availa-
bility of previously hidden antigens or by molecular mimicry 
with viral or bacterial products  [33] . Infections also provide 
abundant cytokines that may aff ect the expression of co-
stimulatory molecules, an additional stimulus important in 
the perpetration of the immune response. 

   Airway or pulmonary parenchymal damage from ciga-
rette smoke could easily follow the same mechanisms. Th e 
tissue injury and potential modifi cation of self-proteins could 
generate antigens (e.g. release of cryptic antigens, modifi ed 
proteins, necrotic cells, apoptotic cells, etc.) and the associated 
innate immune infl ammation associated with smoking, could 
provide the necessary soluble mediators and co- stimulatory 
signals for the initiation or perpetuation of an adaptive 
immune response. Th at this is the case has been recently 
shown by Lee and coworkers who identifi ed elastin as an 
antigen responsible for the T-cell response in COPD  [31] . 
However in a disease like COPD in which multiple cells and 
tissues seem to be potentially injured, other cell products from 
necrotic, stressed, or apoptotic cells might also act as antigenic 
determinants. Whether a component of autoimmunity com-
plicates asthma is not known but it would not be altogether 
surprising since cellular damage and oxidative stress is also a 
feature of the disease. Th is has been recently shown in smok-
ers with COPD in which autoantibodies were found to bind 
at least three diff erent autoantigens  [34] .  

    MECHANISMS OF T-CELL ACTIVATION AND 
DIFFERENTIATION: MODEL SYSTEMS 

    Dendritic cells, CD4  �  , and CD8  �   T-cells 

   Adaptive immune responses are initiated by the dense net-
work of dendritic cells in and under the epithelium  [35] . 
Th ese cells have projections that appear to sample the air-
way luminal contents and can take up antigen for presen-
tation to T-cells ( Fig. 13.1   ). Th is presentation occurs in 
draining lymph nodes following maturation of the dendritic 
cells under the infl uence of cytokines such as granulocyte-
macrophage colony stimulating factor (GM-CSF). T-cells 
sample the dendritic cell surface for antigens in a more or 
less stochastic process. High levels of antigen on the cell 
surface shorten the time required for the T-cell to form 
stable contacts with the dendritic cell  [36] . In addition to 
dendritic cell–T-cell contact in the lymph nodes it has also 
been observed that T-cells come into contact with den-
dritic cells in the airway wall  [37] . Indeed following aller-
gen challenge there is a marked increase in the number of 
dendritic cells in contact with T-cells. Th is interaction may 
short-circuit the longer process that is otherwise required 
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and pr esumably is responsible for the rapid T-cell mediated 
response that follows allergen challenge  in vivo.  

   Following engagement with the dendritic cell the 
T-cell is activated, secretes IL-2, and expresses the IL-2 
receptor. Clonal expansion takes place and the T-cell phe-
notype is subsequently established in response to a variety of 
infl uences; cytokines, lipid mediators, and toll-like receptor 
(TLR) ligands all play a part in the latter phenomenon. Th e 
presentation of exogenous antigen in association with major 
histocompatibility complex (MHC) class II molecules leads 
to activation of CD4  �   T-cells with high-affi  nity antigen-
specifi c T-cell receptors ( Fig. 13.2   ). Th is is the predominant 
pathway activated by inhaled soluble antigens that com-
monly trigger allergic airway responses. Antigen produced 
intracellularly, such as may result from the infection or 
injury of pulmonary cells by virus or other agents like ciga-
rette smoke, is processed by diff erent intracellular pathways 
and presentation occurs in conjunction with MHC class I 
molecules  . CD8  �   T-cell activation results. Th e processing 
and presentation of soluble exogenous antigen to CD8  �   
T-cells in an MHC class I restricted manner is called cross 
presentation. Soluble antigens destined for cross presenta-
tion are taken up into early endosomes whereas those des-
tined for classical MHC class II restricted presentation are 
taken up in lysosomes  [38] . Heat shock proteins are released 
from cells undergoing lytic death, but not from cells dying 
of apoptosis  [39]  and necrotic cell lysates and also stressed 
cells have been reported to express cell surface HSP mole-
cules  [40]  that could activate dendritic cells directly through 
receptors including CD91  [41]  and TLR-4. Cell-associated 
proteins        [42, 43]  and  particulate antigens  [44]  are much 
more eff ective at class MHC I restricted CD8  �   T-cells 
priming than are simple soluble molecules. Cross presenta-
tion is also essential for proper stimulation and functional 
development of CD8  �   T-cell eff ector and memory function 
since these depend on the encounter of both CD4  �   and 
CD8  �   T-cells with the same dendritic cell and the release of 
stimulatory factors from the CD4  �   T-cell. Th ese e ncounters 

are not random but mediated by the upregulation of the 
chemokine receptor CCR5 on the CD8  �   T-cells, which 
directs these cells to sites of antigen-specifi c dendritic cell–
CD4  �   interaction where the cognate chemokines CCL3 
and CCL4 are produced  [45] .  

    Th1 and Th2 cells 

   Th e cytokine profi le secreted by the CD4  �   T-cell is of 
critical importance in directing the infl ammatory response, 
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whether typical of allergic infl ammation with a Th 2 cytokine 
predominance or delayed type hypersensitivity typical of 
Th 1-driven infl ammation. Th e factors that determine the 
Th 1 and Th 2 type responses are several. Th e dendritic cell 
has an important role through the secretion of IL-12 in 
the case of the induction of Th 1 responses and IL-4 and 
IL-10 in the case of Th 2 and T-regulatory cell responses. 
Respiratory mucosal dendritic cells preferentially trigger 
Th 2 responses, but after they have matured under the infl u-
ence of cytokines such as GM-CSF they express high lev-
els of MHC II, B7, and IL-12 and produce Th 1 responses 
 [46] . Concomitant pro-infl ammatory stimuli condition the 
dendritic cell and its subsequent interaction with the T-cell 
( Fig. 13.3   ). Signals mediated via the TLRs are among the 
important stimuli of this sort. Endotoxin-poor antigen trig-
gers Th 2 responses whereas a strong concomitant stimula-
tion of dendritic cells with lipopolysaccharide, for example, 
may convert the T-cell response into a Th 1 response  [47] . 
In contrast a TLR-2 agonist results in a Th 2 biased T-cell 
response  [48] . Recently it has been demonstrated that eosi-
nophils, through eosinophil-derived neurotoxin (EDN), 
are involved in the process of T-cell diff erentiation  [49] . 
EDN, a member of the RNase A superfamily, appears to 
be an endogenous ligand for TLR2. Cytokines also serve 
to condition the dendritic cell responses. Th ymic stromal lym-
phopoietin (TSLP) induces OX40 ligand on dendritic cells 
that subsequently evokes Th 2 cytokine production by CD4  �   
T-cells. Th ese cells produce TNF- α  and do not express IL-10, 
diff ering from those Th 2 cells that produce IL-10 as a part 
of their cytokine profi le  [50] . A problem with this paradigm 
for driving Th 2 responses was that TSLP appeared to be 
produced in peripheral tissues but not in the lymph nodes. 
Th is issue has now been resolved by the demonstration that 

basophils may be triggered by allergen to release TSLP in 
lymph nodes and thereby promote Th 2 cell diff erentiation 
in this site  [51] . 

   Signals that aff ect the T-cells are also important in 
directing the T-cell diff erentiation. It has been recognized 
for some time that IL-4 is important in creating a milieu 
that favors the development of Th 2 responses. Mast cells and 
NK cells, as well as T-cells themselves, are sources of this key 
cytokine. Indeed mast cells express most of the cytokines that 
control T-cell diff erentiation pathways and may potentially 
regulate T-cell fate decisions (reviewed in  [52] ). Furthermore, 
signals to the dendritic cell as exemplifi ed by TSLP and sig-
nals to the T-cell such as IL-4 synergize to produce, in this 
instance, a Th 2 response  [50] . It has long been known that 
the diff erent T-cell phenotypes exert counter-regulatory 
eff ects, IFN- γ  inhibits Th 2 cell development whereas IL-10 
inhibits Th 1 cell development. Cysteinyl leukotrienes which 
are an important feature of allergic reactions are produced 
by the dendritic cells and appear to favors Th 2 diff erentia-
tion through an autocrine action that modulates IL-10 and 
IL-12 production by the dendritic cell  [53] . Cys-LTs favors 
IL-10 production whereas inhibition of the Cys-LT1   recep-
tor favors IL-12 production and IFN- γ  synthesis by T-cells. 

   Other essential factors for Th 1 diff erentiation are the 
transcription factors T-bet and IRF1. T-bet not only induces 
Th 1 diff erentiation of naïve T-cells, but also  “  reprograms ”  
polarized Th 2 cells to produce the Th 1 cytokine IFN- γ  and 
negatively regulates the Th 2-specifi c transcription factor 
GATA-3 thus promoting the Th 1 polarization. A defi ciency 
of T-bet is associated with an exaggerated asthmatic pheno-
type in mice  [54] . 

   Th 1 and Th 2 subsets are functionally separated based 
on their cytokine profi les but certain types of chemokine 
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receptors are selectively expressed on either Th 1 or Th 2 
cells and appear to have an important place in determin-
ing the patterns of accumulation of T-cell subsets as a func-
tion of lung pathology. Th 1 cells express CCR5, CXCR3, 
and CXCR6  [55]  whereas Th 2 cells express CCR3, CCR4, 
and CCR8  [56] . TSLP acts on dendritic cells resulting in 
the synthesis of two chemokines, thymus and activation-
r egulated chemokine (TARC) and macrophage-derived 
chemokine (MDC) that serve as chemoattractants for Th 2 
cells through actions on CCR4. TARC is also expressed in 
other sites, such as the bronchial epithelium, and may con-
tribute to the selective chemoattraction of Th 2 cells to the 
airways in asthma  [57]  whereas interferon inducible protein 
10 (IP-10/CXCL10) may contribute to CD8  �   and CD4  �   
Th 1 cell recruitment in COPD  [58] . Th e expression of the 
chemokine receptors CXCR3, CCR5, and CXCR6 cor-
related with disease severity; moreover, the dendritic cells 
produced the respective ligands for these receptors, and the 
levels again correlated with disease severity in COPD  [55]   . 

   Th e elucidation of the roles of CD4  �   and CD8  �   
T-cell subsets in asthma has depended heavily on the use 
of small animal experimental models and either adoptive 
transfer or antibody depletion techniques. It is impossible 
to review the extensive literature in detail. Dependence of 
allergic airway responses on CD4  �   T-cells has been dem-
onstrated by the technique of adoptive transfer. T-cells 
isolated from the drainage lymph nodes of the site of sen-
sitization to allergen and administered to naïve recipients 
that undergo allergen challenge result in typical late aller-
gic responses  [59]  and airway hyperresponsiveness        [60, 61] . 
Conversely, CD4  �   T-cell depletion also abolishes airway 
responses to allergen challenge  [62] . It is now clear that 
mixed T-cell responses may occur in response to exposure 
to soluble antigen. Adoptive transfer of antigen-sensitized 
CD8  �   T-cells to naïve recipient animals that are then 
a llergen-challenged results in delayed airway narrowing and 
typical TR2-type cytokine expression  [63] . CD8  �   T-cells 
are also responsible for virally induced airway hyperrespon-
siveness in the mouse and the accompanying IL-5-driven 
eosinophilia  [64] . In these situations the CD4  �   and CD8  �   
cells share some common properties such as the secretion 
of eosinophilia-promoting cytokines. CD4  �   T-cells have 
also been implicated in airway remodeling in the allergic 
rat. Again using adoptive transfer, it was shown that the 
o valbumin-sensitized and challenged rat developed epi-
thelial remodeling and airway smooth muscle remodeling 
through hyperplasia and reduction in apoptosis  [65] . Th e 
capacity of ovalbumin stimulated CD4  �   T-cells to cause 
hyperplasia of isolated airway myocytes was demonstrated 
in culture, and was contact dependent. 

   Th e study of the roles of CD4  �   and CD8  �   T-cells 
in COPD lags years behind that of asthma. Until recently 
the evidence of the role of these cells in the immunity of 
COPD was mainly circumstantial. Recently it has been 
shown in mice exposed to cigarette smoke that the develop-
ment of pathological and functional emphysema is depend-
ent on the presence of CD4  �   and CD8  �   T-cells        [66, 67]  
and only the animals with emphysema showed signifi cant 
expression of Th 1 cytokines. In another study it was shown 
that mice depleted of CD8  �   T-cells had a blunted infl am-
matory response and did not develop emphysema when 

exposed to long-term cigarette smoke, indicating an impor-
tant role of these cells in the development of emphysema 
 [68] . Proof of the concept that CD4  �   T-cells, and autoim-
munity, may play an important role in COPD has been 
provided by demonstrating the induction of emphysema in 
naïve rats by the adoptive transfer of vascular endothelial-
sensitized CD4  �   T-cells from antigen-induced emphysema 
animals  [69] .  

    Tc1 and Tc2 cells 

   In addition to their cytotoxic properties CD8  �   T-cells 
also show distinct subsets [Tc1 ( Fig. 13.4   ) and Tc2] with 
cytokine profi les resembling the Th 1 and Th 2 patterns with 
IL-2 and IFN- γ  production and IL-4, IL-5, and IL-10 
production respectively  [70] . Th ese subsets termed Tc1 and 
Tc2 evoke similar degrees of delayed-type hypersensitivity 
reactions but the latter cells also cause a somewhat greater 
degree of eosinophilia  [70] .  

    Th17 cells 

   Th e Th 17 cells produce large quantities of pro-i nfl ammatory 
cytokines, most typically IL-17, and seem to be important 
in antibacterial responses and autoimmune diseases. Bacteria 
prime human dendritic cells to promote IL-17 production 
in memory Th  cells through the actions of muramyldipep-
tide (MDP) on the innate pathogen recognition recep-
tor nucleotide oligomerization domain 2 (NOD2). MDP 
enhanced TLR agonist induction of IL-23 and IL-1, pro-
moting IL-17 expression in T-cells  [71] . In mice, Th 17 
cells diff erentiate from naïve CD4  �   T-cells in response 
to transforming growth factor- β  (TGF- β ) and IL-6 and 
also require IL-23 for their maintenance or expansion. 
IL-23 signaling requires IL-12Rb1, a receptor compo-
nent shared with IL-12. Diff erences in signaling involving 
IFN- γ -induced transcription factor appear to determine 
whether CD4  �   Th 1 or Th 17 cells are produced  [72] . In a 
murine model, IL-17 is required during antigen sensitiza-
tion to develop an allergic phenotype, as shown in IL-17R-
defi cient mice  [73] . Th e increase in IL-17 expression with 
allergen challenge is inhibitory of the allergic response. 
Neutralization of IL-17 augments allergic responses 
whereas exogenous IL-17 reduces eosinophil recruitment 
and bronchial hyperreactivity. Eotaxin (CCL11) and TARC 
are downregulated by IL-17 as are IL-5 and IL-13 produc-
tion in regional lymph nodes. IL-4 plays an inhibitory role 
in the magnitude of IL-17 expression. IL-17 is also respon-
sible for a neutrophilic component to the bronchial infl am-
mation induced by allergen challenge of sensitized mice 
 [74] . Th 17 cells have not yet been reported in COPD but 
it would be surprising if they did not play a role in smokers 
since they have a crucial role in the induction of autoim-
mune tissue injury. Furthermore IL-6 whose expression is 
elevated in smokers has the potential to prevent the TGF- β  
mediated diff erentiation of T-cells into regulatory T-cells 
(Tregs) by inhibiting the expression of FOXP3 and induc-
ing the expression of IL-17  [75] .  
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    T-regulatory cells 

   Th ere is growing evidence that a signifi cant aspect of the 
infl ammatory reaction in the airways is caused by a failure 
of suppression of the response. Active regulation appears to 
be important to peripheral tolerance to allergens in nonal-
lergic individuals. In this regard Tregs are receiving sub-
stantial attention. A rapidly growing number of studies 
addresses the role of these cells in allergic processes and in 
models of asthma. Tolerance to allergens is associated with 
the synthesis of IL-10 and TGF- β  by FOXP3 expressing 
CD4  �  CD25  �   T-cells. Th e precise mechanisms by which 
T-cell inhibition is produced are still not well worked out. 
It appears that CD4  �  CD25  �   Tregs are capable of inhib-
iting allergic responses even if they are harvested from 
IL-10-defi cient mice and adoptively transferred into wild-
type mice. Th e suppression of the Th 2 responses is medi-
ated by IL-10 producing CD4  �   T-cells that are activated 
by the transferred Tregs  [76] . Intratracheal administration 
of CD4  �  CD25  �   T-cells inhibits allergic airway responses 
(airway hyperresponsiveness and infl ammation) through 
an IL-10-dependent mechanism acting through TGF- β  
expression. Th e T-cells required IL-10 treatment prior to 
transfer and even when unable to synthesize IL-10 them-
selves, they were still able to inhibit the allergic response 
 [77] . Th e infl ammatory process that follows allergen chal-
lenge in a murine model of allergic asthma and the ensu-
ing airway hyperresponsiveness can be attenuated by Treg 
cells that are recruited into the airway mucosa  [78] . Th ese 
cells appear after the initial infl ammation that is triggered 
by allergen inhalation and suggests that these cells may 
normally serve to limit the extent of the allergen-induced 
asthmatic reaction.  

     γ  δ  T-cells 

   Important T-cell subsets that do not share the usual T-cell 
receptor, such as the  γ  δ  TCR-bearing cells and NK T-cells, 
have substantial importance for pulmonary defense and air-
way function. T-cells expressing the  γ  δ  T-cell receptor have 
a particular association with mucosal epithelial surfaces, 
but what they do is still largely enigmatic  [1] . In contrast 
to  α  β  T-cells that recognize peptide antigens the  γ  δ  T-cells 
recognize small nonpeptidic molecules and in some cases 
nonclassical MHC molecules such as CD1.  γ  δ  T-cells are 
important in defense against intracellular organisms such as 
 Listeria, Pneumocystis carinii and Mycobacterium tuberculosis    
 [79] . However their functions extend beyond their innate 
immune defense properties. Th ese cells produce large quan-
tities of IFN- γ  and have been shown to potently downreg-
ulate IgE responses to sensitization        [80, 81] . As such these 
cells are important mediators of allergen tolerance. Th ey 
also synthesize trophic factors such as keratinocyte growth 
factor (KGF) that is important in epithelial cell regenera-
tion  [82] , at least in the small intestine and likely also in 
the airways. Th e administration of KGF is able to protect 
the epithelial barrier function in face of allergen chal-
lenge. IFN- γ  production by CD8  �    γ  δ  T-cells is potently 
inhibitory of late allergic airway responses in the rat  [83] . 
However, in the mouse there are both pro-infl ammatory 
and anti-infl ammatory properties associated with  γ  δ  T-cells. 
In OVA-sensitized and challenged mice,  γ  δ  T-cells express-
ing V γ 1 enhance airways hyperresponsiveness  [84] , whereas 
cells expressing V γ 4 strongly suppress airways hyperrespon-
siveness  [85] . Th e airways hyperresponsiveness-regulatory 
 γ  δ  T-cells had only minor eff ects on airway infl ammation 
in these experiments in contrast to rodent models where 
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they also inhibit Th 2 infl ammation. Cigarette smoking 
induces an increase of  γ  δ  T-cells both in human  [15]  and in 
mice  [66]  exposed to cigarette smoke, but their function in 
smokers is not clear.  

     i NKT-cells 

    i NKT cells express CD3 and an invariant T-cell receptor 
 α -chain (reviewed in  [86] ). Th ey respond to glycolipid anti-
gens that are presented by CD1d, and produce large quanti-
ties of IFN- γ  and IL-4  [87] . Th e role of  i NKT cells in host 
defense in the lung has largely been inferred from experi-
ments in knockout mice that lack  i NKT cells, which show 
increased susceptibility to a wide range of bacterial and viral 
pathogens and parasites. It has recently been proposed that 
 i NKT cells also have a role in asthma pathogenesis: experi-
ments with  i NKT-defi cient mice show reduced responses to 
sensitization and challenge that can be largely reconstituted 
by the adoptive transfer of  i NKT cells  [87] . In a murine 
model, when stimulated by  α -galactosylceramide  i NKT 
cells produce IL-13 and mediate airway hyperresponsive-
ness and eosinophilic infl ammation, providing an additional 
innate immune mechanism for an asthma phenotype  [88] .   

    T-CELL CYTOKINES IN MODELS OF 
ASTHMA AND COPD 

   Th e eff ects of the administration of cytokines to animals have 
been examined and provide some clues as to mechanisms of 
the links between the T-cells and airway responses. IL-2 
administered to naïve rats leads to airway hyperresponsive-
ness to inhaled methacholine  [89] . In high doses, it causes 
peribronchial edema and an eosinophilic airway infl am-
mation. Low doses of IL-2 augment allergic responses, in 
terms of both the magnitude of bronchoconstriction and 
the degree of eosinophilic infl ammation  [90] . Th e increase 
in late response is attributable to an increase in sensitivity 
to leukotrienes rather than by enhanced synthesis        [91, 92] . 
IL-4 is important in the sensitization phase to allergen in 
murine models and is necessary for allergen-induced airway 
hyperresponsiveness. However neutralization of its actions at 
the time of challenge does not abrogate hyperresponsiveness 
 [93] . In contrast, IL-13 is of importance to airway hyper-
responsiveness at the time of challenge to allergen          [94–96] , 
and its eff ects depend on intact signaling pathways for IL-13 
in the epithelium  [97] . How the epithelium transduces the 
eff ects of IL-13 is as yet unknown. Interestingly, the asthma 
phenotype caused by T-bet defi ciency in mice is also attrib-
utable to IL-13, both airway hyperresponsiveness and air-
way remodeling were ameliorated by neutralization of IL-13 
 [98] . IL-5 has been shown in some models but not in others 
to mediate airway hyperresponsiveness            [93, 99–101] . Recent 
studies help to clarify the issue of the controversial roles of 
IL-5 and eosinophilia in allergic asthma. When eosinophilia 
is absent, as in IL-5 and eotaxin-defi cient mice, or in mice 
genetically engineered so as to lack eosinophils specifi cally, 

there is an abrogation of the allergic responses and airway 
hyperresponsiveness        [102, 103] . However the mechanism 
appears to refl ect an attenuated Th 2 response and reduced 
expression of important cytokines such as IL-13. Th ese fi nd-
ings are perhaps explained by the eff ects of cationic proteins, 
such as EDN on immune responses, as reviewed above. Th e 
adoptive transfer of genetically engineered T-cells over-
expressing IL-10 is inhibitory of allergic airway responses 
and airways hyperresponsiveness  [104] , consistent with the 
emerging concept of this cytokine as an inhibitory cytokine 
when produced by T-cells in the airway. Th e induction of 
airway hyperresponsiveness by repeated ozone exposures has 
been recently demonstrated to require both IL-17 and NKT 
cells  [105] , expanding the range of pertinent stimuli that 
activate airway T-cells. 

   Th ere is evidence that CD8  �   T-cells in the lungs of 
COPD patients express IFN- γ   [106]  which would enhance 
the infl ammatory reaction in the lung in addition to that 
caused by their cytotoxicity. Transgenic overexpression of 
IFN- γ  causes emphysema in the murine lung and IFN-
 γ -defi cient mice are protected against cigarette s moking-
induced increases in alveolar cell apoptosis. Transgenic 
overexpression of IL-13, a critical cytokine in asthma, 
causes emphysema with enhanced lung volumes and com-
pliance, mucus metaplasia, and infl ammation, in the adult 
murine lung. Matrix metalloproteinase (MMP)-2, -9, -12, 
-13, and -14 and cathepsins B, S, L, H, and K were induced 
by IL-13 in this setting. In addition, treatment with MMP 
or cysteine proteinase antagonists signifi cantly decreased the 
emphysema and infl ammation, but not the mucus in these 
animals. Th ese studies demonstrate that IL-13 is a potent 
stimulator of MMP and cathepsin-based proteolytic path-
ways in the lung. Th ey also demonstrate that IL-13 causes 
emphysema via an MMP- and a cathepsin-d ependent 
mechanism(s) and highlight common mechanisms that 
may underlie COPD and asthma  [107] . Transgenic over-
expression of IL-18 also results in murine emphysema, and 
appears to result from the combined eff ects of both IL-13 
and IFN- γ  overproduction in the lung  [108] .  

    T-CELLS IN THE PATHOGENESIS OF 
ASTHMA: HUMAN STUDIES 

   T-cells are frequent in the airway wall. Most intraepithelial 
T-cells express CD8, whereas CD4  �   T-cells are more fre-
quently found in the lamina propria. Both subsets mainly 
have an eff ector- and/or memory-cell phenotype, as defi ned 
by their expression of CD45RO (reviewed in  [86] ). In 
asthma the number of T-lymphocytes in the airway wall 
increases substantially. In agreement with the paradigm for 
T-cell subsets defi ned on murine T-cell cytokine profi les, 
a predominance of Th 2 expressing CD4  �   T-cells has also 
been observed in the BAL cells from mild atopic asthmatics 
 [109] . Furthermore, Th 2 cytokine expressing cells increase 
in the BAL fl uid of asthmatic subjects following allergen 
challenge  [110] . In fact IL-4 and IL-5 mRNA express-
ing T-cells can be detected even in sputum samples from 
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 asthmatic subjects  [111] . Consistent with various cellular 
and animal models there is also an upregulation of GATA-
3, the principal transcription factor for Th 2 cytokines in 
asthmatic airway tissues  [112] . Lung lavage following seg-
mental allergen challenge of the airways of asthmatic sub-
jects has demonstrated that the CD4, CD8, and  γ  δ  T-cells 
all contribute to the Th 2 response through the expression of 
IL-5 and IL-13  [113] . 

   Bronchial biopsies from asthmatics are frequently 
positive for IL-5 mRNA expression that is related to the 
degree of eosinophilia and is consistent with a key role for 
this Th 2 cytokine is causing eosinophilia in asthma  [114] . 
In certain forms of occupational asthma involving low 
molecular weight sensitizers eosinophilia appears to be 
associated with IL-5 production by CD8  �   T-cells  [115] . 
Anti-IL-5 antibody administration markedly reduces eosi-
nophils in the sputum of asthmatics  [116] , and although 
tissue eosinophilia is aff ected also it is more resistant to the 
neutralizing antibody  [117] . It has been diffi  cult to demon-
strate therapeutic benefi ts of anti-IL-5 treatments on surro-
gates for asthma such as airway hyperresponsiveness or late 
allergic airway responses. However, favorable eff ects on tis-
sue matrix protein deposition were observed, likely through 
downstream eff ects on TGF- β , which is synthesized by 
eosinophils in asthma. Although it is widely believed that 
eosinophils are the major site of synthesis of cysteinyl leu-
kotrienes in asthma there is no formal proof that they are 
indeed responsible for the cysteinyl leukotriene synthesis 
associated with late allergic responses. 

   Other Th 2 cytokines, such as IL-4 and IL-13, are 
also expressed in the airway mucosa of asthmatic subjects, 
as is the Th 1 cytokine IFN- γ  and these cytokines are pre-
dominantly expressed in T-cells  [118] . Clinical trials of a 
soluble IL-4 receptor have demonstrated only minor thera-
peutic eff ects  [119] . A subsequent trial utilizing Pitrakinra, a 
recombinant mutant form of the wild-type human IL-4 that 
targets the eff ects of both IL-4 and IL-13, demonstrated 
that the late allergic airway response could be attenuated by 
inhalation of the biological  [120]   . Th ere is increasing rec-
ognition of alternative mechanisms of infl ammation medi-
ated by T-cells. Th e presence of a neutrophil-rich infi ltrate 
in some asthmatics is not well explained by the classical 
Th 2 paradigm. IFN- γ  is often associated with more severe 
asthma and the neutrophil chemoattractant CXCL8 (IL-8) 
is also found. Th e family of cytokines that includes IL-17 
may help shed light on these alternative patterns of infl am-
mation. IL-17 itself may also be a contributor to neutrophilic 
airway infl ammation. IL-17 mRNA can be found in asth-
matic sputum where it correlates with CXCL8 expression 
 [121]  and in bronchoalveolar lavage cells from asthmatic 
subjects ranging in severity from mild to severe  [122] . 

   Regulatory T-cells are being increasingly recognized 
to participate in infl ammatory diseases and may suppress 
infl ammation in asthma. It is a plausible hypothesis that 
defective inhibitory infl uences are as important in the gen-
esis of infl ammation as pro-infl ammatory pathways. Indeed 
induction of regulatory T-cells by an appropriate education 
of the mucosal immune systems in early life is now pro-
posed as an alternative hygiene hypothesis. Probiotics have 
been explored for their benefi cial eff ects on eczema but 
clinical trials in asthma are lacking and data on m odifi cation 

of T-cell populations in the respiratory mucosa are also 
required before any defi nite statement about such a strategy 
can be recommended. 

    i NKT cells have been recently implicated in airway 
pathophysiology. Th e extent to which fi ndings from murine 
models can be extrapolated to human asthma is unclear. 
Elevated numbers of CD4  �    i NKT cells have recently been 
reported in BAL from patients with asthma  [123] , but other 
studies have failed to confi rm these fi ndings and have con-
cluded that these cells are relatively uncommon, representing 
less than 2% of the T-cells in the airways in either asthmatic 
or COPD patients  [124] . Th erefore it is not clear how perti-
nent current fi ndings are to asthma in general. It is also not 
known what the appropriate stimulus for activation of  i NKT 
cells is or how these cells may be activated by aeroallergens. 

   Th e fi nal characteristic of asthma, namely remodeling 
has been linked to T-cell function in animals and human 
T-cells will also trigger proliferation of airway smooth 
muscle cells  [125] . Recent studies describe T-cells among 
smooth muscle bundles in asthma  [126] , but their pheno-
type and possible eff ects on airway smooth muscle structure 
or function are as yet unknown.  

    T-CELLS IN THE PATHOGENESIS OF 
COPD: HUMAN STUDIES 

   We now recognize that antigens, specifi cally elastin or its 
by-products (probably among others) derived from the 
injury of the lung by the innate infl ammatory response, are 
also an important trigger for the development of COPD. 
Th ese antigens are taken up by dendritic cells not in the 
larger airways, like in asthma, but deeper inside the lung, 
small airways, and parenchyma, where the lung tissue suf-
fers the most injury by cigarette smoke. Th ere is evidence 
in the literature that cigarette smoking is associated with 
an expansion in the dendritic cell population in the lower 
respiratory tract  [127]  and with a marked increase in the 
number of mature cells in the lung parenchyma  [128] . Th is 
is an indication that the lung response to cigarette-smoke 
exposure follows the established immune response design, 
including innate immunity and readiness for an adaptive 
immune response, if necessary. Th ere is a similarity between 
asthma and COPD in that they are both initiated by the 
presentation of soluble antigenic products to dendritic cells. 
However, very dissimilar infl ammatory patterns result from 
the dendritic cell–T-cell interaction. In asthma, the den-
dritic cell triggers a Th 2 T-cell response, while in COPD it 
results in a Th 1 and a cytotoxic CD8  �   T-cell response that is 
maintained and even progresses after the challenge by ciga-
rette smoke ceases. Th ese diff erences emphasize the impor-
tance of the dendritic cell, and its interaction with the antigen 
and the infl ammatory milieu in determining the fate of the 
resulting infl ammation and disease. 

   Th e study that initiated the present interest in the 
T-cell as a possible important cell in the pathogenesis of 
COPD was carried out by Finkelstein  et al . in 1995  [13] . 
Th ese authors used immunohistochemistry and  morphometry 
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to identify the infl ammatory cells infi ltrating the alveolar wall 
and to defi ne the extent of emphysema in smokers and non-
smokers undergoing lung resection. Th eir fi ndings were sur-
prising at the time, as they reported that the most prominent 
infl ammatory cell in the lung parenchyma of smokers was the 
CD3  �   T-lymphocyte that increased from a mean of 1546 
cells/mm 3  in nonsmokers up to 10,000 cells/mm 3  in smok-
ers. Furthermore, a clear correlation between the number of 
CD3  �   T-cells and the extent of emphysema was found, cer-
tainly suggestive of the protagonism of the T-lymphocytes 
in the pathogenesis of emphysema in smokers. Abundant 
but variable numbers of T-cells (CD3  �  ) together with other 
infl ammatory cells were also found in the small airways of the 
same patient population        [129, 130] . Interestingly the degree 
of airway reactivity, measured prior to surgery, correlated 
with the load of T-cells in the airways in smokers with cen-
trilobular emphysema (CLE), but not in panlobular emphy-
sema (PLE) or nonsmokers. Because similar total numbers 
of CD3  �   T-cells were present in the two forms of emphy-
sema, we speculated that the T-cells in CLE were behaving 
diff erently, possibly indicating a mixed phenotype of Th 1 and 
Th 2 subsets. In support of this possibility is the fi nding that 
Th 2 type cytokines IL-4 and IL-5 mRNA, typically found in 
asthma, are abundantly expressed by infl ammatory cells in the 
wall of large airways in some smokers with chronic bronchitis 
and COPD  [131]  and it is possible that clones of T-cells in 
smokers with CLE may express a Th 2 cytokine profi le that 
might induce airway reactivity in these cases. 

   Following the report by Finkelstein  et al.   [130]  pro-
posing a role for the T-cell in COPD, several authors iden-
tifi ed the CD8  �   T-cell as the predominant lymphocyte 
in the airways of smokers with COPD        [132, 133] . Saetta 
showed that the only signifi cant diff erence in the infl am-
matory cell infi ltrate in asymptomatic smokers and smokers 
with COPD was the increase in CD8  �   T-cells in the small 
airways of patients with COPD. Furthermore, the number 
of CD8  �   T-cells were negatively correlated with the degree 
of airfl ow obstruction, as measured by the FEV 1 , again sug-
gesting a possible role for these cells in the pathogenesis of 
the disease. CD4  �   T-cells are also found, albeit in smaller 
numbers, in the airways of smokers with COPD and these 
cells express IFN- γ  and activated signal transducer and 
activator of transcription 4 (STAT 4), a transcription factor 
that is essential for activation and commitment of the Th 1 
lineage. Th e number of T-cells expressing activated STAT 
4 correlated with the degree of airfl ow obstruction  [134] . 
Th ese fi ndings go along with the previously mentioned 
expression of CXCR3 and CCR5 by CD4  �   and CD8  �   
T-cells and the ligand IP-10 and MIG in lung tissue and 
strongly support the idea that COPD is mediated by an 
active Th 1 immune reaction in the lung comprising both 
CD8  �   and CD4  �   T-cells. 

   Majo while studying lungs from nonsmokers and 
smokers obtained at surgery found that the CD8  �   T-cells 
are also the predominant T-cells infi ltrating the alveo-
lar wall in smokers with COPD        [15, 133] , although 
CD4  �   T-cells are also increased        [15, 135] . Furthermore, 
the number of both CD8  �   and CD4  �   increased with the 
amount smoked in smokers with COPD, but not in healthy 
smokers, indicating that the CD4  �   T-cell are also involved 
in the infl ammatory process in COPD. Majo  et al . also 

q uantifi ed and found an increased number of apoptotic cells 
in the lungs of smokers with COPD which correlated with 
the numbers of CD8  �   cytolytic T-cells in the alveolar wall 
 [15] . Th is and other reports, showing an increased number 
of structural lung cells undergoing apoptosis in emphy-
sematous lungs  [136]  support the idea that CD8  �   T-cells 
are inducing apoptosis of endothelial and epithelial cells in 
emphysema. 

   Th e predominance of CD8  �   T-cells over CD4  �   
T-cells in the lungs of patients with COPD, resembles 
the infl ammatory reaction seen in many viral diseases 
like Epstein-Barr and LCMV virus in which the num-
bers of CD8  �   T-cells are much greater than the CD4  �  . 
Cell-associated proteins        [42, 43]  and particulate antigens 
 [44]  usually presented with HSP and apoptotic cells pre-
sented by phagosomes, are much more eff ective at MHC 
class I restricted CD8  �   T-cells priming than are simple 
soluble molecules and it can be speculated that these anti-
genic forms mimic the tissue debris associated with cell 
injury or viral infections  [40]  stimulating a larger CD8  �   
proliferation. 

   Th e relatively mild infi ltration with CD8  �   and 
CD4  �   T-cells found in patients with mild to moderate 
disease increases markedly in the lungs  [135]  and airways 
of severely diseased patients. All infl ammatory cells, except 
B-lymphocytes, were found to be increased in the lungs of 
patients with severe emphysema, even though these patients 
had not smoked more than the control subjects. By far, 
the more numerous cells were the CD4  �   and the CD8  �   
T-cells but neutrophils, macrophages, and even eosinophils 
were also increased. Th ese studies are of importance show-
ing that, in COPD, infl ammation with an abundance of 
T-l ymphocytes and other infl ammatory cells continues late 
into the disease process. 

   An important fi nding in one of these studies was 
that the average duration of smoking cessation in the 
severe COPD subjects was 9.2 years  [137]  indicating that 
the adaptive immune system continues to be involved after 
smoking cessation, a phenomenon typically found in other 
autoimmune diseases. In favor of this possibility is the recent 
fi nding of oligoclonality of T-cells in the lungs of patients 
with COPD, a fi nding supportive of the idea that these 
cells are accumulating in the lung secondary to antigenic 
stimulation. If correct, COPD may be considered to have an 
autoimmune component to its pathogenesis that is triggered 
by smoking, as previously suggested          [14, 15, 138] . 

   Supporting the idea of COPD as an autoimmune dis-
ease is the key paper by Lee and colleagues characterizing 
antielastin antibodies and T-helper type Th 1 type responses 
in human subjects, which correlate with emphysema sever-
ity  [31] . In response to elastin peptides, but not collagen, 
T-cells from smokers with COPD produced IFN- γ  and 
IL-10 but no IL-13 and these responses were decreased 
by blocking MHC class II molecules. A humoral response 
was also found in these patients that showed circulating 
antibodies against elastin but not collagen, fi ndings that 
implicate not only the T-cell but the B-cell in the autoim-
mune reaction in COPD. T-regulatory cells have been well 
described in COPD and they may play an important role 
in the development of COPD in smokers. Lee  [31]  and 
Barcelo  [139]  have shown a lower number of Tregs in the 
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lungs of smokers with COPD when compared with non-
smokers. Furthermore smokers with normal lung function 
had signifi cantly higher Tregs in the lung than nonsmok-
ers, suggesting an enhanced protective role by these T-cells, 
possibly controlling the development of autoimmunity 
and disease in smokers with normal lung function. It has 
been shown that CD8  �   expressing  γ  δ  T-cells have immune 
regulatory properties and might play a role in the develop-
ment of COPD in some smokers. Pons described that, as 
seen with Tregs, smokers with normal lung function have 
increased numbers of  γ  δ  CD8  �   T-cells in the lungs while 
smokers with COPD do not  [140] . Th ese fi ndings sug-
gest a possible dysregulation of tolerance in smokers with 
COPD.  

    B-CELLS IN ASTHMA AND COPD 

   About one-third of adult patients with asthma are classifi ed 
as nonatopic and they often suff er from more severe disease. 
Th e popular term intrinsic asthma became unpopular fol-
lowing the observation that IgE was elevated compared to 
control subjects in all asthmatics, irrespective of the skin test 
reactivity  [141]  which tends to wane with age. Th e systemic 
reaction to sensitization with the expression of specifi c IgE 
refl ects an important B-cell contribution to this disease 
and there has been renewed interest in the contribution of 
IgE to asthma since the introduction of antibody treatment 
directed against IgE. Some further insights into the poten-
tial role of IgE have been obtained through recent observa-
tions examining IgE synthesis locally in airway tissues. IgE 
is characterized by its  �  heavy-chain and it is produced after 
heavy-chain switching in B-cells from IgM, IgG, or IgA to 
IgE. Th e switch to IgE is initiated by the cytokines IL-4 
or IL-13, produced principally by T H 2 cells, which drive  �  
germline gene transcription. Local IgE synthesis was fi rst 
shown to occur within the nasal mucosa of patients with 
allergic rhinitis  [142] . More recently immunopathological 
comparisons of bronchial biopsies from atopic and nonat-
opic patients with asthma have demonstrated expression 
of  �  germline gene transcripts and expression of the high 
affi  nity IgE receptor, Fc � RI mRNA. Evidence acquired by 
the examination of bronchial biopsies from atopic and non-
atopic patients with asthma and appropriate controls sug-
gested elevated synthesis of mature IgE in the asthmatic 
bronchial mucosa by local B-cells. It was argued that local 
IgE synthesis may well account for most, if not all, biologi-
cally signifi cant IgE production, and circulating IgE may 
refl ect spillover of IgE from synthesis at mucosal sites. It is 
therefore quite possible that synthesis of bronchial mucosal 
IgE contributes to both atopic and nonatopic asthma, mak-
ing distinctions based on skin reactivity unnecessary and 
uninformative, except where it is necessary to document 
systemic sensitization as may be required in cases of occu-
pational asthma. Th ese observations also raise questions 
about current criteria for the restriction of monoclonal anti-
IgE antibodies, such as omalizumab, to patients that are 
more obviously atopic. Clearly further studies are required 
in this area to clarify the situation. 

   B-cells have been shown to also play an important 
role in COPD. Lymphoid follicles containing monoclonal 
B-cells, dendritic cells, and T-cells, predominantly CD4  �  , 
have been recently described in the airways  [143]  and 
parenchyma  [144]  of patients with COPD and also in mice 
with cigarette smoke-induced emphysema. Th ese follicles 
function as inducible secondary lymphoid tissue for immune 
responses, where antigen presentation can be accomplished 
without lymphatic node migration. Th is could explain why 
dendritic cells found in the lungs of COPD patients express 
markers of maturation, such as CD80 and CD86  [145]  but 
not CCR7 the homing receptor for lymph nodes  [146] . It 
has been suggested that lymphoid follicles may develop 
in relation to microbial colonization and infection occur-
ring in the later stages of COPD. However no bacterial or 
viral products were seen in the follicles suggesting that the 
B-cells in the follicles, which are monoclonal, proliferate in 
response to specifi c lung antigens. Th e recent demonstra-
tion of IgG autoantibodies with avidity for epithelial and 
endothelial cells along with the deposition of antigen–anti-
body immune complexes and complement in the lungs of 
patients with COPD further support this interpretation. 
Altogether these fi ndings fulfi ll the conventional criteria 
that defi ne the presence of antibody responses against self-
antigens as autoimmunity  [34] . Furthermore since the B-
cells were producing IgG antibodies the participation of the 
CD4  �   T-cells primed for the same antigens as the B-cell is 
essential and suggest that a complex immunological process 
involving CD4 and CD8 T-cells along with the deposition 
of immune complexes and complement are involved in the 
mechanism of lung destruction in COPD.  

    CONCLUSIONS 

   Th e role of the T-cells in mediating the defi ning characteris-
tics of asthma is still unclear. Airway infl ammation is associ-
ated with fi ndings that are quite consistent with the fi ndings 
from animal models. Th 2 type infl ammation follows aller-
gen challenge as expected. However, in certain subsets of 
asthma, such as severe asthma, there is often a neutrophilic 
infl ammation and expression of cytokines and chemokines 
that are not associated with allergen-driven Th 2 models. 
Airway hyperresponsiveness continues to defy elucidation 
and it likely has multiple causes. In acute murine models 
IL-13 is the best single cytokine candidate to explain aller-
gen-induced changes in airway responsiveness. However, it 
is likely that complex cascades are involved in such reactions 
in human asthma and that airway hyperresponsiveness is 
the expression of these diverse pathways. While the under-
standing of the mechanisms of COPD has lagged behind 
the exploration of the infl ammatory basis for asthma it is 
now clear that an antigen-driven adaptive immune reac-
tion is also crucial in the production of the disease. It should 
be clearly understood that new emphasis on the adaptive 
immune response involving T-and B-cells does not detract 
from the importance of the innate immune infl ammation, 
neutrophils, macrophages,  γ  δ  T-cells but rather completes 
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the picture. Th ese cells are responsible for the initial tis-
sue injury and the production of antigens that result in the 
subsequent adaptive immune response. Th e autoimmune 
paradigm in COPD could explain why only a proportion 
of smokers develop COPD. Immunological tolerance based 
on Tregs is not an all or none phenomenon but may show 
various degrees of effi  cacy, so that disease may occur in the 
susceptible subject  [147] . Diff erent degrees of tolerance to 
self-antigens could explain the variable T-cell infl amma-
tion, wide range in function, and disease severity in response 
to similar degrees of cigarette exposure in smokers. Auto-
immunity in COPD could also contribute to the widely rec-
ognized systemic manifestations of this disease. Hopefully 
the increased understanding of the mechanisms of these 
diseases will provide improved treatment options in time.   
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C H A P T E R

              

    The Neutrophil and Its Special Role in 

Chronic Obstructive Pulmonary Disease 

    INTRODUCTION 

   Th ere is a substantial body of evidence to support 
the hypothesis that the neutrophil is the primary 
eff ector cell in chronic obstructive pulmonary 
disease (COPD) and that neutrophil proteinases, 
especially neutrophil elastase (NE), are responsi-
ble for the main pathological features seen. 

   Studies have shown that patients with 
COPD have increased numbers of neutrophils 
in sputum        [1, 2]  and bronchoalveolar lavage 
fl uid (BALF)  [3]  compared with asympto-
matic smokers, and that the percentage of neu-
trophils in BALF is higher in patients with the 
greatest degree of airfl ow obstruction        [4, 5] . 
Furthermore, in a recent study of bronchial 
biopsies, small airways intraepithelial neutrophil 
counts were greater in patients with COPD 
compared with both smoking and nonsmoking 
controls, and correlated with airway obstruc-
tion  [6] . Increased neutrophil counts have been 
found in the bronchial walls and in the BALF 
samples from patients during exacerbations of 
COPD        [7, 8] , with increased neutrophil seques-
tration in the pulmonary microcirculation and 
such episodes relate to subsequent progression 
of airfl ow obstruction  [9] . Resolution of the 
neutrophilic infl ammation occurs approximately 
5 days after appropriate treatment of the exac-
erbation, which coincides with clinical recovery 
 [10] . In addition, a recent study by Donaldson 
 et al.   [11]  reported that patients with higher 
numbers of neutrophils in sputum had a faster 
decline in FEV 1  compared with those with 
lower neutrophil counts, losing approximately 
1% more than predicted each year. 

   Furthermore Parr  et al.   [12]  demonstrated 
that baseline markers of neutrophilic infl amma-
tion relate to subsequent decline of lung f unction 

and CT quantifi cation of emphysema over the 
subsequent 4 years. Gas transfer (the most direct 
physiological measure of emphysema) has been 
shown to be inversely proportional to the lev-
els of neutrophil-associated markers, such as 
myeloperoxidase and human neutrophil lipoca-
lin, in patients with COPD  [13] . Both clinical 
and subclinical emphysema (noted on HRCT) 
are associated with an increase in NE and other 
neutrophil proteins in BALF        [14, 15]  and in 
established emphysema, severity is propor-
tional to NE immunoreactivity in tissue  [16]  
and enzyme activity in BALF  [17] . Finally, both 
neutrophil counts and NE concentration appear 
to decline with smoking cessation  [18]  which is 
consistent with the benefi ts of this intervention. 

   COPD, while primarily a lung disease, is 
associated with increased co-morbidity includ-
ing cardiovascular disease and systemic pathol-
ogy such as muscle wasting and dysfunction. 
It has been hypothesized that persistent low 
grade infl ammation may drive the co-morbidity 
and the systemic eff ects noted with this disease 
 [19] . Th e systemic manifestations of COPD are 
important, as they are not only associated with 
increased morbidity, but are also predictive of 
disease outcome, especially body mass index 
(BMI) which forms part of the BODE index 
(body mass, airfl ow obstruction, dyspnea, and 
exercise capacity)  [20] . Th ere is controversy con-
cerning whether increased and sustained pul-
monary infl ammation causes increased systemic 
infl ammation. However C-reactive protein 
(CRP) (a generic marker of systemic infl amma-
tion) is raised in patients with COPD compared 
to healthy controls  [21]  irrespective of cigarette 
smoke exposure and ischemic heart disease (an 
independent cause of a raised CRP). It is unclear 
whether these systemic changes are incidental or 
driven by pulmonary i nfl ammation. In a recent 
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study of 16 patients with moderate to severe COPD, a rela-
tionship was present between absolute sputum neutrophil 
counts, CRP, and BMI less than 21 (see  Fig. 14.1   ). Th ese 
data indicate an association between the neutrophil load in 
the lungs and systemic manifestations of the disease, again 
highlighting the central role of this cell in many aspects of 
COPD. 

   Th e neutrophil was fi rst implicated in the pathogen-
esis and progression of COPD in 1963, where it was noted 
that severe emphysema in early adulthood was linked with a 
defi ciency of alpha 1 antitrypsin ( α  1 -AT), the serum inhibi-
tor of the proteolytic enzyme NE  [22] . Since then, the 
Proteinase/ Anti-proteinase theory has dominated research 
in COPD. Th is states that in health, proteinase activity is 
controlled by anti-proteinases, such as  α  1 -AT and secre-
tory leukocyte proteinase inhibitor (SLPI), thereby limit-
ing tissue damage. In COPD, an imbalance is believed to 
exist, either from the increased activity of proteinases or a 
real or functional defi ciency in anti-proteinases, which leads 
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 FIG. 14.1          The relationship between BMI and absolute sputum neutrophil 

counts in patients with moderate to severe stable COPD and chronic 

bronchitis. The relationship between absolute sputum neutrophil counts 

and BMI in 12 patients with stable moderate to severe COPD according 

to GOLD criteria and chronic bronchitis. Neutrophil counts were obtained 

from spontaneous sputum samples produced over 4       h from waking; 

 r       	       �     0.8,  p       	      0.01.    

 TABLE 14.1          Overview of neutrophil serine proteinases.  

     Neutrophil elastase  Cathepsin G  Proteinase 3 

   Size  218 amino acids  235 amino acids  222 amino 

acids 

   Mass (kDa)  39  28.5  29 

   Substrate 

specifi city 

 Val – Xaa  �  Ala 

– Xaa 

 Aromatic acids 

in P1 position 

 Same as NE, 

accepts basic 

amino acids in 

P1 position 

   Elastolytic 

activity 

   20% potency 

of NE 

 40% potency 

of NE 

 TABLE 14.2          Endogenous inhibitors of neutrophil proteinases.  

   Inhibitor  Source  Target proteinase  Inhibition 

   Alpha 1antitrypsin  Produced in the liver

Found in serum 

 NE, CG, PR3  Irreversible 

   Alpha 1 antichymotrypsin  Liver and macrophages  CG  Reversible 

   Alpha 2 macroglobulin  Liver and macrophages  NE, CG, PR3, MMP-8, MMP-9  Irreversible 

   Secretory leukoproteinase inhibitor  Mucosa  NE, CG  Reversible 

   Elafi n  Mucosa  NE, PR3  Reversible 

   Monocyte-neutrophil elastase inhibitor  Neutrophils/monocytes  NE, CG, PR3  Irreversible 

   Tissue inhibitors of 

metalloproteinases 

 Many cell types including epithelial 

cells, fi broblasts, neutrophils, and 

monocytes 

 MMP-8 and MMP-9  Irreversible 

to excessive tissue destruction  [23]         Tables 14.1 and 14.2      
provides an overview of neutrophil proteinases and anti-
p roteinases in COPD  . 

   Th is chapter provides an overview of the role of the 
neutrophil in COPD, starting with neutrophil maturation 
and structure. Cytokines and chemoattractants which are 
important in neutrophil activation and recruitment will 
be discussed and neutrophil migration into lung and neu-
trophil apoptosis will be outlined, with particular reference 
to COPD. Th e evidence for the actions of neutrophil pro-
teinases in the pathogenesis of COPD will be reviewed, 
highlighting  in vitro  and  in vivo  work. Finally, the role that 
neutrophils may play in asthma, likely through similar path-
ogenic mechanisms is discussed briefl y.  

    NEUTROPHIL STRUCTURE, FUNCTION, 
AND APOPTOSIS 

   Neutrophils have a characteristic multilobed nucleus and 
abundant storage granules in their cytoplasm. Th e mature 
neutrophil has three chemically distinct granule types, which 
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appear at diff erent stages of maturation (see  Table 14.3   ). 
Th e neutrophil diff erentiates and matures within bone 
marrow, developing from a bipotential progenitor cell, the 
granulocyte-macrophage colony forming unit. In the fi rst 
developmental stage, the cell divides and diff erentiates 
from myeloblasts to promyelocytes. During this stage the 
azurophilic or primary granules are produced. Th ese gran-
ules contain myeloperoxidase (MPO), antibacterial proteins 
(such as defensins, lysozyme, and azurocidin), and three 
serine proteinases, NE, cathepsin G (CG), and proteinase 3 
(PR3). Th e proteinases are produced as preproenzymes, with 
gene expression stopping at the metamyelocyte stage  [24]  
and are activated by a lysosomal cysteine proteinase, dipep-
tidyl peptidase  [25] . Th e specifi c or secondary granules are 
formed as the cell enters the myelocytic stage. Th ese gran-
ules contain lysozyme, lactoferrin, collagenase, and various 
membrane receptors. Th e small storage granules are formed 
last, at the metamyelocyte stage, and contain gelatinase and 
cathepsin B and D. At maturation (which takes approxi-
mately 2 weeks) each neutrophil contains a full complement 
of proteins which provide the mechanisms of cell migration, 
opsonophagocytosis, and a formidable arsenal against path-
ogens. However, the neutrophil proteinases (especially NE) 
also have the capacity to be intensely destructive, degrad-
ing structural lung proteins (including elastin, collagen, and 
gelatin) and appear to be involved in the posttranslational 
processing of enzymes, cytokines, and receptors  [23] . Fully 
mature neutrophils leave the bone marrow in a nonactivated 
state and have a half-life of 4–10       h before marginating 
and entering tissue pools  [26] . Once in tissue, neutrophils 
are usually removed by apoptosis leading to their recogni-
tion and phagocytosis by macrophages in the main and by 
other neutrophils when the macrophage clearance system is 

 overwhelmed  [27] . Th is mechanism prevents cell necrosis 
and the release of the remaining cellular content of protein-
ase and other mediators. 

   Apoptosis is regulated cell death, which allows the 
elimination of unwanted or damaged cells. At the present 
time, three caspase-dependent apoptosis pathways have been 
described. Th e fi rst pathway is triggered in response to extra-
cellular signals (the receptor-mediated extrinsic pathway), 
mediated by the binding of tumor necrosis factor related 
proteins (such as Fas ligand) to death receptors on the cell 
surface. Th is results in the formation of the death inducing 
signaling complex (DISC), which activates a series of cas-
pases, leading to DNA fragmentation by DNAse              [28–32] . 
A second pathway, the mitochondrial intrinsic pathway, 
responds to stress signals by the release of cytochrome c from 
mitochondria. Cytochrome c, apoptotic protease activating 
factor-1 (Apaf-1), and caspase-9 activate caspase-3 leading 
to apoptosis          [33–35].  Finally, in the endoplasmic reticulum 
pathway, caspase-12 is activated in response to stress signals 
such as hypoxia        [36, 37] . 

   Clearance following apoptosis has no infl ammatory 
sequelae. However, if phagocytosis fails, apoptotic cells undergo 
secondary necrosis with cell rupture, which is infl ammatory in 
nature and increases both the proinfl ammatory proteins and 
proteinase burden in the lung  [38] .  Figure 14.2    describes the 
appearance of neutrophils during induced lung infl ammation, 
showing both activated and apoptotic cells, apoptotic cells 
undergoing secondary necrosis, and neutrophils containing 
phagosomes with neutrophilic cell remnants. 

   Th e increased numbers of neutrophils seen in the 
lungs of patients with COPD may accumulate because of 
an increased infl ux from peripheral blood or because of 
prolonged neutrophil survival. Exposure to cigarette smoke 

 TABLE 14.3          Enzymes and other constituents of human neutrophil granules.  

   Constituents     

 Granules 

 Azurophil  Specifi c  Small storage 

   Antimicrobial  Myeloperoxidase 

Lysozyme

Defi nsins 

Bacterial permeability-

increasing protein (BPI) 

 Lysozyme

Lactoferrin 

  

   Neutral proteinases  Elastase 

Cathepsin G 

Proteinase 3 

 Collagenase

Complement activator

Phospholipase A2 

 Gelatinase

Plasminogen activator 

   Acid hydrolases  Cathepsin D

 β - d -Glucuronidase  α -Mannosidase

Phospholipase A2 

   Cathepsin D

 β - d -Glucuronidase  α -Mannosidase 

   Cytoplasmic membrane 

receptors 

   CR3, CR4 

fMLP receptors

Laminin receptors 

  

   Others  Chondroitin-4-sulphate  Cytochrome b558

Monocyte Chemotactic factor

Histaminase

Vitamin B12 binding protein 

 Cytochrome b558 

  The enzymes and other constituents of human neutrophil granules.

  fMLP:  N -formylmethionyl-leucyl-phenylalanine  
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 FIG. 14.2          Neutrophils during an LPS-induced lung infl ammation  Electron 

micrographs displaying neutrophils during an LPS-induced lung 

infl ammation. (A) Highly activated neutrophils are shown ( N ) (characterized 

by phagosomes and/or cytoplasmatic protrusions), lying amongst 

apoptotic neutrophils (black arrow) and cell debris (black arrowhead). 

(B) Secondary necrosis (characterized by membrane rupture of cells with 

an otherwise apoptotic morphology) of neutrophils is shown. Neutrophils 

containing large phagosomes (asterisks) enclosing neutrophilic cell 

remnants, such as apoptotic nuclei and neutrophil granulae, are shown in 

images (C–E).   Used with kind permission from Rydell-Tormanen  et al. , Respir 

Res 7: 143, 2006.            

appears to stimulate neutrophil diff erentiation and matu-
ration, causing peripheral leukocytosis,        [39, 40]  which has 
been found to correlate with the severity of airfl ow obstruc-
tion        [41, 42] . Th is suggests that a peripheral neutrophilia 
facilitates an increased neutrophil transmigration into the 
lung, leading to a higher proteinase burden with subsequent 
tissue damage. Platz and colleagues  [43]  described a reduc-
tion of peripheral neutrophil apoptosis (based on Annexin 
V-PE binding and nuclear morphology) during exacerba-
tions of COPD compared with healthy controls, which 
returned to control levels upon resolution of symptoms. 
Th is increased-cell longevity would facilitate increased neu-
trophil egression into lung, again predisposing to enhanced 
lung damage. Once in the lungs, it has been suggested that 
reduced neutrophil apoptosis may account for the high 
numbers seen in the lung and the increased infl ammation 
described in COPD although recent studies present con-
fl icting results  [44] . Rytila  et al.   [45]  found no diff erences in 
the proportion of apoptotic neutrophils in induced sputum, 
or in the  in vitro  anti-apoptotic activity detected in the spu-
tum fl uid phase in patients with COPD, healthy smokers or 

healthy controls despite patients with COPD having a sig-
nifi cantly higher percentage of neutrophils in the samples. 
Th e authors suggested that the increased neutrophilic pres-
ence in COPD was due to an increased infl ux rather than 
a reduction in apoptosis. Yoshikawa  et al.   [46]  also found 
higher numbers of neutrophils in induced sputum from 
patients with COPD compared with healthy controls, but 
described a reduced neutrophilic chemotactic response to 
IL-8 and  N -formyl methionyl-leucyl phenylalanine (fMLP) 
in the COPD patients which worsened with increasing dis-
ease severity. In this study, the authors postulated that an 
increased infl ux could not explain the higher numbers of 
cells seen in COPD, and that increased survival should be 
considered. Th is issue has yet to be resolved.  

    PROMIGRATORY STIMULI 

   Neutrophils migrate into the lung in response to soluble 
mediators. Promigratory stimuli can be classifi ed as nonchem-
otactic cytokines, chemotactic cytokines, or chemoattractants. 

   Cytokines comprise families of molecules includ-
ing interleukins, lymphokines, monokines, growth factors, 
interferons, and chemokines. Two of the most important 
proadhesive cytokines in COPD are tumor necrosis factor 
alpha (TNF- α ) and interleukin-1 β  (IL-1 β ). 

   TNF- α  is produced by activated monocytes and 
macrophages (but also epithelium, endothelium, and prob-
ably smooth muscle cells) and has been implicated in the 
pathogenesis of COPD        [47, 48] . Increased levels of TNF- α  
have been measured in serum, sputum  [49] , and in bron-
choalveolar lavage samples from patients with COPD, and 
in smokers demonstrating a dose-dependent relationship 
with cigarette exposure,  [50]  with further increases during 
exacerbations  [51] . TNF- α  has also been associated with 
the systemic manifestations of COPD, including a low 
BMI        [52, 53]  (perhaps via leptin,  [54] ) and abnormal rest-
ing energy expenditure  [55] . TNF- α  overexpression (due 
to genetic polymorphism) has been linked to early COPD 
development or rapid progression  [56] . In support of this, 
mouse models with an inducible TNF- α  gene construct 
have shown that overexpression of TNF- α  is associated 
with the development of emphysema associated with a gen-
eral increase in lung infl ammation  [57]  probably by induc-
ing MMP production  [58] . Conversely TNF- α  receptor 
knock-out mice demonstrate reduced smoking or elastase-
induced emphysema in comparison with the wild type 
       [59, 60]  suggesting a central role for this cytokine. 

   IL-1 β  is also produced by macrophages (although 
neutrophils and epithelial cells produce the cytokine) and 
increased levels have been found in sputum of patients with 
stable COPD, which increase further during exacerbations 
 [61] . Furthermore, IL-1 β  production is enhanced by cells 
cultured from smokers with COPD following cigarette 
smoke exposure compared with controls  [62]  and there is 
some evidence that overexpression of IL-1 β  (caused by pol-
ymorphisms such as the –511 SNP with a cytosine/thymine 
transition) may increase susceptibility to COPD        [63, 64] . 
In a study of patients with severe COPD, data from our 
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group have shown a negative correlation between plasma 
IL-1 β  and FEV 1  and sputum sol IL-1 β  and BMI, clearly 
linking IL-1 β  with COPD disease severity (see  Fig. 14.3   ). 
Furthermore, animal studies using inducible IL-1 β  systems 
and complex knock-out mice have described a neutrophilic 
infi ltrate, distal airspace enlargement, increased thickness of 
the conducting airways, and enhanced mucin production 
when IL-1 β  was overexpressed  [65] . 

   TNF- α  and IL-1 β  are not directly chemotactic, but 
they act by increasing expression of integrins on the neu-
trophil surface and increasing endothelial expression of 
selectins and intercellular adhesion molecule 1 (ICAM-1), 
aiding capture and fi rm adhesion of neutrophils to the vas-
cular endothelium (see later). Th ey also increase the pro-
duction of directly chemotactic mediators from endothelial 
cells to enhance the migration process. 

   Neutrophils possess at least fi ve receptors for chemo-
tactic stimuli and a number of chemotactic mediators have 
been implicated in the pathogenesis of COPD, especially 
the chemokine CXCL8 and the neutrophil chemoattract-
ant LTB4. 

   CXCL8 is primarily produced by leukocytes (mono-
cytes, T-cells, neutrophils, and natural killer cells) and airway 
epithelial cells. Production is not constitutive but is induced 
by proinfl ammatory cytokines, such as IL-1 β  and TNF- α  
 [66] , bacteria and bacterial products,        [67, 68]  viruses, such 
as adenovirus and rhinovirus        [69, 70] , and oxidants, for 
example, from cigarette smoke  [71] . Once secreted, CXCL8 
binds to CXC receptors (1 and 2) on leukocytes result-
ing in activation of protein kinase B and GTPases, which 
lead to enhanced neutrophil adherence to endothelial cells 
(by increasing expression of  β  2 -integrins) and directed cell 
migration. CXCL8 also activates Ras and  “ eventually ”  
mitogen-activated protein kinases and extracellular signal-
related kinases in neutrophils, causing degranulation. 

   In COPD, sputum CXCL8 correlates with levels of 
neutrophil activation markers, such as MPO and NE  [72] , 
and relates to airfl ow obstruction,  [73]  oxygen saturation, 
cigarette exposure  [49] , and progression of emphysema 
quantifi ed by CT scan  [12] . It has been suggested that oxi-
dative stress (caused by cigarette smoke and bacterial and 
viral infections) induces CXCL8 production in both airway 

epithelial and endothelial cells, leading to neutrophil adhe-
sion, chemotaxis, and degranulation. 

   LTB4 is mainly produced by monocytes, alveolar mac-
rophages, and activated neutrophils and its production is 
upregulated by a number of infl ammatory mediators includ-
ing C5a, IL-1 β , TNF- α , granulocyte-macrophage colony 
stimulating factor (GM-CSF), PAF, NE, and even LTB4 
itself        [74, 75] . LTB4 enhances neutrophil aggregation and 
chemotaxis via two neutrophil surface receptors. A low affi  n-
ity receptor induces degranulation and increases oxidative 
metabolism whereas a high affi  nity receptor induces aggre-
gation, chemokinesis, and adhesion via the integrin Mac-1 
 [76] . LTB4 may also activate endothelial cell monolayers 
 in vitro  enhancing neutrophil emigration  [77] . LTB4 con-
centrations are elevated in sputum  [78]  and exhaled breath 
condensate  [79]  from patients with COPD. Concentrations 
correlate with the degree of airway neutrophilia  [80]  and 
increase further during bacterial exacerbations  [10]  return-
ing to baseline once bacteria have been successfully eradi-
cated  [81] . In addition, LTB4 concentrations also correlate 
with the subsequent decline in gas transfer implicating neu-
trophilic infi ltration  [12] . 

    In vitro  chemotaxis studies, using functional anti-
bodies against CXCL8 and an LTB4 receptor antagonist, 
have demonstrated that 30% of the chemotactic activity of 
sputum can be accounted for by CXCL8, and up to 50% 
by LTB4        [82, 83] . Furthermore, Woolhouse and colleagues 
 [82]  found that LTB4 concentrations correlated with the 
overall chemotactic activity of sputum, suggesting that 
LTB4 in particular may be central to the neutrophilic infl ux 
seen in COPD, at least in the stable state. 

   It is unclear whether other infl ammatory mediators 
are important in the pathogenesis of COPD. At least fi ve 
other chemokines mediate neutrophil responses in humans; 
three forms of growth related oncogenes (GRO) ( α ,  β , 
and  γ ), epithelial cell derived neutrophil activating pep-
tide (ENA)-78, and neutrophil-activated peptide (NAP)-2. 
GRO α  is detectable in bronchial secretions  [84]  and both 
GRO α  and ENA-78 have been measured in BALF  [85] . 
One study has suggested that chemotaxis toward GRO α  
and NAP2 is increased in COPD compared with healthy 
controls and smokers,  [86]  but their contribution to the 

 FIG. 14.3          The relationship between IL-1 β  and disease severity in COPD.   Patients had moderate to severe COPD (as defi ned by GOLD) and chronic bronchitis. 

Each data point represents the average of 11 measurements of IL-1 β  and a single BMI (A) or (B) FEV 1  for one patient over 1 month. Spontaneous sputum 

samples were collected over a 4       h period from waking. The regression lines are drawn and the correlation co-effi  cient ( r ) and signifi cance ( p ) are as follows: 

IL-1 β  and BMI  r  	 �0.7, p 	 0.01; IL-1 β  and FEV1  r  	 �0.56, p 	 0.02.      
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pathogenesis of COPD is unknown. A number of other 
infl ammatory mediators including C5a, fragments of fi brin, 
elastin and collagen,  α  1 -AT polymers, and bacterial products 
such as fMLP, are also neutrophil chemoattractants found 
in the lung, but their importance in neutrophil recruitment 
in COPD has yet to be established. Th e numbers of fMLP 
receptors is elevated in both healthy smokers and subjects 
with COPD who smoked, but not nonsmoking patients 
with COPD  [87]  suggesting that fMLP may play a role in 
the recruitment of neutrophils leading to the development 
of disease and its progression whilst smoking and especially 
during bacterial exacerbations (where bacterial formyl pep-
tides may be most important). 

   Th e individual importance of each proinfl ammatory 
or promigratory protein in COPD has yet to be unraveled, 
certainly many of these proteins appear to have similar 
actions and a degree of overlap or redundancy is likely to 
exist in the infl ammatory cascade. However, there is increas-
ing interest in identifying the key infl ammatory mediators 
in COPD as potential targets for therapeutic interventions. 
To date, trials which have aimed to block a specifi c media-
tor have not proved helpful  [88]  including a recent trial of 
anti-TNF- α   [89] . It is likely that a greater understanding of 
each mediator, its naturally occurring antagonists and their 
relation to COPD is required to develop and clarify more 
successful treatment strategies. However, Gompertz  et al.  
were able to show in a short phase-2 study that antagonism 
of fi ve lipoxygenase activating proteins reduced LTB4 in the 
airway secretions and subsequent markers of neutrophilic 
infl ammation  [90] . Although not dramatically eff ective, this 
may provide a model for future studies.  

    NEUTROPHIL MIGRATION 

   Neutrophils are present at both the bronchial and alveolar 
level in COPD, and therefore it is likely that neutrophil 
migration occurs from the bronchial and pulmonary circu-
lation. Most of our understanding of neutrophil migration 
has been derived from  in vitro  studies using systemic ves-
sels in the mesentery and dermis. Studies using samples of 
lung tissue suggests that while migration in the bronchial 
circulation occurs in a similar fashion to migration in other 
tissues, migration in the pulmonary capillaries may depend 
on distinct mechanisms. 

    Neutrophil migration in the 
bronchial circulation 

    Initiation of migration 

   In the bronchial circulation, neutrophils migrate from ves-
sel to tissue in a step-like process, dictated by the sequential 
activation of adhesive proteins and their ligands on neu-
trophils and endothelial cells. 

   Migration begins with the capture of neutrophils 
from fl owing blood which causes the cell to roll along the 
endothelial surface. Tethering and rolling of the neutrophil 

along the vessel wall is a normal feature of circulating neu-
trophils and is due to reversible binding of transmembrane 
glycoprotein adhesive molecules called  “ selectins, ”  which are 
found both on neutrophils and endothelial cells  [91] . 

   Leukocyte Selectin (L-Selectin) is constitutively 
expressed on projecting microvilli on the surface of neu-
trophils and binds an endothelial ligand which is believed to 
be a sialomucin oligosaccharide (potentially a fucosylated var-
iant of CD34). L-Selectin-induced neutrophil capture can be 
transient in noninfl amed tissue ( “ stick and release ” ), however, 
during both nonpathogenic and pathogenic rolling interac-
tions, L-Selectin, once bound, is shed from neutrophils  [92] . 
Both L-Selectin binding and shedding is enhanced in the 
presence of infl ammatory products such as TNF- α , CXCL8, 
fMLP, and LPS  [93] . Once bound and cleaved, L-Selectin 
molecules cannot be replaced and low expression has been 
associated with neutrophil apoptosis  [94] . 

   In the presence of infl ammation, at least two further 
endothelial bound selectins are expressed, 

   Platelet Selectin (P-Selectin) and Endothelial Selectin 
(E-Selectin): P-Selectin is stored intracellularly in Weibel-
Palade bodies in endothelial cells  [95]  and can be mobi-
lized rapidly in response to various infl ammatory mediators 
including oxygen-free radicals, components of the comple-
ment cascade, and many cytokines  [96] . Its neutrophilic 
counterligand is P-Selectin glycoprotein ligand-1 (PSGL1) 
which is uniformly expressed on the surface of neutrophils. 
P-Selectin–PSGL1 interactions occur after L-Selectin–lig-
and interactions, and have greater longevity. In the presence 
of other adhesion molecules, P-Selectin/PSGL1 binding 
slows neutrophil rolling velocities and eventually causes cell 
tethering to the endothelium but in the absence of other 
adhesive events, binding is also transient  [97] . 

   E-Selectin is not stored, and peak expression is seen 
4–6       h after endothelial exposure to infl ammatory mediators 
 [98] . It binds to E-Selectin ligand 1  [99]  and it is thought 
to maintain neutrophil tethering after P-Selectin has been 
downregulated. E-Selectin expression is increased in both 
serum and BAL in patients with COPD and relates to lung 
function  [100]  suggesting a common causality.  

    Firm adhesion 

   Th e next step in neutrophil migration is the transition from 
reversible rolling to fi rm adhesion with the endothelium. 
Th is is achieved by the sequential activation of neutrophil 
receptors called integrins        [101, 102] . 

   Th e integrins are heterodimeric transmembrane 
glycoproteins that comprise an  α  and a  β  subunit, which 
together form an extracellular binding site. Integrins are 
found on many haematopoietic cells, with diff ering  α  and 
 β  subunits. Th e two most important integrins in neutrophils 
share a  β  2  subunit (CD18), and are called macrophage anti-
gen 1 (MAC-1; CD11b/CD18) and lymphocyte-associated 
function antigen 1 (LFA-1; CD11a/CD18). A third CD18 
integrin, p150,95 can also promote neutrophil traffi  cking, 
but MAC-1 appears to be the most important integrin in 
models of neutrophil migration        [103, 104] . 

   MAC-1 is stored in secretory granules        [105, 106]  
and is rapidly mobilized to the cell surface after exposure to 
infl ammatory stimuli (including fMLP, TNF- α  and LPS). 
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Infl ammatory stimuli also promote transcription and trans-
lation of the MAC-1 gene via a G-protein, Rho,  [107]  fur-
ther increasing its surface expression  [96] . Some MAC-1 is 
expressed constitutively on the neutrophil, but these proteins 
are incapable of binding ligands unless activated by intra or 
extracellular signals, where conformational changes occur 
exposing a requisite binding epitope  [108] . Neutrophils 
from patients with COPD have increased baseline surface 
expression of MAC-1, which increases further following 
activation,  [109]  suggesting that this adhesion molecule 
may play a role in neutrophil migration in this disease. 

   MAC-1 has a high affi  nity for ICAM-1, an immu-
noglobulin-like protein that is expressed in low numbers on 
the endothelial cell surface, but is rapidly induced in infl am-
mation  [110] . Vascular cell adhesion molecule-1 (VCAM-
1) is also an immunoglobulin-like molecule expressed by 
endothelial cells which it binds selectively to  α  4  β  1 -integrin 
[called very late antigen-4 (VLA-4)] on neutrophils  [111] . 
MAC-1/ICAM-1 interactions cause enhanced expression 
of both ICAM-1 and VCAM-1 on endothelial cells, sug-
gesting that both may be important in infl ammatory driven 
neutrophil migration  [112]  and levels of ICAM-1 are raised 
signifi cantly in COPD in contrast to asthma or healthy 
controls and correlate with overall pulmonary neutrophil 
infi ltration  [113] .  

    Migration 

   Th e fi nal step of neutrophil recruitment from the bron-
chial circulation to the lungs is transendothelial migration. 
Th is occurs preferentially at tricellular junctions  [114]  and 
depends upon activation of platelet endothelial cell adhe-
sion molecule (PECAM1)  [115]  which is distributed evenly 
around the neutrophil and at intercellular junctions of 
endothelial cells. PECAM1 is thought to act as a homing 
beacon that directs migration toward cellular junctions and 
blocking PECAM1 on either neutrophils or endothelial cells 
using antibodies does not prevent adhesion but does prevent 
migration through the basement membrane both  in vitro  
and  in vivo   [116] . 

   Once through the endothelial cell layer, leukocytes 
bind to matrix components such as collagen and laminin 
via  β  1  integrins, with VLA-6 and -9 being perhaps the most 
important in allowing neutrophils to move through venule 
basement membrane and lung tissue          [117–119] . Endothelial/
neutrophil PECAM1 interactions lead to increased neu-
trophil surface expression of VLA-6 ( α  6  β  1 ) and VLA-6 facil-
itates passage thorough the basement membrane and beyond. 
To support this, neutrophils from PECAM1 knock-out mice 
do not have the associated rise in VLA-6 which is seen in the 
wild type  [120] . Migration is accompanied by release of neu-
trophil proteinases especially NE,  [121]  which may facilitate 
passage by matrix degradation, exposing laminin for VLA-6 
binding.  

    Direction of migration and neutrophil movement 

   Neutrophils migrating within the lung encounter multiple 
chemoattractant signals in complex spatial and temporal 
patterns as endothelial, epithelial cells, and immune cells 
respond to infection or injury. Individual chemoattractants 
can vary in their ability to aff ect neutrophils and  in vitro  

models have demonstrated that neutrophils can migrate 
up and down chemical gradients, responding to one sig-
nal, migrating to its concentration peak and then migrat-
ing up a novel, more distant chemoattractant gradient, from 
endothelium to tissue. 

   Neutrophils can ignore a high concentration source 
(due to receptor saturation, desensitization, and/or receptor 
sequestration) and preferentially respond to novel chemoat-
tractants  [122] . Evaluations of chemotaxis by the under-
agarose method has suggested that neutrophils are able to 
migrate in the direction of the vector sum of two or more 
diff ering signals  [123] . If two sources of the same agonist 
are used, migration toward the second attractant is poor, 
 [122]  so two distinct agonists are required for precise tar-
geting. Th ese fi ndings may account for the observation that 
activated cells characteristically secrete multiple induced 
chemoattractants concurrently. Cells can regain their prior 
sensitivity, but this process takes time, requiring recycling of 
receptors. For example neutrophils preincubated with low 
chemotactic levels of LTB4 showed a signifi cant reduction 
in chemotaxis to LTB4 which improved after 10       min  [122] . 

   Neutrophil movement itself is achieved by the for-
mation of locally protruding actin-rich pseudopods while 
retracting other regions of the cell body  [124] . In order to 
achieve this, directed neutrophil chemotaxis begins with cell 
polarization. Extracellular chemoattractant gradients causes 
the localized accumulation of PtdIns(3,4,5)P 3  on the side 
of the cell facing the highest chemoattractant concentra-
tion. PtdIns(3,4,5)P 3  signaling guides the localized polym-
erization of F-actin (fi lamentous actin), which in turn leads 
to pseudopod extension, which confers cellular motility. Th e 
persistent presence of PtdIns(3,4,5)P 3  at a particular site on 
the plasma membrane causes cells to acquire an elongated 
shape in which one F-actin enriched pseudopod becomes 
the leading edge of the migrating cell, whereas retraction 
of pseudopods at the rear and sides of the cell is mediated 
by cortical myosin II  [125] . Although there may be many 
proximal signal pathways by which polarization is regulated, 
the key event appears to be activation of the RhoGTPases, 
Rho and Rac via integrins  [126] . Th e  α  4  β  1  integrin forms a 
complex with paxillin and GIT1 which inhibits Rac acti-
vation at the sides and rear of the cell, but this inhibitory 
complex is impeded at the leading edge of the cell by phos-
phorylation of the  α  4  integrin cytoplasmic tail, which allows 
Rac activation  [127] . At the front of the cell Rac activation 
leads to the F-actin polymerization while at the rear of the 
cell Rho activation leads to assembly of myosin, with both 
GTPases working in a co-operative manner to establish and 
stabilize cell polarity  [128] . 

   Recent studies have elucidated how the neutrophil 
 “ steers ”  from one direction to another. Pseudopods are made 
in spatially restricted sites by splitting of the leading edge of 
the cell, and the generation of these protrusions appears to 
be random in both their direction and timing. In a study 
where cells were exposed to a promigratory stimulus, which 
was then relocated once an accurate trajectory was estab-
lished, pseudopod generation occurred randomly, but pseu-
dopods that extended toward the stimulus were more likely 
to be retained, while those which extended in inaccurate 
directions were retracted (see  Fig. 14.4   ). Th erefore it appears 
that neutrophils migrate up chemoattractant gradients by 
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choosing the best aligned of competing randomly generated 
pseudopods  [129] .  

    Transmigration through extracellular matrix 

   Neutrophil proteinases are released during migration 
through extracellular matrix  [121]  but it has been diffi  cult 
to ascertain whether proteinases are necessary for neu-
trophil migration. Chemotaxis through artifi cial substrates 
in response to fMLP can be inhibited by 50% by  α  1 -AT 
 [130]  and CG antibodies; synthetic inhibitors of CG and 
 α  1 -antichymotrypsin ( α  1 -ACT) also reduce neutrophil 
migration  [131] . Furthermore, fMLP-stimulated migration 
across an artifi cial basement membrane is also reduced by 
inhibitors of both NE and MMP-9  [132] . However,  in vitro  
studies of endothelial monolayers and basement membrane 
matrices have shown consistently that proteinase inhibitors 
are ineff ective at stopping neutrophil migration        [133, 134]  
although degradation of basement membrane components 
is reduced  [135] . In animal studies, neutrophils from mice 
whose genes for NE and CG had been  “ knocked out ”  
showed normal migration both  in vitro  and  in vivo  when 
exposed to LPS although pathogen clearance was impaired 
 [136]  and mice defi cient in gelatinase B had normal neu-
trophilic migration into the lungs  [137] . However, animal 
studies of cigarette smoke inhalation suggest that neutrophil 
infl ux into the lung is reduced in the presence of proteinase 
inhibitors        [138, 139] . 

   Th erefore the exact mechanisms remain unresolved, 
but the confl icting results may well refl ect the study model 
used, including the density of the ECM studied and in 
particular the presence or absence of cross-linked collagen 
(compare, e.g.        [140, 141] ). Th e majority of recent stud-
ies have used tumor cells, but there is evidence to suggest 

that migrating cells can change their behavior depending 
on the matrix and stimuli they are exposed to. For exam-
ple, in a noncross-linked collagen 3D matrix, cells migrate 
along fi bers, but can squeeze between fi bers in the presence 
of anti-proteinases, therefore migration is not inhibited but 
redirected. On the other hand in a dense cross-linked col-
lagen 3D matrix, cells require proteinases to migrate and 
migration is inhibited in the presence of anti-proteinases. 
Cell-derived matrices are cross-linked but have gaps and 
migrating cells appear to preferentially seek out these gaps 
to migrate, which may or may not therefore require protei-
nases, depending on the size of the gap  [142] . If neutrophil 
migration  in vivo  is partially proteinase dependent,  in vitro  
migration may not require degradation of  “ loose ”  extracel-
lular matrix by proteinases to allow cell passage, but instead 
the generation/activation of infl ammatory chemokines and 
cytokines or modulation of adhesion molecules (enhancing 
expression, increasing their activation, or exposing binding 
sites  [117] ) by proteinases may be suffi  cient, and this may 
be more easily decreased or prevented by inhibitors, explain-
ing the apparent experimental contradictions.   

    Neutrophil migration in the 
pulmonary circulation 

   Th e majority of neutrophils appear to enter the lung from 
the pulmonary capillary network rather than the postcap-
illary venules        [143, 144] . Neutrophil emigration into the 
lung from the pulmonary circulation is less well understood 
than from the bronchial circulation, however there seem to 
be important diff erences in mechanism, probably due to the 
size of capillary networks. 40–60% of pulmonary capillary 
segments are narrower than a spherical neutrophil, which 
on average is 7–8        μ m in diameter        [145, 146] ), so neutrophil 
rolling is unlikely because of size constraints. Neutrophils 
entering the pulmonary capillary network have to undergo 
a shape change, from a sphere to an oblong, to allow pas-
sage through these narrow vessels. Th is slows their transit 
time, and indeed, radiolabeled neutrophils from patients 
with stable COPD have been shown to have a slower tran-
sit time in the pulmonary circulation compared with red 
blood cells  [147] . When activated, neutrophils become less 
deformable due to actin polymerization, and this slows their 
progression through the capillary network further  [148] . 
In such circumstances there is no need for transient adhe-
sion via the selectins to initiate neutrophil rolling along the 
endothelium, as the leukocytes are already in close con-
tact with the endothelium, and indeed there is evidence to 
suggest that some migration can occur without adhesion 
m olecules        [149, 150] . 

   In the bronchial circulation, adhesion and migration 
appear to be primarily dependent upon ICAM-1 interactions, 
however, in the pulmonary circulation both CD18-dependent 
and -independent adhesion pathways have been described 
and the path utilized appears to be stimulus-specifi c. For 
example, in animal models, bacteria such as  Streptococcus 
pneumoniae  and  Staphylococcus aureus  and hydrochloric acid 
have induced CD18-independent neutrophil migration, 
while human studies have demonstrated CD18-independent 

 FIG. 14.4          Neutrophil migration by pseudopod generation toward a 

promigratory stimulus. (A) A polarized (elongated) neutrophil migrating 

toward IL-8 in a Zigmond chamber. The direction of the chemoattractant 

gradient is shown by the large arrow. (B) A representation of pseudopods 

generated over the time course. Here, pseudopod generation was noted 

across the breadth of the leading edge of the cell in a random fashion. 

(C) Pseudopods generated toward the stimulus were more likely to 

be retained (the sustained pseudopods over the time course is shown 

schematically). (D) Pseudopods that extended in inaccurate directions 

were more likely to be retracted (the retracted pseudpods over the time 

course are shown schematically). It appears that neutrophils migrate up 

chemoattractant gradients by choosing the best aligned of competing 

randomly generated pseudopods.    
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migration toward host-derived chemoattractants such as 
LTB4, CXCL8, and sputum        [150,151] . In contrast, IL-1, 
phorbol myristate acetate, and gram-negative bacterial stimuli 
including LPS elicit migration via pathways predominantly 
mediated by CD18            [152–155]  CD18-dependent migra-
tion may not only be stimulus-driven but also infl ammatory 
mediator driven. Rabbits produce both CXCL8 and TNF- α  
during a bacterial pneumonia but CXCL8 and TNF- α  pro-
duction during a gram-negative pneumonia are 2- and 10-
fold greater respectively than seen during a gram-positive 
pneumonia  [156] . It may be the varying concentrations of 
these proinfl ammatory stimuli which elicit a CD18-depend-
ent response, perhaps by inducing nuclear factor- κ  β   [152]  
rather than the bacterial insult itself. Animal models have 
suggested that selectins are required where CD18-dependent 
migration occurs, but not for CD18-independent migration. 
For example, L-Selectin knock-out mice had signifi cantly 
less neutrophil recruitment into the lungs in response to LPS 
(a CD18-dependent stimulus) while recruitment in response 
to Streptococcus pneumoniae (a CD18-independent stimu-
lus) was unaff ected  [157] .  

    Migration in COPD 

   Current evidence suggests that the increase in neutrophils 
in the lungs is not due to delayed apoptosis and it has been 
hypothesized that neutrophils in COPD refl ect an enhanced 
chemotactic response. Certainly, neutrophils from patients 
with chronic bronchitis and emphysema  demonstrate 
enhanced migration toward common chemoattractants  in vitro
 compared with healthy controls  [158] . 

   Unfortunately, studies examining the expression 
of adhesion molecules have produced confl icting results. 
Noguera  [109]  measured MAC-1, LFA-1, and L-Selectin 
expression on neutrophils from controls and patients with 
COPD, prior and poststimulation with TNF- α . Neutrophils 
from patients with COPD had enhanced expression of 
these adhesion molecules compared with controls, and dif-
ferences were even more pronounced following stimulation 
with chemoattractants. Woolhouse  et al.   [159]  demonstrated 
upregulation of CD11b (a component of MAC-1) on neu-
trophils from smokers with COPD compared with controls. 
However, Gonzalez  [160]  found no diff erences between lev-
els of adhesion molecules in smokers with and without air-
fl ow obstruction and Yoshikawa  et al.   [161]  found reduced 
chemotaxis toward sputum sol in patients with COPD 
compared with healthy controls. 

   Th e increased neutrophil migration and degranula-
tion seen in COPD has led to a belief that neutrophils 
may be diff erent from those in health. Th e diff erences may 
be accounted for by genetic polymorphisms and be appar-
ent during maturation in bone marrow. Alternatively neu-
trophils could be  “ primed ”  following their release into the 
circulation, perhaps by infl ammatory cytokines, so that they 
are more responsive, with an increased ability to degranu-
late compared with those of healthy individuals. Th is prim-
ing may also occur during transmigration and studies have 
confi rmed diff erences between neutrophils prior to and fol-
lowing migration even in healthy controls with increased 
expression of proteinases on the cell surface, increased 

a dhesion molecule expression, and enhancement of the res-
piratory burst        [162, 163] . However, none of these options 
have been studied in COPD. Whatever the diff erences in 
neutrophils, they cannot refl ect environmental factors (such 
as prolonged cigarette smoke exposure) as only a proportion 
of smokers develop signifi cant airfl ow obstruction indicating 
a genetic susceptibility  [23] . In susceptible individuals, envi-
ronmental exposure may lead to increased neutrophil pool-
ing in the lung, increased degranulation and hence increased 
tissue damage; although it remains unclear whether current 
observations refl ect a predisposing factor for COPD or a 
consequence of the disease.   

    THE EFFECTS OF NEUTROPHIL 
PROTEINASES IN COPD 

    The actions of neutrophil elastase 

   A signifi cant physiological role of NE is bacterial killing. 
Th is is achieved when opsonized bacteria are ingested in 
phagosomes which fuse with lysozymes containing protein-
ases and oxidants. NE is also intensely destructive and this is 
believed to be the primary cause of lung damage seen both 
in emphysema and in chronic bronchitis. NE was the fi rst 
of the serine proteinases to be shown to produce emphy-
sema in animal models. Intratracheal instillation of purifi ed 
NE-induced emphysema in dogs and hamsters          [164 – 166]  
and intratracheal instillation of other elastases have given 
similar results in various animal models–Papain (plant 
elastase) in rats,  [167]  neutrophil lysates in dogs  [168] , and 
porcine pancreatic elastase in rats and hamsters        [169, 170] . 
In fact the development of emphysema is specifi c to elastase 
activity with emphysema severity relating proportionally to 
the elastolytic potency of the elastase used        [169, 170]  and 
in these models emphysema can be prevented by specifi c 
elastase inhibitors        [171, 172] . 

   NE acts upon a wide range of proteins and can degrade 
elastin, fi bronectin, and collagen,        [173, 174]  and can also 
decrease the activity of immunoglobulins and activate com-
ponents of the complement cascade        [175, 176] . NE may also 
aff ect wound healing, by its actions on transforming growth 
factor  β  and the epithelins        [177,178] . During activation, 
azurophil granule proteinases (including NE) are expressed 
on the neutrophil membrane  [179]  and  in vitro , over 95% 
remains associated with the cell by a charge-dependent mech-
anism, while less than 5% is released into the liquid mileu or 
directly onto tissue. Th us NE most commonly causes damage 
by close contact between cells and matrix        [180, 181] . Recent 
elegant studies have shown that NE polarizes toward the 
leading edge of the neutrophil as it migrates. Some is then 
left behind as the cell moves on where it may cause collateral 
damage for instance to the connective tissue  [182] . 

   Free NE activity has been detected in secretions of 
patients with COPD  [72]  and this is felt to be fundamen-
tal in the development of the condition  in vivo . Free NE 
may accumulate from degranulating neutrophils, or (in con-
trast with apoptotic cells) may be freely released during cell 
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necrosis  [183] . Also the process of phagocytosis may cause 
the release of signifi cant quantities of proteinases into the 
media ( “ sloppy eating ” ), especially during  “ frustrated phago-
cytosis, ”  when cells attempt to ingest large particles  [184] . 
Free NE can also be released from activated macrophages, 
which scavenge the proteinase from apoptotic neutrophils 
via endocytosis and subsequently release it during the fi rst 
24       h of their own infl ammatory response  [185] . Th is is 
important, as although cell-associated proteinases have par-
tial resistance to native inhibitors such as  α  1 -AT,  [180]  free 
NE is more readily inactivated by both serum- and tissue-
based inhibitors  [186]  if suffi  cient quantities are present, 
which means that in health, free NE should be completely 
inactivated at a short distance from the activated cell. 

   Indeed, it has been shown that the concentration of 
free NE released from neutrophils falls exponentially away 
from the cell  [187] . In healthy subjects, the serum concen-
tration of  α  1 -AT is 30 μ Mol, which is at least two orders of 
magnitude lower than NE concentrations in the neutrophil 
granule, and inhibits NE on a one to one molar basis. 
Th erefore following degranulation NE cannot be completely 
inhibited until it has diff used far enough to reduce its con-
centration to 30 μ Mol. Th is phenomenon is called quantum 
proteolysis  [187]  and was clearly demonstrated in a series 
of experiments using serum from patients with normal or 
defi cient  α  1 -AT where an area of obligate enzyme activity 
existed even with serum from healthy subjects but was far 
greater using serum from patients with  α  1 -AT defi ciency 
 [188] . Membrane bound NE is less susceptible to anti-
proteinases  [180]  and the combination of increased free and 
membrane bound NE present in COPD may be suffi  cient 
to overcome local inhibitors, causing the tissue destruction 
which is characteristic of the disease. 

   NE interacts with matrix proteins and cells, and this 
aff ects not only its own activity, but also the effi  cacy of its 
inhibitors and other proteinases. For example, although free 
NE is irreversibly inhibited by  α  1 -AT, elastin bound NE is 
poorly inhibited by  α  1 -AT, while the inhibitory eff ect of SLPI 
is unaff ected  [189] . Adhesion to goblet cells appears to alter 
the neutrophil membrane, enhancing the release of mem-
brane bound NE into the intercellular space  [190]  potentially 
causing mucus secretion. Furthermore, animal models have 
demonstrated that NE can induce secretory cell metaplasia 
which is prevented by NE-specifi c inhibitors          [190–192] . It 
has been suggested that mucous gland epidermal growth fac-
tor receptor interacts with NE as part of a signaling cascade 
 [193] . In human studies, there is a clear relationship between 
the amount of mucus production and the concentration of 
active NE in the lung secretions. 

   NE can damage the respiratory epithelium  in vitro  
 [194] , reduce ciliary beating  [195] , and trigger a state of 
oxidative stress in cells  [196]  all of which are abrogated by 
NE inhibitors. NE can also induce apoptosis of epithelial 
cells  [197]  and detachment of bronchial epithelial cells 
from the extracellular matrix  [198]  and both PR3 and NE 
induce detachment and apoptosis of endothelial cells  [199]  
which has also been implicated in the pathogenesis of 
COPD  [200] . 

   NE stimulates the release of LTB4 by macrophages 
 [201]  and may cause release of CXCL8 from bronchial epi-
thelial cells, which enhances neutrophil migration into the 

lung. Th is infl ammatory response is greater in patients with 
 α  1 -AT defi ciency who have higher levels of LTB4 and 
elastase providing an amplifi cation to neutrophilic recruitment 
and subsequent increase in the potential for tissue destruction 
compared with patients with normal anti-p roteinase function 
thereby explaining the more severe and rapidly progressive 
disease of  α  1 -AT defi ciency patients  [78] . 

   Th e most important risk factor for COPD is ciga-
rette smoke exposure and the relationships between smoke 
inhalation and NE have been studied. In animal models 
NE knock-out mice are partially protected (45%) against 
the development of emphysema,  [202]  however, these mod-
els are limited, as CG and PR3 persist, and CG has been 
shown to cause secretory cell metaplasia  [166]  whereas PR3 
causes both emphysema and secretory cell metaplasia  [203] . 
Furthermore, animal models have suggested that both syn-
thetic  [171]  and natural NE inhibitors          [172, 204, 205]  can 
limit emphysema when delivered simultaneously with the 
elastase insult. Most animal models suggest that neutrophil 
infl ux is greatest during the early stages of lung damage 
with macrophage infl ux, and their metalloproteinases accu-
mulating at a later stage        [206, 207].  However, even when 
given in established disease, NE inhibitors still limit infl am-
mation and connective tissue breakdown  [138] . 

   COPD is characterized by periods of stability of symp-
toms punctuated with exacerbations [which are intermittent 
worsening of symptoms and (most probably) of the infl am-
matory load  [208] ]. NE activity relates to sputum purulence, 
which is due to MPO which can be graded visually  [10] . 
During bacterial exacerbations of COPD, sputum purulence, 
neutrophil infl ux, NE activity, and tissue degradation prod-
ucts increase          [10, 209, 210]  and therefore it is likely that pro-
teinase-induced tissue damage also increases. More frequent 
exacerbations are associated with a faster decline in lung func-
tion as well as increased morbidity and mortality and it may 
be that the increases in NE load and activity during these 
periods causes progressive lung damage which is refl ected in 
markers of disease severity  [208] .  Table 14.4    summarizes the 
actions of NE in COPD.  

    Matrix metalloproteinases 

   Th ere have been signifi cant advances in our understanding 
of the role of matrix metalloproteinases (MMPs) in COPD. 
Both neutrophils and macrophages produce large amounts 
of MMPs and their inhibitors, the tissue inhibitors of metal-
loproteinases (TIMPs). Th e MMPs are proteolytic enzymes 
that are secreted as proenzymes (activated by other MMPs 
and NE) and remain bound to cell membranes. MMPs 
not only degrade matrix proteins, but also inactivate anti-
proteinases such as  α  1 -AT and  α  1 -ACT, activate enzymes 
involved in the clotting cascade, and interact with cytokines 
and adhesion molecules, so their potential role in the patho-
genesis of COPD is complex and wide ranging. 

   Over 24 mammalian MMPs have been described, 
and although they are primarily grouped according to 
the proteins they degrade (collagenases, gelatinases, etc.), 
most can degrade many substrates and together they can 
degrade all extracellular substrates. MMPs are inhibited by 
 α  2 -m acroglobulin and by the four TIMPs described to date 
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 [212] . Th e main MMPs secreted by neutrophils are MMP-9 
(Gelatinase B), which degrades collagen, elastin and gelatin; 
and MMP-8 (neutrophil collagenase) which degrades col-
lagen type’s I–III. 

   MMP-9 is increased in lung tissue, BALF, and plasma 
taken from patients with COPD,        [213, 214]  and levels are 
negatively correlated with airfl ow obstruction and relate to 
the number of sputum neutrophils        [215, 216] . MMP-9 not 
only acts as a proteinase, but also modifi es cellular func-
tions by regulating cytokines and matrix bound growth fac-
tors and therefore may have a role in lung remodeling after 
the infl ammatory insult resolves        [217, 218] . MMP-9 defi -
cient mice exposed to intratracheal LPS showed no diff er-
ences in histological tissue damage, neutrophil migration, 
or i nfi ltration compared to the wild-type mouse, suggest-
ing a limited role for this MMP in the pathogenesis of 

COPD  [137] . In a further study, MMP-9 knock-out mice 
d isplayed greater neutrophil infl ux than the wild type, per-
haps because MMP-9 can degrade neutrophil chemoattract-
ants  [191] . However smoke-exposed guinea pigs displayed a 
reduction in the severity of emphysema and MMP-9 activ-
ity in BALF after introduction of a broad spectrum MMP 
inhibitor, although this may also have refl ected inhibition 
of other metalloproteinases  [219] . Genetic polymorphisms 
of MMP-9 have, however, been identifi ed which cause 
enhanced protein expression, and in a Japanese study, poly-
morphism –1562C/T has been associated with an increased 
risk of smoking-induced emphysema  [220]  although this 
has yet to be replicated in other populations  [221] . 

   MMP-8 has been less studied in COPD compared 
with MMP-9, however one study described both raised con-
centrations and increased activity of MMP-8 in the induced 
sputum of patients with COPD compared with smokers 
without evidence of COPD. Furthermore both the levels 
and activity of MMP-8 correlated inversely with FEV 1  and 
positively with sputum neutrophil counts  [222] . Th ere are 
currently no animal studies to elucidate the importance of 
MMP-8 in COPD.   

    INTERACTIONS BETWEEN 
MMPS AND NE IN COPD 

   It is likely that the serine proteinases and MMPs act syn-
ergistically in lung disease. NE degrades TIMPs  [223]  
facilitating MMP activity, and can activate several MMPs 
converting proenzymes, including MMP-9, to the active 
form  [224].  Conversely MMP-12, for instance, inactivates 
 α  1 -AT thereby enhancing NE activity  [225] . Th e major-
ity of animal  “ knock out ”  models of emphysema support a 
multifaceted pathogenic process in the disease, as inhibi-
tion of serine, cysteine, or MMPs all show partial protec-
tion from the development of emphysema        [138, 191] . Th e 
noticeable exception is MMP-12 and there have been sev-
eral confl icting animal studies comparing MMP-12 activity, 
macrophage and neutrophil infl ux, and emphysema. MMP-
12 knock-out mice (Line 129 mice) exposed to cigarette 
smoke did not develop emphysema and lung infl ammation 
was reduced, although macrophage recruitment to the lungs 
was normal in response to monocyte chemoattractant pro-
tein-1 (MCP-1). All elastolytic   activities in the wild-type 
mice were derived from MMP-12 and emphysema sever-
ity was increased following instillation of MCP-1 suggest-
ing a very specifi c mechanistic pathway  [226] . In a study 
of Sprague-Dawley rats, neutrophil numbers increased in 
the fi rst month following smoke exposure, but breakdown 
of connective tissue and the development of emphysema 
occurred later and related to a subsequent increase in mac-
rophages  [206] . Furthermore, neutrophil depletion (with a 
signifi cant reduction in NE activity) did not protect against 
smoke-induced emphysema, while macrophage depletion 
(with normal neutrophil activity) did. Th ese results have 
questioned the importance of the neutrophil in the patho-
genesis of COPD (at least in rodents) and have suggested 
that the macrophage was the only eff ector cell. 

 TABLE 14.4          The actions of neutrophil elastase in COPD  

   Bacterial killing  Intracellular: engulfed organisms in

 phagosome 

     Extracellular: targeting and cleaving bacterial

 virulence factors in released granule proteins 

   Degradation  ECM components

Cystatin C

TIMPs

T-Lymphocyte surface antigen 

   Activation  MMP-2, MMP-3, MMP-9,  Cathepsin B 

   Modifi cation of 

infl ammatory 

mediators 

 Enhances epithelial secretion of CXCL8

Enhances macrophage secretion of LTB4

Inhibits cellular response to TNFRII prolonging

 half-life of TNF

Increases SLPI expression but reduces

 secretion of SLPI

Increases elafi n expression

Increases alpha 1 antitrypsin expression by

 monocytes and alveolar macrophages 

   Cell migration  NE/alpha 1 antitrypsin complexes are

 chemotactic for neutrophils

Modifi cation of ICAM-1 expression enhancing

 adhesion 

   Cell apoptosis  Increases epithelial and endothelial cell

 apoptosis 

   Cell function  Disruption and detachment of epithelial cells

Reduces ciliary beating of columnar

 epithelium

Enhances oxidative stress

Increases mucin MUC5AC protein content

Increases bacterial adherence and

 colonization 

  This table is not exhaustive and references are not included for reasons of space. For 

an excellent review of the cell signaling by neutrophil proteinases see Ref. [211].  
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   However, in a further study BALF from cigarette 
smoke-exposed mice showed an acute infl ux of neutrophils 
with evidence of both elastin and collagen degradation in a 
dose-dependent manner at 6 and 24       h. Th is had resolved by 
48       h and was reduced by neutrophil depletion or the admin-
istration of the serine proteinase inhibitor  α  1 -AT  [207]  
although macrophage numbers were not aff ected. Other 
animal models have also found an early rise in neutrophil 
number and activity, and a corresponding rise in matrix 
breakdown products after exposure to cigarette smoke  [138] . 
In guinea pigs, NE inhibitors reduced TNF- α  and emphy-
sema by approximately 30%, but only if given at the start of 
exposure and when inhibitors were given after 4 months of 
exposure, these eff ects were not seen. 

   TNF- α  receptor knock-out mice were also protected 
from the acute neutrophil infi ltrate and connective tissue 
breakdown seen following cigarette smoke exposure in wild-
type mice  [211]  and mice that produce lower levels of TNF-
 α  following an infl ammatory insult (Line 129 mice) also 
appeared to have less neutrophils and less emphysema com-
pared with the wild-type mice        [197, 211] . In fact TNF- α  
appears to be central to about 70% of the tissue destruction 

seen following cigarette smoke in mouse models, probably 
by enhancing neutrophil migration into the lung  [227] . 

   In order to understand the relationship between mac-
rophages and neutrophils in COPD, MMP-12 knock-out 
mice were studied further. Cigarette smoke exposed MMP-
12 knock-out mice did not display the early neutrophilic 
infi ltrate or the release of desmosine and hydroxyproline 
(matrix breakdown products) that is characteristic of wild-
type mice, although low levels of macrophage infi ltration 
did occur. When the MMP-12 knock-out mice under-
went intratracheal instillation of normal macrophages, a 
neutrophil infl ux was seen and the use of an MMP inhibi-
tor also prevented a neutrophilic infi ltrate and subsequent 
matrix breakdown  [211] . Following these observations, 
studies demonstrated that cigarette smoke-induced pro-
duction of TNF- α  from alveolar macrophages in wild-type 
mice, but not in MMP-12 knock-out mice while levels of 
TNF- α  mRNA were the same in both groups. It was sur-
mised that MMP-12 processes TNF- α  after secretion and 
it is likely, therefore, that MMP-12 is needed to activate 
TNF- α  which in turn initiates neutrophil recruitment, lead-
ing to degranulation and tissue damage  [228] .  Figure 14.5    

Degradation of
extracellular matrix

1 Release of chemotactic
peptides

2 MMP-12

3 TNF-α

Macrophage

6 Activation of proMMP-12 to MMP 12.
Inactivation of TIMP

8 Macrophages scavenge free NE

7 MMP-12 inactivates α1 anti-trypsin

4 Release of chemotactic
cytokines, increased levels

of E-Selectin

Neutrophil

5 NE

 FIG. 14.5          The proinfl ammatory actions of MMP-12 and the interactions between neutrophils and macrophages

     1     Cigarette smoke causes the release of chemotactic peptides which recruit macrophages and neutrophils to airways.  

    2     Activated macrophages secrete MMP-12 which activates epithelial cells and causes degradation of extracellular matrix components.  

    3     MMP-12 facilitates the release of active TNF- a  which activates epithelial cells further.  

    4     Activated epithelial cells release chemotactic cytokines and increase the expression of proadhesive proteins such as E-Selectin.  

    5      Neutrophils migrate to areas of activated epithelium and release free NE during frustrated phagocytosis or sloppy eating. NE promotes epithelial cell 

apoptosis and increases expression of proinfl ammatory mediators such as LTB4 and CXCL8.  

    6     NE proteolytically converts proMMP-12 to active MMP-12 and proteolytically inactivates TIMP, both of which enhance MMP-12 activity.  

    7     MMP-12 proteolytic inactivation of  a  1 -AT causes the further release of promigratory proteins and allows increased NE activity.  

    8     Macrophages scavenge free NE which is then reused to further degrade extracellular matrix components.       
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summarizes the proinfl ammatory properties of MMP-12 
and macrophage/neutrophil interactions. 

   When interpreting results from  in vitro  work and ani-
mal models, it is crucial to consider that there may be impor-
tant variations in the pathogenesis of COPD between cell 
types and diff ering species, and indeed, confl icting results are 
common. However it seems likely that neutrophil infi ltration 
is an early event and that both neutrophil numbers and elas-
tolytic activity relate well to lung damage in the early stages 
of disease. Macrophages seem central to neutrophil recruit-
ment, probably via activation of TNF- α  by metalloprotein-
ases, and may be needed to sustain the infl ammatory process 
and hence development of emphysema.  

    THE NEUTROPHIL IN ASTHMA 

   Although current concepts of asthma pathogenesis focus 
primarily on CD4  �   T cells and eosinophilic infl ammation, 
there are robust data suggesting that the neutrophil may also 
be important in the pathophysiology of asthma. Absolute 
neutrophil counts appear to be raised in a subset of patients 
with asthma, and indeed, in one study up to 60% of patients 
studied had non-eosinophilic airway infl ammation present in 
induced sputum samples  [229] . Measures of chronic asthma 
severity, such as FEV 1 , correlate with the degree of airway 
neutrophilia in stable disease            [230–233] . Furthermore, neu-
trophilic infl ammation has been clearly documented in acute 
exacerbations of asthma, in status asthmaticus, and in noc-
turnal asthma          [234–236]  and has been reported as the pre-
dominant cell type in fatal asthma        [237, 238] . Th ese fi ndings 
cannot be explained by patient’s smoking status, co-morbid-
ity, or the presence of acute infection alone, suggesting that 
neutrophils may well have an important role in this disease 
 [239] . Finally, although eosinophilic infl ammation is sensi-
tive to corticosteroid treatment, neutrophils respond poorly 
to this treatment modality, and may be the underlying cause 
of steroid resistant cases of asthma        [240, 241] . 

   It has been proposed that neutrophils enter the air-
ways in response to infection. In murine models, pulmonary 
infection with mycoplasma or Sendai virus is associated with 
a neutrophilic infi ltrate. Th is leads to a chronic (and in most 
cases a permanent) airway hyperresponsiveness that per-
sists long after the infection has resolved        [242, 243] .  In vivo  
there is serologic and polymerase chain reaction derived evi-
dence associating chronic asthma with airway infection with 
both viruses and atypical bacteria (which have in turn been 
associated with increased neutrophil counts)        [244, 245] . 
However, even if infection initiates neutrophil infl ux into 
the lungs, treatment of the infection has not been associated 
with a reduction of symptoms, suggesting that on-going 
infection may not be sustaining the neutrophilic features of 
the disease process. 

   Asthmatic epithelial cells constitutively hypersecrete 
both IL-8 and IL-17 (both of which are chemotactic for 
neutrophils),        [246, 247]  and it has been suggested that these 
cells are abnormal in asthma, both when quiescent and active, 
driving infl ammation by the release of proinfl ammatory 
mediators  [248] . Th is theory has yet to be fully explored. 

   Whatever the stimulus, once present, neutrophils have 
the potential to cause the pathological features seen by the 
release of proteinases and reactive oxygen species, as described 
previously. In particular there is destruction of the epithelial cell 
layer  [194] , which is often a feature of the airways in asthma 
 [249]   . Indeed recent studies have confi rmed the importance of 
proteinase function in both the acute infl ammatory response 
and the subsequent mucous cell metaplasia that accompanies 
postinfectious murine models of asthma,  [24]  although these 
fi ndings have yet to be confi rmed in humans. Further work is 
required, but current evidence seems to support the premise 
that while eosinophils may be dominant in the early stages of 
disease in atopic individuals, neutrophils form a key feature of 
more severe, nonatopic asthma  [250] .  

    CONCLUSIONS 

   Th ere is strong evidence supporting the belief that the neu-
trophil is central to the pathogenesis of COPD. Th e neu-
trophil is the only cell that has been shown to be able to 
cause all of the pathological changes of the disease includ-
ing emphysema, mucus hypersecretion, epithelial destruc-
tion, and reduced ciliary beating.  In vitro  models, animal 
models, and human studies have led to confl icting results 
regarding the importance of various components of the 
infl ammatory response. However, based upon current evi-
dence it appears likely that the neutrophil and in particular, 
NE is associated with at least the initial lung damage seen 
in COPD although macrophages appear necessary either to 
initiate the acute neutrophilic response (via TNF- α ) and/or 
sustain the subsequent infl ammatory response causing ini-
tiation and progression of emphysema. Studies so far have 
not provided a means to study the eff ects of other complex 
processes, such as the recurrent exacerbations in COPD, or 
the eff ect of smoking cessation and to clarify our under-
standing of the overlapping actions of proteinases. Detailed 
studies of cells and chemoattractants in man will remain 
crucial in dissecting the mechanisms. Although studied in 
much less detail, it is likely that neutrophils also play a role 
in asthma, with the involvement of similar pathways.   
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          Fibroblasts 

    INTRODUCTION 

   Fibroblasts are typically spindle-shaped cells 
with an oval fl at nucleus found in the intersti-
tial spaces of organs. In the lung, they reside 
in highly complex multicellular environments, 
usually closely apposed to the epithelium or 
endothelium. Th ey are the primary source of 
extracellular matrix (ECM) proteins, which, in 
addition to providing a scaff old for cells, play 
key roles in determining cell phenotype and 
function. In these contexts, fi broblasts contrib-
ute to injury responses in both the initiation 
and the resolution phases. 

   In chronic lung diseases including asthma, 
chronic obstructive pulmonary disease (COPD), 
and idiopathic pulmonary fi brosis (IPF), there 
are changes in the number and phenotype of 
fi broblasts. Th ese changes play a critical role in 
the loss of normal tissue architecture and func-
tion associated with these diseases. Although 
considerable research eff ort has focused on 
modulating leukocyte function and infl amma-
tion, relatively few studies have investigated the 
eff ects of existing or novel therapies on fi brob-
last function. Moreover, there have not been 
suffi  cient eff orts to develop new approaches to 
regulate fi broblast function in these diseases. 
Th is chapter explores the current knowledge 
about the role of fi broblasts in lung homeosta-
sis and pathological disorders associated with 
chronic remodeling. A better understanding of 
the phenotypes of disease-associated fi brob-
lasts may highlight pathways specifi c to disease 
pathologies, giving rise to targeted therapeutics. 
Finally, we review the potential of opportunities 
arising for better therapeutic intervention strat-
egies targeting fi broblasts that will either halt or 
potentially reverse fi brosis.  

    FIBROBLAST FUNCTION 

   Fibroblasts play a myriad of important roles in 
normal tissue function. In the lung, they coor-
dinate organogenesis and budding of the lung 
from the foregut, through intimate bi- directional 
communication with adjacent epithelial cells. 
Th ey are also key cells in the production and 
homeostasis of the ECM. In the lung, the great-
est number of fi broblasts are found in the sub-
epithelial layer of the conducting airways and 
the interstitium of the lung parenchyma. Here 
they are in a prime location to interact with the 
e pithelial and endothelial cells. Th ese interactions 
are likely important in disease settings and will be 
further discussed in this chapter. Fibroblasts are 
me tabolically active cells – c apable of synthesiz-
ing, secreting, and degrading ECM components – 
including collagens, proteoglycans, tenascin, lam-
inin, and fi bronectin. Th ese cells continually syn-
thesize ECM proteins although the amount they 
secrete is tightly regulated. For example, up to 
90% of all procollagen molecules are degraded 
intracellularly prior to secretion, depending on 
tissue and age. Further, fi broblasts generate matrix 
metalloproteinases (MMPs) and their inhibitors, 
tissue inhibitor of metalloproteinases (TIMPs), 
thus controlling tissue architecture and matrix 
turnover rates. 

   MMPs exert proteolytic activities on vari-
ous proteins including many ECM components 
and are thus central to ECM formation  [1] . 
Th ey have been shown to be elevated in asthma 
and COPD (reviewed in  [1] ); as well as in IPF 
where MMP1, 2, and 9 were colocalized to the 
epithelium surrounding fi brotic lesions, whereas 
increased TIMP2 was also observed suggest-
ing that the MMP activity may be inhibited 
and that the fi brotic region not degraded  [2] . 
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Another function of MMPs is to activate growth factors 
and chemokines, thus potentially promoting the fi brotic 
and infl ammatory milieu          [3–5] .  

    MYOFIBROBLASTS 

   Myofi broblasts express  α -smooth muscle actin ( α -SMA) 
and have contractile and secretory properties that are central 
to controlling tissue architecture  [6] . Th ey express a panel 
of markers that have been correlated with the site of origin. 
For example, myofi broblasts found in the peripheral and 
subpleural regions of fi brosis express  α -SMA, vimentin, and 
desmin, whereas cells found in other regions of the lung do 
not express desmin  [7] .  In vitro , fi broblast-to-myofi broblast 
 trans -diff erentiation can be induced by transforming growth 
factor- β  1  (TGF- β 1), and it has been hypothesized that 
TGF- β 1 found locally at sites of fi brosis  trans -diff erentiate 
resident fi broblasts into myofi broblasts        [8, 9] . 

   It has been proposed that the contractile properties 
of myofi broblasts are central to wound healing by limiting 
the amount of exposed wound area  [10] . However, the sus-
tained presence of contractile myofi broblasts in the inter-
stitium of the lung may cause a retraction of parenchymal 
tissue mediating alveolar collapse and resulting in the char-
acteristic honeycombing seen in the lungs of IPF patients, 
or add to the increase in alveolar size, which is character-
istic of COPD  [11] . Th ere is also a signifi cant increase in 
myofi broblast numbers in the airways of asthmatic patients 
following allergen challenge  [12] , which correlate with sub-
epithelial collagen deposition  [13] . 

   In normal wound healing, myofi broblasts sequentially 
perpetuate and then dampen infl ammation via the secre-
tion of chemokines, cytokines, arachidonic acid metabolites, 
and protease inhibitors  [14] . When activated, they express 
cell surface adhesion molecules allowing specifi c interac-
tions with immune and infl ammatory cells, including lym-
phocytes, mast cells, and neutrophils. If these processes 
become dysregulated, fi brosis may ensue with catastrophic 
consequences for lung function. 

   Given the importance of myofi broblasts to wound 
healing and fi brosis, defi ning both the origin and the mech-
anisms leading to their clearance will greatly add to our 
understanding of the role of this cell in fi brotic diseases. 
At sites of normal wound healing, once suffi  cient ECM 
has been deposited and remodeled, fi broblasts and myofi -
broblasts undergo apoptosis        [15, 16] . Th is serves to limit 
the excessive deposition of ECM and also dampen the pro-
infl ammatory and pro-fi brotic milieu. However, for reasons 
still unclear, myofi broblasts persist in fi brotic conditions.  

    FIBROBLASTS AND FIBROSIS 

   Most insight into the potential   role of fi broblasts at driv-
ing pulmonary remodeling, as well as phenotypic dif-
ferences in fi broblasts found in fi brotic regions versus 
those located in normal tissue, has been garnered from 

 in vitro  studies by using fi broblasts isolated from IPF lungs. 
Fibroblasts isolated from fi brotic environments are pheno-
typically diff erent from non-fi brotic fi broblasts          [17–19] . 
Furthermore, fi broblasts from a pro-fi brotic environment 
exhibit both altered responsiveness to growth factors and 
enhanced chemokine receptor expression, which has also been 
observed in murine models of pulmonary remodeling  [20] . 
Taken together, these studies suggest a distinct heterogeneity 
in fi broblast function and phenotype in the fi brotic lung. 

   Th e progression and the severity of many lung dis-
eases, notably IPF, are tightly associated with regions of 
fi broblast accumulation and proliferation; the extent of these 
regions, termed fi broblastic foci, has become a reliable indi-
cator of survival. Th e increased number of (myo)fi broblasts 
seen in these diseases implies that they are hyperprolifera-
tive and/or resistant to apoptosis. However, whether they 
proliferate faster than normal fi broblasts is still controver-
sial          [17, 21, 22] . We and other investigators have reported 
that fi broblasts derived from IPF lungs proliferate faster 
than the cells derived from normal lung tissue  [17] . In con-
trast, few others have also shown that the growth rate of 
IPF fi broblasts was signifi cantly slower than that of normal 
fi broblasts. However, the specifi c techniques used to isolate 
primary fi broblasts diff er between laboratories; therefore 
direct comparisons may not be suitable. 

   Moreover, discrepancies may be due to the site in the 
lung from which fi broblasts are harvested, since the mag-
nitude of infl ammation and fi brosis are heterogeneous in 
distribution. Th us, areas of active fi brosis may yield hyper-
proliferative fi broblasts, compared to the areas of established 
fi brosis where cells may be hypoproliferative. 

   To begin to address this diversity, recent studies have 
used microarray technologies to profi le global gene expression 
in pulmonary fi brosis in man and mouse models. Th ese stud-
ies have showed that the expression of almost 500 genes are 
increased more than twofold in fi brotic lungs, including many 
genes related to cytoskeletal reorganization, ECM, cellular 
metabolism and protein biosynthesis, signaling, proliferation, 
and survival  [8] . Studies examining human lung fi broblast 
global gene expression in response to TGF- β  1  have shown 
almost 150 genes upregulated, representing several functional 
categories described earlier. Th ese included 80 genes that 
were not previously known to be TGF- β  1 -responsive  [8] . 
Th ere was excellent concordance between gene expression in 
human and experimental models, giving us some confi dence 
in the value of our eff orts to model human disease.  

    ORIGIN OF FIBROBLASTS AND 
MYOFIBROBLASTS: PLASTICITY OF 
RESIDENT FIBROBLASTS 

   As remodeling of the lung is associated with the accumula-
tion of fi broblasts and myofi broblasts, understanding the der-
ivation of these cells is critical to our understanding of disease 
processes. Current thinking suggests that there may be mul-
tiple pathways through which fi broblasts and myofi broblasts 
are derived  [14] . Th ese include proliferation and plasticity of 
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resident cells, such as fi broblasts and epithelial cells. Further, 
emerging data highlight a signifi cant role of circulating, bone 
marrow-derived cells at remodeling lung architecture  [23] .  

    FACTORS INVOLVED IN FIBROBLAST–
MYOFIBROBLAST DIFFERENTIATION 

   As has been described, fi broblasts can be induced to dif-
ferentiate into myofi broblasts. It is becoming increasingly 
accepted that the fi broblast–myofi broblast transition begins 
with the appearance of the protomyofi broblasts that are 
hyperproliferative and migratory but do not synthesize 
signifi cant amounts of ECM proteins  [24] . Under specifi c 
conditions, the protomyofi broblast evolves and may result 
in a transition into a diff erentiated myofi broblast, charac-
terized by the presence of organized stress fi bers containing 
 α -SMA. Myofi broblasts can, according to the experimental 
or clinical situation, express other smooth muscle cell con-
tractile proteins, such as myosin heavy chains or desmin. 
Generally, these cells are thought to be hypoproliferative but 
responsible for secretion of the bulk of collagens I and III. 

   Although the processes involved in the appearance of 
protomyofi broblasts are at present not well explored, the tran-
sition from the protomyofi broblast to a diff erentiated myofi -
broblast has been related to the production of TGF- β 1 by 
infl ammatory cells, and possibly by fi broblasts themselves. 
Th e action of TGF- β 1 also depends on the local presence of 
the cellular fi bronectin ED-A splice variant. Th us, myofi brob-
last diff erentiation is regulated by both a cell product and the 
ECM. Moreover, it is becoming more accepted that mechani-
cal factors play an important role in both transitions through 
either TGF- β  generation  [25]  or TGF- β  activation  [26] .  

    EPITHELIAL CELLS: EPITHELIAL–
MESENCHYMAL TRANSITION 

   Another potential pool of fi broblasts may arise by a proc-
ess called epithelial–mesenchymal transition (EMT). EMT 
is a dynamic process by which epithelial cells undergo phe-
notypic transition to fully diff erentiated and motile mes-
enchymal cells, such as fi broblasts and myofi broblasts        [27, 
28] . Th is process occurs normally during early fetal devel-
opment where there is seamless plasticity between epithelial 
and mesenchymal cells. Th e diff erentiation between airway 
epithelial cells of one type and another, for example type I 
pneumocytes transitioning into goblet cells, has been previ-
ously described            [29–32] . However, the switching of an epi-
thelial cell into a phenotype that moves beyond the original 
cell’s embryonic lineage has recently been hypothesized as a 
driving factor in fi brosis          [33–35] . 

   Epithelial cells exposed to TGF- β 1, alone or in 
combination with other growth factors such as epider-
mal growth factor (EGF), begin the process of EMT by 
the increased expression of MMPs that enable basement 
membrane degradation and cell detachment. Th e cells also 

undergo cytoskeletal changes as well as altered expression 
of surface molecules. For example, a downregulation of 
E-cadherin and zona occludens 1 (ZO-1) with a concomi-
tant upregulation of vimentin as well as the ED-A fi bronec-
tin is needed for migration and transition to a mesenchymal 
phenotype        [36, 37] . Th e majority of the work evaluating 
EMT has been performed  in vitro ; however, the full extent 
of this pathogenic pathway  in vivo  is currently being evalu-
ated. In animal models of kidney fi brosis, it has been esti-
mated that up to 20% of the fi broblasts found in the fi brotic 
lesions were derived from the epithelium through EMT 
 [33] . Th e idea of EMT promoting the fi brosis observed in 
asthma and IPF is rapidly beginning to evolve  [32] . It is still 
not known whether EMT contributes to the excess ECM 
deposition. Future work correlating the timecourse of EMT 
induction with disease staging will also be very insightful. 
Th is pathogenic process may provide novel therapeutic tar-
gets such that inhibiting or reversing EMT may provide 
clinical benefi t to patients with fi brosis-associated diseases.  

    CIRCULATING PROGENITOR 
MESENCHYMAL CELLS 

   Along with the epithelium, recent studies have also high-
lighted a role for bone marrow-derived circulating cells, or 
fi brocytes, in promoting lung fi brosis by diff erentiating into 
fi broblasts or myofi broblasts        [23, 38] . 

   Fibrocytes appear to be pleiotropic in function and a 
variety of extracellular and intracellular markers have been 
used to characterize them, including CD45, indicating 
haematopoietic origin; CD34 or CD13; and various chem-
okine receptors which have been demonstrated to modu-
late migration  in vitro  and  in vivo               [39–43] . However, the 
underlying features of fi brocytes are that they are derived 
from the bone marrow and are positive for type I collagen. 
Moreover, it has recently been postulated that an over-
exuberant recruitment of these cells to sites of pulmonary 
injury contributes to the aberrant deposition of collagen, 
which ultimately induces pathologic fi brosis              [44–48] . 

   Fibrocytes are pleuripotent in their ability to diff eren-
tiate into other cell lineages, as has been demonstrated with 
fi brocyte-derived adipocytes  [49] . Furthermore, these cells 
are extremely plastic  in vitro , making both the derivation 
and the characterization of these cells unclear. Exposure of 
fi brocytes to TGF- β 1  in vitro  results in the cells transition-
ing into a myofi broblast phenotype and producing fi bronec-
tin and type III collagen  [48] . Using an adoptive transfer 
model of bone marrow cells from green fl uorescent protein 
(GFP) transgenic mice into recipient mice challenged with 
intratracheal bleomycin (to initiate lung injury), recruited 
GFP �  fi brocytes were shown to diff erentiate into fi brob-
lasts while resident lung fi broblasts diff erentiated into 
myofi broblasts  [39] . Th ese data would indicate that the 
fi brocytes may serve to replenish the pool of fi broblasts 
from which myofi broblasts are derived. 

   Th ere is increasing evidence that fi brocytes may also 
have a pathogenic role in asthma        [41, 48] . A correlation 
in the number of fi brocytes in the basement membrane of 
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asthmatics and the extent of subepithelial fi brosis has been 
recently described  [50] . Increased numbers of these cells 
have been reported in the airways of asthmatics and aller-
gen challenge further increased cell recruitment to the sub-
epithelial region  [48] . Interestingly, CD34 colocalized with 
 α -SMA, suggesting that CD34 �  fi brocytes traffi  c to sites 
of active remodeling and diff erentiate into myofi broblast-
like cells  [48] . Further studies are necessary to delineate the 
fate of fi brocytes and the total impact of this pathway to 
other diseases such as COPD.  

    FIBROBLAST ACTIVATION 

   Fibroblasts are activated by numerous signals such as mechan-
ical forces imposed during bronchoconstriction, ECM interac-
tions, and hypoxia. Furthermore, a large number of mediators, 
produced by various cell types, and proteases of the coagula-
tion cascade are known to promote fi broblast proliferation, 
collagen synthesis, migration, and diff erentiation. 

    Transforming growth factor  β  

   TGF- β  is one of the most potent pro-fi brotic mediators  
in vitro  and a strong candidate as a central player in remod-
eling diseases including asthma and IPF. Th e emergence of 
therapeutics directed against the TGF- β  pathway will shed 
light on the role of this growth factor in diseases. Although 
antagonism of  TGF- β  by a number of strategies ameliorates 
experimental fi brosis, inhibition of this growth factor family 
as a valid therapeutic target requires rigorous interpretation, 
since it plays an important role as an inhibitor of immune 
responses and normal cell diff erentiation. 

   TGF- β 1 is upregulated in the lungs of IPF patients 
and asthmatics                [51–56]  (reviewed in  [57] ). Interestingly, 
expression of TGF- β 1 is nearly absent in the bronchial epi-
thelial cells but is highly expressed in infl ammatory cells 
beneath the basement membrane where subepithelial fi bro-
sis predominates  [58] . Transient over-expression of TGF- β 1 
or pulmonary delivery of this cytokine to mouse lungs 
induces a pronounced interstitial fi brosis mediated by aber-
rant ECM generation and deposition, as well as the presence 
of myofi broblasts  [59] . Further, over-expression of TGF- β 1 
in the lungs of mice also induces a fi brotic response through 
modulation of apoptotic and infl ammatory pathways, as well 
as aberrant expression of MMP12        [60, 61] . Epithelial cells 
and eosinophils also produce large amounts of TGF- β 2, 
especially following allergen challenge            [62–65] . However, 
the role in remodeling and fi brosis is not as well studied as 
that of TGF- β 1, although it has been shown to induce epi-
thelial cell mucus production  [63]  and exert pro-fi brogenic 
eff ects  [66] . 

   TGF- β 1 regulates numerous biological activities, such 
as proliferation, apoptosis, and diff erentiation via Smad-
dependant and Smad-independent mechanisms        [67, 68]  
( Fig. 15.1   ). TGF- β  is produced in an inactive form tethered 
to a latency-associated peptide (LAP) by covalent bonding. 
Activation of, and signaling through, its receptors requires 
exposure of the active site of the ligand either through con-
formational change (as induced by integrin-mediated acti-
vation) or through cleavage of the LAP. 

   Using a transgenic mouse model of Smad-3 defi -
ciency, TGF- β /Smad-3 signaling was shown to be required 
for alveolar integrity and ECM homeostasis, and this path-
way is involved in pathogenic mechanisms mediating tissue 
destruction and fi brogenesis  [69] . TGF- β  signaling pathway 
involves the phosphorylation of downstream Smad proteins  , 
comprising the receptor-regulated (R)-Smad (Smad 2, 3), the 
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co-Smad, Smad 4). Th ese  activated Smad complexes translo-
cate to the nucleus, bind to specifi c consensus sequences on 
target DNA to upregulate the transcription of many genes. 
Regulation of this pathway occurs through the synthesis of 
the inhibitory Smad-7. Although Smad signaling is gener-
ally considered the predominant pathway, Smad-independ-
ent signaling through P38, Akt/PI-3       K, and extracellular 
signal-regulated kinase (ERK) pathways is also observed. 
Th ese pathways generally lead to diff erent cellular responses 
       [70, 71] . In this regard, while Smad signaling generally arises 
through activation of the type I TGF- β  receptor, P38 signal-
ing occurs through activation of the type II receptor, imply-
ing diff erent mechanisms of activation and regulation  [70] . 

    IL-13 and IL-4   

   Interleukin (IL)-13 and IL-4 are pleiotropic, Th 2-associated 
cytokines,  with numerous distinct and overlapping func-
tions. Th ey share overlapping but not redundant roles due 
to the shared IL13R α 1 receptor subunit. IL-13 is elevated 
in the lungs of IPF patients and is associated with fi brotic 
pathologies and aberrant remodeling at various tissue sites 
       [72, 73] . Th e pro-fi brotic role for IL-13 in asthma and pul-
monary fi brosis has been recently reviewed        [74, 75] . Th ere 
are diff erences in the downstream events following IL-4 or 
IL-13 signaling. IL-13 activates epithelial cells and goblet 
cells causing mucous production, goblet cell hyperplasia and 
EMT        [76, 77] . Various animal models of pulmonary fi brosis 
have indicated a more pro-fi brotic role for IL-13 than IL-4. 
Indeed it has been hypothesized that IL-4 is involved in the 
initiation of fi brosis whereas IL-13 is central to the mainte-
nance of the fi brotic response, reviewed in Chapter 8    [78] . 

   Both IL-13 and IL-4 induce pro-fi brotic responses in 
fi broblasts, responses that are comparable to those induced 
by TGF- β 1        [79, 80] . Both IL-4 and IL-13 induce fi broblast 
proliferation  [81] . Interestingly, IL-4 and IL-13 induced 
greater fi broblast proliferation from patients with mild 
asthma compared to responses elicited on fi broblasts derived 
from severe asthma patients  [82] . Th is suggests an altered 
fi broblast phenotype which is dependent on disease stag-
ing. IL-13 and IL-4 have also been demonstrated to play 
pro-fi brotic roles on airway epithelial cells by promoting 
epithelial cell proliferation and also by inducing mitogenic 
TGF- β 2 production from these cells  [83] . Interestingly, 
IL-13 and not IL-4 promotes the diff erentiation of fi brob-
lasts to myofi broblasts        [81, 82] . Th e other mechanism by 
which IL-13 can mediate fi brosis is via the second IL-13 
receptor, IL-13R α 2  [84] . Th is receptor was, until very 
recently, thought to be a decoy receptor as it has a very short 
cytoplasmic tail and is frequently shed from the surface of 
cells        [85, 86] . However IL-13 binds to IL-13R α 2 with a 
much higher affi  nity than IL-13R α 1        [87, 88] . Recent data 
suggests that IL-13R α 2 has signaling capabilities resulting 
in TGF- β 1 secretion from macrophages  [84] .   

    Thrombin and coagulation 
pathway-associated proteases 

   Th rombin and several other proteases of the coagulation 
pathway have been implicated in a number of pulmonary 

diseases where fi brosis is often a feature. Th ese include acute 
respiratory distress syndrome (ARDS), and the interstitial 
lung diseases including IPF              [89–93] . In one of these stud-
ies, thrombin was shown to represent a large proportion of 
the fi broblast proliferation capacity of bronchoalveolar lav-
age (BAL) fl uid in patients with lung fi brosis, suggesting 
that it might be a major player  [91] . Animal models have 
strengthened the connection between these proteases and 
the occurrence of fi brosis. For example, increased thrombin 
is found in the lungs of mice challenged with bleomycin 
and pharmacological inhibition of thrombin signifi cantly 
reduced the collagen deposition        [90, 94] . 

   It is now clear that proteases of the coagulation cas-
cade, including factor VIIa, factor Xa, and thrombin, exert 
pro-infl ammatory and pro-fi brotic eff ects via the pro-
tease-activated receptors (PAR). Th e PAR comprise four 
members, PAR1 to PAR4 and between them the coagula-
tion proteases of the extrinsic pathway can target all four 
receptors. In terms of infl uencing fi broblast function, PAR1, 
the high affi  nity thrombin receptor, is the major receptor 
by which thrombin and factor Xa exert their potent pro-
fi brotic eff ects. Th is receptor has emerged as a promising 
new target to prevent fi brosis in the setting of both IPF and 
ARDS, based on studies demonstrating that thrombin inhi-
bition partially blocks experimental fi brosis  [95]  and that 
mice defi cient for PAR1 are protected from lung infl am-
mation, pulmonary edema, and lung collagen accumulation 
following bleomycin injury  [96] . Recently, the role of PAR 
has been linked to epithelial cell activation of TGF- β . It 
has been known for some time that mice defi cient for the 
 β  6  subunit are protected from pulmonary fi brosis due to a 
defective ability to activate TGF- β   [97]  but recent stud-
ies suggest that activation of PAR1 leads to the activation 
of latent TGF- β  via this  α  v  β  6 -dependent mechanism  [94] . 
Together these data suggest thrombin may be upstream to 
the activation of TGF- β . 

   Th e PAR have also been implicated in airways dis-
eases (reviewed in          [98–100] ). Th e mechanism for this eff ect 
is still being explored but it may be due to pro-infl ammatory 
eff ects of PAR activation. For example, PAR-2-defi cient 
mice had decreased eotaxin/CCL11 infl ux along with 
reduced eosinophilia following antigen challenge in an 
allergen sensitization and challenge model of asthma        [101, 
102] . In relation to COPD, Churg and coworkers recently 
suggested that  1 -antitrypsin inhibition of TNF- α  and 
MMP12 production in animals exposed to cigarette smoke 
may in part be due to inhibition of serine proteases activat-
ing PAR1 on macrophages  [103] .   

    CLINICAL TARGETING OF FIBROSIS 
IN LUNG PATHOLOGIES 

   Currently there are no therapeutic molecules in use in clini-
cal respiratory medicine that specifi cally target fi broblasts 
or fi broblast function. Further, myofi broblasts are likely to 
be a key to the chronicity of IPF and other related diseases 
and therefore strategies that modulate the functions of 
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these cells may have a signifi cant impact on the treatment 
of fi brotic remodeling. 

   Data emerging suggests that targeting-specifi c media-
tors during asthma, such as IL-13, may impact disease 
through modulating fi broblast function. Moreover, increased 
pathogenic functions ascribed to fi broblasts indicate that this 
cell type may be attractive to target therapeutically. Aberrant 
activation of fi broblasts during fi brosis results in excessive 
collagen deposition, which ultimately results in a loss of tis-
sue function. As more is learnt about fi broblasts and cells 
capable of generating excess ECM, specifi c cell markers 
may be identifi ed that could allow for a selective targeting 
with minimal detriment to normal tissue. Th erefore, target-
ing fi broblasts directly may result in a decrease in ECM syn-
thesis and a potential benefi cial clinical outcome, but unlike 
immunosuppressants and non-specifi c anti-infl ammatory 
agents, novel therapeutics would leave cellular defense mech-
anisms necessary for host defense in the lung intact.   
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C H A P T E R            Epithelial Cells 

    INTRODUCTION 

   Respiratory tract epithelial cells constitute a 
front-line physical barrier between the organism 
and the environment. Th ey serve vital functions 
in host physiology and mucosal defense and 
are central to the pathogenesis of asthma and 
chronic obstructive pulmonary disease (COPD). 
Th is chapter concisely addresses epithelial cell 
development, structure, cell lineages, integrated 
function in mucus clearance, and presents an 
overview of their role in immune responses rel-
evant to asthma and COPD.  

    LUNG DEVELOPMENT AND 
EPITHELIAL CELL DIFFERENTIATION 

   Th e tracheo-bronchial and lung epithelium are 
endoderm-derived, originating as a foregut evagi-
nation at 3.5 to 7 weeks of gestation in humans 
 [1] . Complex, reciprocal molecular interactions 
between epithelium and the underlying mesen-
chyme govern development, resulting in elabo-
rate branching morphogenesis that forms the 
airways and lungs  [2] . Th ere is a centrifugal pat-
tern of cyto-diff erentiation and structural devel-
opment that culminates in the normally formed 
bronchial tree and lungs at end gestation, includ-
ing maturation of the pulmonary surfactant sys-
tem. Detailed discussion of molecular regulation 
of lung epithelial development and abnormalities 
surrounding premature birth is beyond the scope 
of this chapter. 

   Survival of premature birth and its compli-
cations has increased dramatically in recent years, 
creating a growing population of in dividuals 

born at early gestational age that are exposed to 
variable treatment regimes, including diff ering 
preparations of exogenous surfactant  [3] , con-
ventional versus high-frequency oscillatory ven-
tilation  [4] , nitric oxide  [5] , and inhaled versus 
systemic glucocorticoids  [6] . Th e spectrum of 
lung disease resulting from premature birth has 
also evolved and now presents a histopathologic 
picture characterized by diff use developmental 
abnormalities in lung structure  [7] . Wheezing is 
more common after premature birth, especially 
in susceptible populations and in the presence 
of chorioamnionitis  [8] . Lung function may 
normalize somewhat during later childhood 
and despite a higher prevalence of respiratory 
symptoms, airway hyperactivity was not present 
in one cohort of adults born prematurely        [9, 10] . 
Time will tell if those born prematurely are pre-
disposed to COPD, especially if they smoke. 

   Prenatal airway and lung development 
sets the stage for the transition to air breathing 
at birth, including the essential function of lung 
liquid absorption, which depends on presence of 
epithelial ion channels  [11] . Available evidence 
also indicates a period of dynamic postnatal 
adaptation and maturation of the epithelium. For 
example, in both animals and humans, mucous 
secretory cells are induced in late gestation and 
are highly abundant in the neonatal period but 
normally regress by adulthood                [12–17] . Although 
a few studies exist        [16, 17] , there is a relative pau-
city of quantitative data on airway epithelial cell 
kinetics and diff erentiation during the late pre-
natal and early postnatal stages of normal human 
airway development. Environmental exposures 
and infections during infancy and early child-
hood mold airway and lung structure and func-
tion and likely have a lasting infl uence on the 
ultimate development of disease. Th ere is intense 
interest and controversy regarding the hygiene 
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 hypothesis, which proposes that inadequate or inappropriate 
early postnatal stimulation skews the immune system, pro-
moting the development of allergy, asthma, and autoimmunity 
       [18, 19] . Environmental exposures and infections occur in the 
context of a dynamic airway epithelial proliferation and cyto-
d iff erentiation program during which responsiveness to vari-
ous stimuli (pollution, second-hand tobacco smoke, infection) 
is likely altered. However, the basic cellular composition of the 
developing and maturing postnatal human airway epithelium 
is still inadequately described. Mechanisms regulating changes 
in epithelial proliferation and maturation, diff erential sensitiv-
ity to relevant stimuli and the impact of any diff erences on 
interactions with the developing immune system during this 
potentially critical period are still not well understood.  

    STRUCTURE OF THE EPITHELIUM AND 
 “ TROPHIC UNITS ”  

   In the normal adult human, epithelial cell populations vary 
systematically as a function of airway level. Portions of the 
nasal passages and the trachea to approximately the 6–10th 
generation bronchi are lined by a tall columnar pseudostrati-
fi ed mucociliary epithelium consisting principally of basal, 
intermediate, ciliated, and mucous secretory (goblet) cells 
( Fig. 16.1   ). In this region, submucosal glands are abundant. 
Proceeding distally, cartilage support and glands diminish 
and become absent in the bronchioles, which are initially 
also lined by a columnar pseudostratifi ed epithelium. In 
terminal and respiratory bronchioles, the epithelium transi-
tions to a simple columnar and eventually cuboidal epithe-
lium, where Clara cells replace mucous secretory cells  [20] . 
Individual pulmonary neuroendocrine cells (PNECs) and 
highly innervated collections of PNECs (neuroendocrine 
bodies) are distributed within the pseudostratifi ed, columnar, 
and cuboidal epithelial zones and extend into the proximal 
alveolar region  [21] . PNECs have been implicated in lung 
development, in supporting epithelial stem cell niches, and 
possibly as peripheral chemosensors that alter postnatal 
growth and adaptation  [22] . Finally, the alveolar region epi-
thelium is composed mainly of thin type I and cuboidal type 
II alveolar epithelial cells with critical roles to create the thin 
diff usion barrier and produce surfactant, respectively. Just as 
the relative abundance of surface cell types changes along 
the respiratory tract axis, each segment is characteristically 
vascularized, innervated, and variably populated by mesen-
chymal and bone marrow-derived cells. 

   Th e epithelium, its underlying matrix, submucosal cells, 
and tissue structures constitute the  “ e pithelial-m esenchymal 
trophic unit ”   [23] . Reciprocal cellular communication within 
the trophic unit underlies lung development and likely 
regulates steady-state cell behavior and repair after injury, 
for example by the activation of TGF- β   [24] . Studies in a 
primate model suggest that neonatal environmental pollut-
ant and allergen exposure alter the epithelial-m esenchymal 
trophic unit, resulting in a permanent compromise of air-
way growth and development  [25] . Pathologic epithelial-
mesenchymal interactions occurring via IL-1 β  and TGF- β 
have been recently implicated in the d evelopment of a irway 

epithelilal squamous metaplasia and sub-epithelial fi bro-
sis that is characteristic of COPD  [26] . Sub-epithelial 
remodeling, including basal lamina thickening, airway wall 
fi brosis, increased vascularity, and smooth muscle hypertro-
phy/hyperplasia, similarly contribute to the pathophysiology 
of asthma        [27, 28] . However, the detailed cellular compo-
sition and molecular mechanisms of communication within 
epithelial-mesenchymal trophic units at each level in the 
human airway in health and disease are not well understood. 
Airway epithelial cell renewal during the steady state and 
after injury occurs within the context of the trophic unit.  

    LUNG EPITHELIAL STEM AND 
PROGENITOR CELLS 

   In thoroughly studied epithelia such as the epidermis and 
intestine, temporal and spatial patterns of cell renewal, 

(A) Ciliated Secretory

Basal

(B)

 FIG. 16.1          Lung epithelial cell morphology. (A) Normal human bronchus, 

(B) bronchiole, and (C) terminal bronchiole and alveoli. One micrometer-

thick plastic sections, Richardsons stain, original magnifi cation      �      400X, 

AM      �      alveolar macrophage, TI and TII      �      Type I and II alveolar epithelial 

cells, respectively.        

Nonciliated bronchiolar

TII

TI
AM
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and the regulation of progenitor–progeny relationships are 
becoming well understood        [29, 30] . Stem cells reside in 
specifi c niches and proliferation, migration, and cell diff er-
entiation are highly orchestrated within and between the 
epithelium and mesenchyme. Stem cell niches in the airway 
and lung epithelium are less understood than in many other 
organs, but there has been recent progress. Th e subject of 
lung epithelial stem cells has been recently reviewed  [31] . 
It is important to note that most studies of cell lineages 
have been performed in rodent models and strict transla-
tion to humans remains unknown. Briefl y, metabolic pulse 
labeling with DNA precursors has long shown that both 
basal and columnar secretory cell types of the normal adult 
pseudostratifi ed airway epithelium divide, albeit relatively 
infrequently        [32, 33] . However, repair of epithelial dam-
age is brisk. Many cell types rearrange their cytoskeleton 
and migrate to cover denuded basal lamina. Subpopulations 
of cells proliferate and ultimately re-diff erentiate          [34–36] . 
Th ere has been controversy, but it appears that while cili-
ated cells actively participate in repair by migration and  “ de-
diff erentiation ”   [37] , they do not enter the pool of dividing 
cells  [38] . Subsets of cells within both the basal and colum-
nar cell populations can reconstitute a full mucociliary epi-
thelium in an  in vivo  transplantation model        [39, 40] . Th us, 
many cell types can serve as progenitors during repair of 
injury. Th is high degree of  “ plasticity ”  in the airway epi-
thelium is likely driven by the necessity for rapid epithelial 
repair to prevent fi brotic ingrowth and airway obliteration. 

   Classically, stem cells are defi ned by their capacity to 
both self-renew and diff erentiate, whereas progenitor cells 
have limited self-renewal capacity. Th e applicability of clas-
sical defi nitions from well-known model systems to the 
highly  “ plastic ”  airway epithelium is questionable, but there 
does appear to be a hierarchy of  “ stemness ”  within the pool 
of identifi ed progenitor cells. Colony formation on plastic 
dishes  in vitro   [41] , clonal growth  [42] , lineage tracing  [43] , 
and DNA label retention  [44]  suggest that although many 
cells can contribute to repair of injury, basal cells likely rep-
resent a stem cell compartment in the adult pseudostratifi ed 
epithelium ( Fig. 16.2   ). 

   Th e simple columnar to cuboidal bronchiolar epi-
thelium of rodents is composed of Clara, ciliated, PNEC, 
and brush cells. Secretoglobin (SCGB) 1a1, also known as 
CC10 or CCSP, commonly serves as a marker for Clara 
cells. However, SCGB1a1 is expressed in a spectrum of cells, 
present in multiple airway levels, with varying diff erentiation 
potentials and behaviors. Following oxidant gas exposure of 
rodents which damages ciliated cells, surviving bronchiolar 
Clara cells proliferate to restore the epithelium        [45, 46] . 
When the toxin naphthalene is administered to mice, almost 
all Clara cells are killed due to selective metabolic activation 
in this cell type. Ciliated cells shed their cilia and migrate 
to cover the denuded bronchiolar basal lamina, but do not 
re-enter the cell cycle  [38] , whereas surviving Clara cells 
pro liferate  [47] . A population of naphthalene-resistant 
Clara cells resides within, or close to, PNEC clusters and 
DNA label retention studies suggest that this unit consti-
tutes a stem cell niche  [48] . Following naphthalene injury, 
PNECs also proliferate, but they are apparently a dis-
tinct lineage system not requiring, nor generating, Clara 
cells  [49] . A second stem cell niche has been proposed in 

 FIG. 16.2          Cell hierarchy in the pseudostratifi ed airway epithelium. In this 

model, a subset of basal cells gives rise to transiently amplifying cells with 

basal and intermediate cell morphologies that generate diff erentiated 

cells (straight black arrows). The circular arrows represent growth capacity. 

The red arrows indicate plasticity-diff erentiated cells are capable of 

 “ dediff erentiation ”  (backwards arrows),  “ rediff erentiaton, ”  and phenotypic 

conversion during repair of injury. Reproduced, with permission, from 

Randell SH. Airway epithelial stem cells and the pathophysiology of chronic 

obstructive pulmonary disease.  Proc Am Thorac Soc  8: 718–25, 2006.    

the broncho-alveolar junction zone        [50, 51] . Here, specifi c 
Clara-like cells co-express SCGB1a1, SP-C, SP-A, CD-
34 and Sca-1, and proliferate in response to naphthalene 
or bleomycin injury  [51] . Th e cells reportedly grow clonally 
 in vitro , diff erentiate into both Clara and distal lung type 
I and type II epithelial cells, and generate adenocarcino-
mas when expressing an active K-ras oncogene  in vivo   [51] . 
Epithelial cell lineages in the bronchioles and proximal 
alveolar region are illustrated in  Fig. 16.3   . It is important to 
confi rm, in humans, the dual airway and alveolar potential 
of the putative broncho-alveolar stem cells found in mice. 

   It has been known for many years that alveolar type II 
cells proliferate to repair injuries that damage the large, thin, 
and putatively fragile type I alveolar epithelial cells  [52] . 
Palisades of reactive, cuboidal type II cells are frequently 
present when there is chronic distal lung injury. Although 
there is evidence for a spectrum of proliferative potential 
amongst the type II cell population in the distal alveolar 
epithelium  [53] , epithelial stem cell hierarchies in the distal 
alveoli are still poorly understood. Th e importance of eff ec-
tive epithelial repair in the alveolus is underscored by the 
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recent discovery that mutations in telomerase reverse tran-
scriptase or the RNA component of the telomerase complex 
are a cause of idiopathic pulmonary fi brosis        [54, 55] . In these 
cases, defi cient chromosome maintenance due to telomerase 
defi ciency likely impairs epithelial regeneration, resulting 
in aberrant epithelial–mesenchymal interactions that ulti-
mately cause progressive fi brosis. Altered airway ep ithelial–
 mesenchymal interactions, whether due to defi cient epithelial 
repair or not, may similarly result in airway sub-epithelial 
fi brosis and remodeling in asthma and COPD. Th e relation-
ship between epithelial repair capacity and the development 
of pulmonary emphysema has not yet been defi ned. 

   Two somewhat controversial topics have entered the 
lung epithelial stem cell dialogue. Th e fi rst is whether circu-
lating cells become epithelial cells by undergoing a process 
called  “ trans-diff erentiation. ”  In the original report it was 
claimed that, following lethal doses of ionizing radiation and 
bone marrow transplantation, circulating cells of bone mar-
row origin reconstituted a substantial percentage of airway 
and alveolar epithelial cells  [56] . Subsequent studies suggest 
that apparent replacement of the epithelium from circulat-
ing cells may be due to fusion events between myeloid cells 
and epithelial cells and that transdiff erentiation is unlikely 
 [57] . A recent analysis of cord blood stem cell conversion 
to epithelium is illustrative, and suggests that if transdiff er-
entiation occurs, circulating cells may generate only a very 
small percentage of the epithelium  [58] . Th e growing con-
sensus is that most epithelial replacement occurs via lung 
tissue-s pecifi c resident or so-called somatic, stem cells. Th e 
presence of regional-specifi c stem cells as the target cells for 
transformation and cancer initiation may underlie the het-
erogeneity of lung cancer types  [59] . A second area of recent 
interest is epithelial to mesenchymal transition (EMT), 
which is a normal developmental process, for example in 
kidney development, where epithelial cells loose polarity 
and gain features of mesenchymal cell types. Recent studies 
suggest that lung epithelial cells exposed to TGF- β   in vitro  
may convert into myofi broblast-like cells and that EMT 
occurs in lung fi brosis models in animals and in human idi-
opathic pulmonary fi brosis        [60, 61]  (reviewed in Ref.  [62] ). 
Th e signifi cance of EMT for airway remodeling in asthma 

and COPD remains unknown. Th e metastasis of lung can-
cer cells is thought to involve a process similar to EMT that 
is regulated by TGF- β  and the extracellular matrix  [63] . 

   Due to the promise of regenerative medicine for 
chronic lung disease after neonatal respiratory disorders or 
for more typical adult forms of pulmonary emphysema, there 
is intense interest in lung stem cells. Furthermore, the impor-
tant issue of lung cancer initiating cells and stem cells within 
lung cancers is highly related to stem cell biology in the nor-
mal lung. Recent advances point towards additional stud-
ies needed to characterize lung stem cells and their niches, 
and to elucidate steady state and repairing cell lineages. Th e 
identifi cation of unique gene and protein markers indica-
tive of cell position in the lung epithelial stem cell hierarchy 
will enable generation of novel transgenic animals that will 
foster more extensive and precise lineage mapping, which is 
claimed to be the gold standard by some stem cell authori-
ties  [64] . Furthermore, such markers may enable purifi ca-
tion and functional testing of candidate stem and progenitor 
cell populations from both animals and humans. A greater 
understanding of the molecular pathways regulating nor-
mal cell behavior and disease phenotypes underlies rational 
approaches to cellular therapy for lung diseases, whether 
it involves augmenting epithelial repair by stimulating 
growth or by inhibiting growth as in the case of epithelial 
hyperplasia/metaplasia and lung cancer.  

    INTEGRATED EPITHELIAL FUNCTION 

   A continuous epithelial layer, composed of characteristic cell 
types along the respiratory tract axis, forms a physical bar-
rier between the outside environment and the underlying 
matrix and circulatory system. Th e airways deliver warmed 
and humidifi ed inhaled air to the alveoli while protecting 
gas exchange structures from potentially harmful airborne 
chemicals, particles, and pathogens. Th e epithelium pro-
vides both general and regionally specialized functions that 
are key to normal physiology and host defense. Th e airway 

 FIG. 16.3          Cell hierarchy in the bronchiolar 

epithelium. The circular arrows represent 

growth capacity and diff erentiation potential. 

The pulmonary neuroendocrine cell (PNEC) 

lineage is apparently separate from other 

epithelial cell types in the adult. Variant Clara 

cells present in association with PNEC bodies 

serve as progenitor cells of the bronchiolar 

epithelium. Variant Clara cells found near the 

bronchiole-alveolar junction may generate 

both bronchiolar and alveolar epithelium. 

Reproduced, with permission, from Randell 

SH. Airway epithelial stem cells and the 

pathophysiology of chronic obstructive 

pulmonary disease.  Proc Am Thorac Soc  8: 

718–25, 2006.    
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epithelium is a principal generator of nitric oxide  [65]  and 
coordinates fl uid and mucous secretion to foster eff ective 
mucociliary transport and productive cough  [66] . Th e dis-
tal lung alveolar epithelium plays a key role in lung fl uid 
balance, the prevention and resolution of alveolar edema 
after injury  [67]  and is the source of pulmonary surfactant. 
Furthermore, the epithelium in both the conducting and 
respiratory zones plays a key role during  “ innate ”  and  “ adap-
tive ”  immune responses.  

    MUCOCILIARY AND MUCUS CLEARANCE 

   A layer of fl uid and mucus normally fl ows over conducting 
airway surfaces toward the pharynx. Th is cleansing action 
is a critical, physiologically regulated, protective mecha-
nism of the airways and lungs, whose failure causes recur-
rent infections characteristic of the genetic diseases cystic 
fi brosis and primary ciliary dyskinesia  [68] . Eff ective mucus 
clearance results from coordinated secretion of mucins and 
other proteins along with suffi  cient water for hydration, 
which is locally regulated by airway epithelial ion trans-
port. Adequately hydrated mucus is propelled by beating 
cilia and, when necessary, by cough. Th e combination of 
mucociliary and cough clearance equals mucus clearance. 
As measured by movement of inhaled and deposited radio-
active tracer particles, mucus clearance declines in propor-
tion to airfl ow obstruction in acute exacerbations of asthma, 
and returns toward normal after eff ective therapy          [69–71] . 
Several studies indicate that mucus clearance is decreased 
by tobacco smoking and in COPD            [72–75] . Th e accumula-
tion of infl ammatory mucoid secretions in the small airways 
in COPD, which likely refl ects both increased local mucin 
production and decreased clearance  [76] , is correlated with 
the degree of physiologic impairment  [77] . Drug therapies 
such as  β -adrenergic agonists, cholinergic antagonists and 
corticosteroids used to treat asthma and COPD may have 
benefi cial eff ects on mucus transport, but consistent positive 
eff ects on mucus clearance have been diffi  cult to substan-
tiate        [78, 79] . Additional specifi c therapies directed toward 
balancing mucin production and ion and water transport to 
improve mucus clearance will likely be useful.  

    MUCINS AND MUCUS 

   Mucus is composed of mucins, proteins, lipids, ions and 
water present on mucosal surfaces. Mucins are highly gly-
cosylated proteins that can be released from mucous secre-
tory cell granules and/or by shedding from the surface of 
many cell types. Intermolecular disulfi de bonds within 
the principal gel-forming lung mucins, MUC5AC and 
MUC5B, enable multimerization and extensive interdigi-
tation creating a visco-elastic network capable of trapping 
a wide variety of inhaled particles  [80] . Increased mucous 
secretory cell number and increased mucin gene expression 
and glycoprotein production characterize both asthma and 
COPD. Regulations of airway epithelial secretory cell dif-
ferentiation, mucin gene and glycoprotein expression and 
the secretory pathways that mediate mucin release have 
been reviewed          [81–83] . In addition to the surface epithe-
lium, submucosal glands in the cartilaginous airways are a 
signifi cant source of fl uid, mucins, and other proteins such 
as anti-microbial factors          [84–86] . Gland hypertrophy is a 
pathologic hallmark of both asthma and COPD and likely 
contributes to mucin hypersecretion        [27, 28] .  

    CILIATED CELLS 

   Ciliated cells have long and branched microvilli plus approx-
imately 200 cilia per cell that occupy a large percentage of 
the normal airway epithelial luminal surface ( Fig. 16.4   ). Cilia 
in the trachea and bronchi are denser and longer than in the 
bronchioles, but cilia average approximately 250       nm in diam-
eter and 6        μ m in length. Th e shaft, or axoneme, of motile 
cilia consists of nine outer microtubule doublets, a central 
microtubule pair, inner and outer dynein arms, nexin links, 
and radial spokes. Th e axoneme enters the ciliated cell and is 
anchored by a cytoplasmic basal body similar to the centriole 
of mitotic cells. Greater than 200 unique proteins constitute 
the cilia and basal body  [87] . In normal airways, cilia beat 
at 10–20       Hz in a coordinated manner that generates direc-
tional, metachronal waves to assist in the propulsion of fl uid, 
mucus and trapped particles towards the pharynx.  

 FIG. 16.4          Ciliated cell ultrastructure. 

Conventional transmission electron 

microscopy of a normal human nasal 

biopsy. (A) Longitudinal section across the 

apical border of a ciliated cell showing 

a clear area near the cell surface with 

cilia tips enmeshed in viscous material. 

Original magnifi cation      �      12,000 X. (B) Cross 

sections of cilia axonemes, illustrating the 

9      �      2 arrangement of microtubules in 

motile cilia. ODA: outer dynein arm; IDA: 

inner dynein arm; RS: radial spoke, original 

magnifi cation      �      50,000 X.    
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    ION AND WATER TRANSPORT AND INTEGRATED 
FUNCTION FOR EFFECTIVE MUCUS CLEARANCE 

   Mucous secretory and ciliated cells distinctly contribute to 
mucociliary clearance which, combined with cough, consti-
tutes mucus clearance, a key airway defense mechanism  [88] . 
Collectively, the system is organized and physiologically 
regulated to balance mucin production with ion and water 
transport to maintain surface hydration at levels suffi  cient to 
foster mucus transportability. Airway surface liquid is nor-
mally present in two layers, an overlying viscous mucus layer 
and a periciliary layer (PCL) in which cilia can freely beat. 
A  “ slip ”  layer provides  “ lubrication ”  at the interface of these 
two layers  [66] . Th e mucus layer and the PCL can be visu-
alized after special fi xation techniques of tissues or in cul-
ture preparations of live, diff erentiated airway epithelial cells 
         [89–91]  ( Fig. 16.5   ). By balancing Cl  �   secretion and Na  �   
absorption at the epithelial luminal membrane, the airway 
epithelium regulates PCL volume to fully hydrate the PCL 
and maintain its depth at the height of the outstretched cilia 
         [90, 92, 93] . Th ere are two principal apical membrane chan-
nels, the cystic fi brosis transmembrane conductance regulator 
(CFTR) and the Ca 2 �  -activated Cl  �   channel (CaCC), that 
mediate Cl  �   transport. Na  �   transport occurs through the 
epithelial Na  �   channel (ENaC). CFTR, CaCC, and ENaC 
activity is locally and coordinately regulated by changes in 
the PCL concentration of nucleotides and nucleosides 
           [94–97] . In this system, ATP released by cells activates 
P2Y 2  purinergic receptors, which stimulates IP 3  formation, 
causing Ca 2 �   release that activates CaCC. Decreased PIP 2  

is thought to coordinately inhibit ENaC. ATP can also be 
metabolized to adenosine, which will activate A 2B  adenosine 
receptors, generating cAMP and activating protein kinase 
C to ultimately open CFTR. Active CFTR is also reported 
to directly inhibit ENaC. Apical membrane Cl  �   secre-
tion through CFTR and/or CaCC increases airway sur-
face hydration whereas Na  �   entry through ENaC decreases 
airway surface hydration. Water follows its osmotic gradi-
ent transcellularly through aquaporins and, a small part, via 
para-cellular pathways. In the distal lung, similar processes, 
mainly involving Na  �   absorption through ENaC but also 
involving CFTR, are thought to regulate normal alveolar 
fl uid balance and are important in the resolution of pulmo-
nary edema after acute lung injury  [67] . 

   Endogenous mediators active in regulation of airway 
and lung surface liquid have additional roles, which may 
pose conundrums relevant to potential therapies for asthma 
and COPD. For example, although ATP promotes airway 
surface hydration via activation of epithelial P2Y 2  purin-
ergic receptors, ATP is also a  “ danger signal ”  involved in 
regulation of the immune system  [98] . Excess airway ATP 
may contribute to an asthma-like phenotype via pro infl am-
matory eff ects, including the recruitment and activation of 
dendritic cells (DCs)  [99] . Similarly, adenosine activation of 
epithelial A 2B  receptors is important to activate CFTR and 
hydrate the epithelial surface, but high adenosine levels in 
adenosine deaminase defi cient mice promotes infl ammation, 
and inhaled adenosine causes broncho-constriction in asth-
matic humans  [100] . Pharmacologic therapies directed at 
reducing adenosine or antagonizing adenosine receptors may 
have the unwanted eff ect of creating a cystic fi  brosis-like 

 FIG. 16.5          Respiratory tract ion and  water 

transport and mucus clearance. (A) The airway 

epithelium coordinates fl uid and mucous 

secretion to foster eff ective mucus clearance. 

It is still uncertain how much alveolar lining 

fl uid leaves the distal lung via the airways (gray 

arrow). (B) Ion channels in the apical plasma 

membrane, regulated by local concentrations of 

nucleotides and nucleosides, maintain adequate 

airway surface hydration. (C) Airway surface 

liquid consists of two layers, a clear periciliary 

layer and overlying mucus. Perfl urocarbon-

OsO 4  fi xed, well-diff erentiated human bronchial 

epithelial cell culture, thin plastic section, original 

magnifi cation      �      500X, Richardson’s stain. (A) and 

(B) are adapted, with permission, from Ref.  [68] .        
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phenotype  [97] . Furthermore, although elevated adeno-
sine produces  “ whole animal ”  pro-infl ammatory eff ects, 
adenosine acting via A 2A  receptors on macrophages is anti-
infl ammatory  [101] . Th e pleiotropic eff ects of media-
tors such as ATP and adenosine are likely concentration-, 
compartment-, receptor-, and cell type-specifi c and must be 
considered when proposing therapies based on manipulation 
of their levels or receptors.  

    LUNG EPITHELIAL FUNCTION IN IMMUNITY 

   Th e mammalian immune system is broadly divided into 
 “ innate ”  and  “ adaptive ”  branches. Innate immunity is the 
fi rst line of defense that is constantly on guard and requires 
no prior exposure to harmful substances or pathogens to 
induce a protective response. Adaptive immunity takes time 
to develop via specifi c, antigen triggered cellular interactions 
between DCs, T-, and B-cells and has profound memory. 
Th e two branches are highly intertwined. For example, the 
cell and chemical milieu produced by the innate immune 
system is critical for the development of adaptive immunity, 
and conversely, products of adaptive immune cells can alter 
the function of cells involved in innate immunity. Th e air-
way and lung epithelium is integral to innate and adaptive 
immunity and is both an eff ector and target in the altered 
immune function characteristic of asthma and COPD.  

    ROLE IN INNATE IMMUNITY 

   Th e airway and lung epithelium is a selective physical barrier 
that coordinates removal of potentially harmful substances by 
mucus clearance. It also plays important roles in host defense 
by secreting a wide spectrum of protective, antimicrobial, 
homeostatic, and immune regulatory factors including anti-
oxidants, defensins, collectins, complement components, 
lactoferrin, lysozyme, and protease inhibitors (reviewed in 
Refs        [102, 103] ). Normally protective innate immune func-
tions can be enhanced when pa thogen/m icrobial associated 
patterns or other chemical danger signals are recognized 
by innate immune system receptors expressed by epithelial 
cells. Th e receptors include transmembrane molecules such 
as the toll-like receptors (TLRs)  [104] , protease-activated 
receptors (PARs)  [105]  and purinergic receptors  [98]  as 
well as cytosolic proteins including the nucleotide-binding, 
leucine-rich repeat receptors (NLRs)  [106]  and the retin-
oic acid-inducible gene I-like helicases (RLHs)  [107] . Th e 
substances detected by these multiple classes of receptors 
include endogenous homeostatic factors such as ATP as well 
as molecules derived from microbes and pathogens includ-
ing bacterial lipopolysaccharide and viral RNA. 

   Receptor engagement induces downstream signaling 
that modifi es cellular behavior in many ways to eliminate the 
perceived danger. Airway epithelial ion channels can be acti-
vated to induce fl uid secretion accompanied by mucin release 
and increased cilia beating to  “ fl ush away ”  the o ff ending 

stimulus. Preformed substrates such as a rachidonic acid can 
be metabolized and released and/or gene expression/stability 
can be modifi ed to change patterns of epithelial cell mediator 
production. Receptor engagement and downstream signaling 
may induce pro-infl ammatory cytokines and chemokines 
that selectively attract neutrophils, monocytes, eosinophils, 
and basophils to ostensibly eliminate pathogens. Th e process 
is dynamic, and repeat or chronic exposure to substances that 
activate innate epithelial cell immune system receptors will 
modulate epithelial cell behavior upon subsequent exposure 
 [108] . Th e epithelium thus plays a vital innate immune role 
to perceive and respond to danger, with mechanisms in place 
to modulate and orchestrate infl ammation depending on the 
type, degree, and chronicity of stimulation. Functional poly-
morphisms in genes involved in epithelial innate immunity 
are likely important modifi ers related to the development of 
lung disease.  

    ROLE IN ADAPTIVE IMMUNITY 

   Beyond regulating luminal dwell time and permeability of 
allergens and pathogens, the airway and lung epithelium 
play key regulatory roles in adaptive immunity. Cytokines, 
chemokines, and other molecules produced by the epithe-
lium at steady state, and especially after innate immune 
stimulation, modulate adaptive immunity by attracting DCs, 
T-, and B-cells and altering their function (reviewed in Ref. 
 [109] ). In turn, the epithelium responds to products of 
adaptive immune cells, establishing complex feedback loops 
that ultimately determine tissue infl ammation and lesion 
development. Th e epithelium also plays a functional role by 
facilitating the transport of secretory immunoglobulin. 

   Th e conducting airway epithelium and alveolar inter-
stitium contain resident DCs that sample the luminal micro-
environment and present antigens to T-cells locally, or after 
migrating to regional lymph nodes. Th e numbers of DCs in 
the airways and lungs, and their functional state, are altered 
by numerous chemokines, cytokines, and other molecules 
involved in DC attraction and activation that are secreted 
by epithelial cells  [110] . Chronic infl ammatory diseases are 
regulated by T-cell activation and polarization and recent 
discoveries have added new T-cell subsets to the landscape. 
Organ parenchymal cells participate in the diff erentiation 
of Th  1 , Th  2 , Th  17 , and T-regulatory (T reg ) cells from naïve 
T-cells and create feedback loops that regulate and sustain 
local responses. For example, epithelial IL-6 production 
positively reinforces Th  17  cell polarization  [111] . Conversely, 
T-cell products aff ect the epithelium, such as the well-known 
induction of mucin by the Th  2  cytokine IL-13        [112, 113] . 
Th  17  cell production of IL-22 and its action on the epithe-
lium appears to play an important role in epithelial repair and 
mucosal defense against gram-negative bacteria  [114] . Th e 
airway and lung are populated by immunoglobulin secret-
ing plasma cells. B-cell stimulation and class switching is 
strongly infl uenced by other adaptive immune cells but there 
is mounting evidence that epithelium-derived factors partici-
pate in regulation of B-cell class switching and immunoglob-
ulin production  [109] . Th e epithelium plays an integral 
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role in adaptive immunity by transporting secretory immu-
noglobulin from the lamina propria where it is produced into 
the lumen, a process that may be impaired in asthma and 
COPD  [115] . 

   To summarize, complex reciprocal interactions between 
the epithelium and the adaptive immune system regulate the 
integrated response to allergens and infectious agents and 
play important roles in asthma and COPD.   
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C H A P T E R

              

    Airway Mucus Hypersecretion in 

Asthma and COPD: Not the Same? 

    INTRODUCTION   

   Patients with asthma or chronic obstructive 
pulmonary disease (COPD) invariably exhibit 
characteristics of airway mucus hypersecretion, 
comprising sputum production        [1, 2] , excessive 
mucus in the airway lumen  [3]  (       Figs. 17.1 and 
17.2     ), goblet cell hyperplasia            [3–6]  and submu-
cosal gland hypertrophy        [3, 4]  ( Fig. 17.3   ). Th e 
pathophysiological sequelae of mucus hyperse-
cretion are airway obstruction, airfl ow limitation, 
ventilation-perfusion mismatch, and impair-
ment of gas exchange. In addition, compro-
mised mucociliary function, with reduced mucus 
clearance, can encourage bacterial colonization 
leading to repeated chest infections and exac-
erbations, particularly in COPD. In COPD, a 
city-wide epidemiological study in Copenhagen 
showed that a number of clinical parameters, 
including deterioration in lung function, risk 
of hospitalization and death, were increased in 
patients with COPD who had chronic mucus 
hypersecretion compared with patients with 
either no sputum production or with only a 
small amount of intermittent sputum produc-
tion  [7]  ( Fig. 17.4   ). In addition, patients who 
had chronic airway mucus hypersecretion and 
were also susceptible to chest infections showed 
increased mortality and morbidity compared 
with patients with mucus hypersecretion but 
without infections ( Fig. 17.4 ). In contrast, there 
is much less information on the contribution of 
mucus to pathophysiology and clinical symp-
toms in asthma. However, excess mucus may not 
only obstruct the airway lumen, but also contrib-
ute to the development of airway hyperrespon-
siveness  [8] . Th e latter possibilities led to the 
suggestion that chronic mucus hypersecretion 

refl ects lack of asthma control, leading in turn to 
accelerated loss of lung function and increased 
mortality  [7] . 

   Th e association of airway mucus hyperse-
cretion with asthma and COPD is not neces-
sarily cause and eff ect. Th e excess mucus may 
merely be a result of the infl ammatory proc-
esses causing the disease. Consequently, treating 
the mucus problem will not inevitably treat the 
disease, especially if the changes that have led 
to increased mucus production are irreversible. 
Nevertheless, as discussed above, mucus hyper-
secretion does contribute to clinical symptoms 
in certain groups of patients with asthma and 
COPD. Th is suggests that it is important to 
develop drugs that address the airway mucus 
problem in these patients. Th e fi rst issue per-
taining to the rational development of drugs to 
treat airway mucus hypersecretion is to under-
stand the nature of the underlying disease proc-
esses in asthma and COPD and how these 
relate to the mucus hypersecretory phenotype 
in each condition. Secondly, it is important to 
know which aspect(s) of mucus hypersecretion 
should be targeted. 

   Th e present chapter addresses the above 
issues by discussion of similarities and diff er-
ences in the pulmonary infl ammatory  “ profi le ”  
between asthma and COPD and how these may 
relate to the generation of the airway mucus 
hypersecretory state in the two conditions. To 
set these discussions in context, the chapter 
begins with consideration of sputum, airway 
mucus, and mucins, followed by an outline of 
the characteristics of mucus hypersecretion in 
asthma and COPD, emphasizing diff erences 
between the two conditions and the theoreti-
cal requirements for drugs aimed at eff ectively 
inhibiting airway mucus hypersecretion.  
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  Section of Airway Disease, 
National Heart & Lung Institute, 

Imperial College, London, UK    
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 FIG. 17.2          Relative amounts of airway luminal 

mucus in asthma and COPD. (A) Lungs from patients 

dying either of causes other than lung disease 

(controls, C), or from chronic asthma (Chr. A), 

acute-severe asthma (A-S. A), emphysema (Emph.), 

or chronic bronchitis (CB), were cut in histological 

section and stained with hematoxylin–eosin and 

elastica–Goldner stains to visualize mucin (M). The 

stained sections were viewed by light microscopy 

and intrapulmonary airways assessed for amount 

of luminal mucus. E: bronchial epithelium. (B) 

Airways of interest were subjected to computer-

based image analysis. The irregular perimeter of 

the bronchial epithelium was digitally converted 

to a circle, from which the area of mucus (A M ) was 

expressed as a ratio of the area of the bronchus (A B ), 

to give a mucus-occupying ratio, MOR (A M /A B ), as 

shown in panel C. * p       �      0.01, ** p       �      0.01 compared 

with controls. Redrawn from data in Refs        [3, 4] .    

 FIG. 17.1          Mucus obstruction of the airways in asthma and COPD. (A) Mucus plugging in asthma. Complete occlusion by mucus plugs (M) of an 

intrapulmonary bronchus (arrow), cut in longitudinal section, in a patient who died of an acute-severe asthma attack. (B) Bronchoconstriction and luminal 

mucus in fatal asthma. Intrapulmonary airway (transverse section) of a patient who died of an acute-severe asthma attack showing airway epithelium (arrow) 

thrown into folds by smooth muscle contraction, and occlusion by mucus (M) of remaining luminal space. This relatively small amount of mucus would not be 

expected to signifi cantly reduce airfl ow in the relaxed, non-constricted airway. (C) Airway mucus  “ tethering ”  in asthma. Transverse section through a bronchiole 

of a patient with asthma showing incomplete release, or  “ continuity, ”  of secreted mucin from airway epithelial goblet cells (arrows). Similar appearances of 

mucus tethering are not observed in the airways in COPD. (D) Mucopurulent secretions (M) in an intrapulmonary bronchus in a patient with COPD.        
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with infection and infl ammation. Infl ammation leads to 
mucus hypersecretion, ciliary dysfunction, and changes in the 
composition and biophysical properties of airway secretions 
 [12] . Infl ammatory cells, particularly neutrophils, which are 
recruited to the airway to combat infection, disappear from 
the airway either through programmed cell death (apopto-
sis) or by necrosis. Necrotic neutrophils release proinfl am-
matory mediators that damage the epithelium and recruit 
more infl ammatory cells. Th ey also release DNA  [13]  and 
fi lamentous actin (F-actin) from the cytoskeleton. DNA and 
F-actin copolymerize to form a second rigid network within 
airway secretions        [14, 15] . Neutrophil-derived myeloperoxi-
dase imparts a characteristic green color to infl amed airway 
secretions, which are termed mucopurulent (17.1). Excessive 
infection turns the secretions dark yellow, green, or brown, 
and these are termed purulent.  

    AIRWAY  “ MUCUS ”  

   Airway mucus is a complex dilute aqueous solution of lipids, 
glycoconjugates, and proteins. It comprises salts, enzymes 
and anti-enzymes, oxidants and antioxidants, exogenous 
bacterial products, endogenous antibacterial secretions, cell-
derived mediators and proteins, plasma-derived mediators 
and proteins, and cell debris such as DNA. Airway mucus 
is considered to form a liquid bi-layer whereby an upper 
gel layer fl oats above a lower, more watery sol, or pericili-
ary liquid, layer  [16]  ( Fig. 17.5   ). Th ere may be a thin layer 
of surfactant lying in between, and separating, the gel and 
sol layers  [17] . Th e functions of the sol layer are debated, 
but are presumed to include  “ lubrication ”  of the beat-
ing cilia. Th e surfactant layer might facilitate spreading of 
the gel layer over the epithelial surface. Th e gel layer traps 
particles and is moved on the tips of the beating cilia. 
Th e inhaled particles are trapped in the sticky gel layer 
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 FIG. 17.3          Relative size of airway submucosal glands in asthma and COPD. 

(A) Lungs from patients dying either of causes other than lung disease 

(controls, C), or from chronic asthma (Chr. A), acute-severe asthma (A-S. A), 

emphysema (Emph.), or chronic bronchitis (CB), were cut in histological 

section and stained with hematoxylin–eosin and elastica–Goldner stains 

to visualize the submucosal glands. The stained sections were viewed by 

light microscopy and intrapulmonary airways assessed for size of glands. 

(B) Airways of interest were subjected to computer-based image analysis, 

and the area proportion of glands (G) expressed as a percentage of the wall 

area, as shown in panel C. * p       �      0.01, ** p       �      0.01 compared with controls. 

Redrawn from data in Refs        [3, 4] .    

    SPUTUM 

   Coughing or  “ hawking ”  to bring up  “ phlegm ”  is a sign of 
respiratory disease        [2, 9] . It indicates airway mucus hyperse-
cretion, coupled with impaired mucus clearance and mucus 
retention, and is a feature of many patients with asthma  [10]  
or COPD  [11] . Th e expectorated excessive secretions are 
referred to as sputum. Th e characteristics of sputum change 

 FIG. 17.4          Clinical impact of airway mucus 

hypersecretion in COPD. The Copenhagen Heart 

Study  [7]  showed that patients with chronic mucus 

hypersecretion (CMH), as defi ned by long-term phlegm 

production, had an accelerated decline in lung 

function (A), increased risk of hospitalization (B), 

increased risk of death (C), and a further increased 

risk of death when linked with pulmonary infection 

(D), when compared with subjects without mucus 

production ( � CMH) or patients with some sputum 

production but without infection. No M: no sputum 

(mucus) production; M: non-chronic sputum (mucus) 

production. Redrawn after data in Ref.  [7] .    
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 FIG. 17.5          Airway mucus secretion and hypersecretion. Upper panel: 

In healthy airways, mucus forms a bi-layer over the epithelium, with 

surfactant (dotted line) separating the gel and sol layers. Mucins secreted 

by goblet cells and submucosal glands confer viscoelasticity on the mucus 

which facilitates mucociliary clearance of inhaled particles and irritants. 

Mucus hydration is regulated by salt (and, hence water) fl ux across the 

epithelium: the glands also secrete water. Plasma proteins exuded from the 

tracheobronchial microvasculature bathe the submucosa and contribute 

to the formation of the mucus. The above processes are under the control 

of nerves and regulatory mediators. Lower panel: Airway infl ammation 

(in asthma and COPD) induces changes associated with a mucus 

hypersecretory phenotype, including increased plasma exudation (more 

prominent in asthma than COPD), goblet cell hyperplasia, via diff erentiation 

from basal cells, and associated increased mucus synthesis and secretion, 

and submucosal gland hypertrophy (with associated increased 

mucus production), leading to increased luminal mucus (and airway 

obstruction).    

 TABLE 17.1          Human mucin genes expressed in the airways and lung.  

   Classifi cation of gene product  Genes 

   Membrane associated  MUC1, MUC4, MUC11, MUC13, 

MUC20 

   Secreted, cysteine rich (gel 

forming) 

 MUC2, MUC5AC, MUC5B, MUC19 

   Secreted, cysteine poor  MUC7 

and are removed from the airways by mucociliary clear-
ance. When the mucus reaches the throat, it is either 
swallowed and delivered to the gastrointestinal tract for 
degradation or, if excessive, as in respiratory disease, it is 
coughed out  [18] . 

   Respiratory tract mucus requires the correct combi-
nation of viscosity and elasticity for optimal effi  ciency of 
ciliary interaction        [19, 20] . Viscosity is a liquid-like char-
acteristic and is the resistance to fl ow and the capacity to 

absorb energy when moving. Elasticity is a solid-like prop-
erty and is the capacity to store the energy used to move 
or deform it. Viscoelasticity confers a number of properties 
upon the mucus that allow eff ective interaction with cilia. 
Th ese properties have been variously described in terms of 
spinnability, adhesiveness, and wettability  [21] . An impor-
tant characteristic of mucus is that it is non-Newtonian: 
its viscosity decreases as the applied force increases  [22] . 
Consequently, the ratio of stress to rate of strain is non-
linear, with the result that the more forcefully the cilia beat, 
the more easily the mucus moves. Viscoelasticity is con-
ferred on the mucus primarily by high molecular weight 
mucous glycoproteins, termed mucins.  

    RESPIRATORY TRACT MUCINS 

   In health, mucins comprise up to 2% by weight of the air-
way mucus  [23] . In the airways, mucins are produced by 
goblet cells in the epithelium  [24]  and sero-mucous glands 
in the submucosa  [25] , which in respiratory diseases such 
as asthma and COPD may increase in number (hyperpla-
sia) and size (hypertrophy) respectively ( Fig. 17.5 ). Mucins 
are long, thread-like, complex glycoconjugates. Th ey con-
sist of a linear peptide backbone (termed apomucin), which 
is encoded by specifi c mucin (MUC) genes (see below), to 
which hundreds of carbohydrate side-chains are O-linked, 
but also with additional N-linked glycans  [26] . Th e glyco-
sylation pattern is complex and extremely diverse  [27] , and is 
associated with complimentary motifs on bacterial cell walls, 
thereby facilitating broad-spectrum bacterial attachment 
and subsequent clearance        [28, 29] . Within the main pro-
tein core are variable numbers of tandemly repeated serine- 
and/or threonine-rich regions which are unique in size and 
sequence for each mucin  [18] , and represent sites for mucin 
glycosylation. Th ese complex glycoproteins are polydis-
perse, linear polymers that can be fragmented by re duction 
to give monomers termed  “ reduced subunits ”             [30–33] . 
Th ere are at least two structurally and functionally distinct 
classes of mucin, namely the membrane-associated mucins 
and the secreted (gel-forming or non-gel-forming) mucins 
( Table 17.1   ). Membrane-tethered mucins, which have a 
hydrophobic domain that anchors the mucin in the plasma 
membrane, contribute to the composition of the cell surface 
 [18] . Secretory mucins are stored intracellularly in secretory 
granules and are released at the apical surface of the cell in 
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 TABLE 17.2          Inducers of airway mucus secretion, goblet cell hyperplasia 

and mucin (MUC) gene expression/mucin synthesis.  

   Stimulation  Secretion  Hyperplasia  MUC 

    Cytokines        

   IL-1 β    �   NP  NP 

   IL-6   �   NP  Yes 

   IL-9  NP  NP  Yes 

   IL-13 (IL-4)   �   Yes  Yes 

   TNF- α    �  �   Yes *   Yes *  

    Gases        

   Cigarette smoke, ozone   �  �   Yes  Yes 

   Nitric oxide   � / �   NP  NP 

   Reactive oxygen 

species 

 0/ �   NP  NP 

    Infl ammatory mediators        

   Bradykinin   �   NP  NP 

   Cysteinyl leukotrienes   �  �   NP  NP 

   Endothelin  0/ �   NP  NP 

   Histamine   �   NP  NP 

   PAF   �   Yes *   Yes *  

   Prostaglandins  0/ �   NP  NP 

   Proteinases   �  �  �   Yes  NP 

   Purine nucleotides   �  �   NP  NP 

    Neuronal pathways        

   Cholinergic nerves   �  �   NP  NP 

   Cholinoceptor agonists   �  �   Yes  NP 

   Nicotine   �  �   Yes  NP 

   Tachykininergic nerves   �   NP  NP 

   Substance P   �  �   NP  NP 

   Neurokinin A   �   NP  NP 

    Miscellaneous        

   EGF ( � TNF- α )  NP  Yes  Yes 

   Sensitization followed 

by challenge 

  �   Yes  Yes 

   Notes :  �      �      � : highly potent;  �      �     : marked eff ect;  � : lesser eff ect; 0: minimal eff ect; EGF: 

epidermal growth factor; IL: interleukin; NP: eff ect not published.  

  *  Eff ect only observed with PAF (platelet activating factor) and TNF- α  (tumor necrosis 

factor- α ) in combination.  

    MUCIN GENES AND GENE PRODUCTS 

   Twenty human mucin (MUC) genes have so far been 
identifi ed. Of these, only nine, namely MUC1, MUC2, 
MUC4, MUC5AC, MUC5B, MUC7, MUC11, MUC13, 
and MUC20 are expressed in the human respiratory tract 
  [18]  ( Table 17.1 ). Of these, only MUC2, MUC5AC, and 
MUC5B, the classic gel-forming mucins, are found in air-
way secretions. However, only MUC5AC and MUC5B 
glycoproteins, localized adjacent to each other on chro-
mosome 11p15.5, are considered the major gel-forming 
mucins in both normal respiratory tract secretions as well as 
in airway secretions from patients with respiratory diseases 
               [34–39] . Small amounts of MUC2 may, however, be found 
in secretions from  “ irritated ”  airways (see below). 

   Advances in biochemistry, molecular biology, and 
biophysics mean that the structure and functions of the air-
way MUC gene products are becoming better characterized 
       [23, 26] . Th e predicted sequences of the MUC1, MUC 4, 
MUC11, MUC13, and MUC20 mucins suggest they are 
membrane bound, with an extracellular mucin domain and 
a hydrophobic membrane-spanning domain ( Table 17.1 ). 
In contrast, MUC2, MUC5AC, MUC5B, MUC6, and 
MUC7 gene products are secreted mucins ( Table 17.1 ). 
Th e technology for studying the contribution to physiology 
and pathophysiology of the individual MUC gene prod-
ucts lags well behind that of investigation of gene expres-
sion  [18] . MUC1, MUC2, and MUC8 genes are expressed 
in both the epithelium and submucosal glands, whereas 
MUC4, MUC5AC, and MUC13 are expressed primarily 
in the epithelium. In contrast, MUC5B and MUC7 genes 
are expressed primarily in the glands. Use of currently avail-
able antibodies confi rms that the MUC5AC gene product 
is a goblet cell mucin, whilst MUC5B predominates in 
the glands, albeit that some MUC5AC and MUC7 is also 
usually present  [23] . Interestingly, MUC4 mucin localizes 
to the ciliated cells. Th e mucin content of secretions from 
patients with hypersecretory respiratory diseases may diff er 
from normal (see below). 

    MUC5AC 

   MUC5AC mucin, initially isolated as a tracheobronchial 
mucin  [40] , is found in airway secretions pooled from 
healthy individuals        [35, 37] . Increased levels of MUC5AC 
protein have also been shown to be present in the airways of 
patients with asthma  [5] , which suggests that this mucin may 
contribute to the pathophysiology of asthma. MUC5AC is 
the main mucin produced by the goblet cells in the tracheo-
bronchial surface epithelium. However, MUC5AC can be 
found highly expressed not only in human bronchial epithe-
lium, but also in bronchial submucosal glands, nasal mucosa, 
gastric epithelium, endocervix epithelium, and submucosal 
glands. Th is mucin has been found to be highly oligomer-
ized, which makes it an ideal gel-forming molecule. Th e 
expression of many genes, such as MUC5AC, in airway epi-
thelial cells is regulated by various neurohumoral factors and 
infl ammatory mediators ( Table 17.2 ).  

response to stimuli. It would appear that mucus production 
is such a fundamental homeostatic process that virtually all 
acute interventions examined trigger airway mucin secre-
tion ( Table 17.2   ). In addition, many of these same mediators 
when administered more chronically not only induce mucin 
secretion but also upregulate mucin gene expression, with 
concomitant increases in mucin synthesis and goblet cell 
hyperplasia ( Table 17.2 ).  
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    MUC5B 

   MUC5B mucins are also a major component of tenacious 
mucus plug from the lungs of a patient who died in  sta-
tus asthmaticus         [38, 41]  and in sputum from patients with 
chronic bronchitis  [39] , which suggests that MUC5B is 
a major component of lung mucus from patients with 
obstructive lung diseases  [42] . MUC5B mucin exists as dif-
ferently charged glycoforms (termed the low-charge and 
high-charge glycoforms) and is secreted primarily by the 
mucous cells in the bronchial submucosal glands            [34, 38, 43, 
44] . However, it has been shown that MUC5B mucins are 
also synthesized by goblet cells  [39] , and are expressed in 
the tracheal and bronchial glands, salivary glands, endocer-
vix, gall bladder, and pancreas. MUC5B is unique in that it 
does not appear to be polymorphic. 

   From the above, it appears that, in healthy individu-
als, MUC5B is mainly expressed in the airway submucosal 
glands, which are restricted to the more proximal, cartilagi-
nous airways. In contrast, MUC5AC expression is generally 
restricted to goblet cells in the upper and lower respiratory 
tracts        [45, 46] . Th us, the composition of normal mucus can 
be altered depending on the relative contribution to the 
secretions of these diff erent cellular sources  [47] . In respira-
tory diseases associated with airway mucus hypersecretion, 
such as asthma and COPD, further changes in the compo-
sition of the mucus, and in the mucus secretory phenotype 
in general, are observed, as discussed below.   

    AIRWAY MUCUS HYPERSECRETORY 
PHENOTYPE IN COPD 

   COPD comprises three overlapping conditions, namely 
chronic bronchitis (airway mucus hypersecretion), chronic 
bronchiolitis (small airways disease), and emphysema (airspace 
enlargement due to alveolar destruction)  [10]  ( Fig. 17.6   ). Th e 
following discussion considers the  “ bronchitic ”  component of 
COPD. Th e airways of patients with COPD contain excessive 
amounts of mucus  [6] , which is markedly increased above 
that in control subjects        [3, 48] . Th e excessive luminal mucus is 
associated with increased amounts of mucus-secreting tissue. 
Goblet cell hyperplasia is a cardinal feature of chronic bron-
chitis  [6] , with increased numbers of goblet cells in the air-
ways of cigarette smokers either with chronic bronchitis and 
chronic airfl ow limitation  [49]  or with or without productive 
cough  [50] . Submucosal gland hypertrophy also characterizes 
chronic bronchitis            [3, 6, 51, 52] , and the amount of gland cor-
relates with amount of luminal mucus  [3] . 

   Th e number of ciliated cells and the length of indi-
vidual cilia is decreased in patients with chronic bronchitis 
 [53] . Ciliary aberrations include compound cilia, cilia with 
an abnormal axoneme or intracytoplasmic microtubule dou-
blets, and cilia enclosed within periciliary sheaths  [54] . Th ese 
abnormalities coupled with mucous hypersecretion are pre-
sumably associated with reduced mucus clearance and airway 
mucus obstruction in the bronchitic component of COPD.  

    AIRWAY MUCUS HYPERSECRETORY 
PHENOTYPE IN ASTHMA 

   Asthma is a chronic infl ammatory condition of the airways 
characterized by variable airfl ow limitation that is at least 
partially reversible, either spontaneously or with treatment 
       [55, 56] . It has specifi c clinical and pathophysiological 
features  [57] , including mucus obstruction of the airways 
 [8] . Th e latter is particularly evident in a proportion of 
patients who die in  status asthmaticus , where many airways 
are occluded by mucus plugs          [58–60] . Th e plugs are highly 
viscous and comprise plasma proteins, DNA, cells, prote-
oglycans  [61] , and mucins          [41, 58, 61] . Incomplete plugs 
are found in the airways of asthmatics who have died from 
causes other than asthma  [62] , which indicates that plug 
formation is a chronic, progressive process. Th ere is also 
more mucus in the central and peripheral airways of both 
chronic and severe asthmatics compared with control sub-
jects  [4] . Analysis of asthmatic sputum indicates that the 
mucus comprises DNA, lactoferrin, eosinophil cationic pro-
tein, and plasma proteins such as albumin and fi brinogen 
         [63–65] , as well as mucins          [5, 64, 66] . Th e increased amount 
of lumenal mucus refl ects an increase in amount of airway 
secretory tissue, due to both goblet cell hyperplasia        [4, 5]  
and submucosal gland hypertrophy  [58] , although the latter 
is not characteristic of all patients with asthma  [4] . 

 FIG. 17.6          The pathophysiological components of COPD. (A) COPD 

comprises three interlinked conditions, namely chronic bronchitis 

(CB: long-term airway mucus hypersecretion), small airways disease 

(SAD: also known as chronic bronchiolitis), and emphysema (E: alveolar 

destruction). The relative contribution to airway obstruction in any one 

patient of each component is invariably unclear. (B) Patient in whom 

mucus hypersecretion predominates (may be identifi able by excessive 

sputum production). (C) Patient in whom mucus hypersecretion 

contributes proportionally less to airfl ow limitation than SAD and E.    
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   Airway epithelial fragility, with epithelial shedding 
in extreme cases, is a signifi cant feature of asthma  [67] . 
Shedding includes loss of ciliated cells, with presumably a 
concomitant reduction in mucus clearing capacity. As in 
COPD above, abnormalities in airway ciliated cells and cilia 
have been described in asthma. Th e ciliated cells themselves 
may be damaged, with loss of cilia, vacuolization of the endo-
plasmic reticulum and mitochondria, and microtubule dam-
age          [68–70] . Th ese abnormalities could be caused by some 
of the infl ammatory mediators generated in the airways of 
asthmatic patients, for example, eosinophil major basic pro-
tein  [71] . A variety of other ciliostatic and ciliotoxic com-
pounds are also present in asthmatic airway secretions  [72] . 

   In summary of this section, the combination of an 
increased amount of mucus-secreting tissue, with associ-
ated mucus hypersecretion, the production of viscid mucus, 
and abnormal ciliary function leads to reduced mucus clear-
ance and the development of airway mucus obstruction 
in asthma.  

    MUCOCILIARY CLEARANCE IN 
ASTHMA AND COPD 

   Clearance of mucus from the airways is impaired in patients 
with a variety of respiratory diseases, including asthma 
and COPD  [73] . However, it should be noted that there 
are often discrepancies in results between studies that are 
invariably due to diff erences in methodology        [74, 75] , but 
may also be due to observations made at diff erent stages of 
disease. 

    COPD 

   Mucus clearance is generally considered to be impaired in 
patients with COPD  [73] . However, the validity of these 
studies is dependent upon patient selection and the exclu-
sion of patients with asthma. For example, patients clas-
sifi ed as having obstructive chronic bronchitis and with 
a bronchial reversibility of less than 15% had slower lung 
mucus clearance than patients with reversibility greater than 
15% and who, therefore, were likely to be asthmatic  [76] . 
Nevertheless, mucus clearance is signifi cantly reduced in 
heavy smokers  [77]  and in patients with chronic bronchitis 
 [78] . Lung mucus clearance diff ers between patients with 
chronic airway obstruction, with or without emphysema 
 [79] . Both groups of patients were smokers or ex-smokers 
and had productive cough, but lung elastic recoil pressure 
was reduced in the emphysema group. Mucus clearance 
from central airways was similar. In contrast, clearance from 
the peripheral lung was faster in the emphysema group than 
in the patients without emphysema. Importantly, forced 
expirations and cough markedly increased peripheral clear-
ance in the non-emphysema group but not in the emphy-
sema group. Comparable fi ndings in a subsequent study 
led to the suggestion that cough compensates relatively 
eff ectively for decreased mucus clearance in patients with 

chronic bronchitis  [80] . Conversely, cough is not so eff ec-
tive in COPD patients with impaired lung elastic recoil.  

    Asthma 

   Airway mucociliary clearance is well documented as being 
impaired in asthma  [72] . Clearance is impaired even in 
patients in remission  [81]  and in those with mild stable 
disease  [82] . Mucus clearance is proportionally reduced in 
symptomatic asthmatics  [83]  and during exacerbations  [84] . 
In addition, the normal slowing of mucus clearance during 
sleep is more pronounced in asthmatic patients        [85, 86] , 
and this could be a contributory factor in nocturnal asthma. 
Th e mechanisms underlying the reduced mucus clearance 
in asthma are not clearly defi ned, although airway infl am-
mation is considered to be a major contributor  [72] .   

    MECHANISMS OF DEVELOPMENT OF AIRWAY 
GOBLET CELL HYPERPLASIA 

   Airway goblet cell hyperplasia is a predominant feature of 
asthma and COPD (see above), and is an often-used end 
point in animal models of respiratory disease  [87] . Th e cel-
lular composition of the airway epithelium can alter both by 
cell division and by diff erentiation of one cell into another 
 [88] . Th ere are at least eight cell types in the airway epithe-
lium of the conducting airways. Of these, the basal, serous, 
and Clara cells are considered progenitor cells with the 
capacity to undergo division followed by diff erentiation into 
 “ mature ”  ciliated or goblet cells. In specifi c experimental 
conditions, for example, exposure to cigarette smoke, goblet 
cell division contributes in part to the hyperplasia. However, 
diff erentiation of non-granulated airway epithelial cells is a 
major route for production of new goblet cells          [88–90] . In 
experimental animals, production of goblet cells is usually at 
the  “ expense ”  of the progenitor cells, most notably serous and 
Clara cells, which decrease in number as goblet cell numbers 
increase. Serous-like cells and Clara cells are found in macro-
scopically normal bronchioles in human lung  [91] . Whether 
there is a reduction in number in respiratory disease is not 
reported, but merits investigation. Reduction in the relative 
proportion of serous and Clara cells has pathophysiological 
signifi cance because they produce a number of antiinfl am-
matory, immunomodulatory, and antibacterial molecules vital 
to host defence        [92, 93] . For example, serous cells produce 
lysozyme, lactoferrin, the secretory component of IgA, per-
oxidases, and at least two protease inhibitors. Clara cells pro-
duce Clara cell 10-kDa protein, also known as uteroglobulin, 
Clara cell 55-kDa protein, Clara cell tryptase,  β -galactoside-
binding lectin, possibly a specifi c phospholipase, and sur-
factant proteins A, B, and D. Th us, in respiratory diseases 
associated with airway mucus hypersecretion it seems that not 
only is there goblet cell hyperplasia, with associated mucus 
hypersecretion, but also a reduction in serous and Clara cells, 
with concomitant potential for impaired host defence.  
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    DIFFERENCES IN MUCUS HYPERSECRETORY 
PHENOTYPE BETWEEN ASTHMA AND COPD 

   In order to develop appropriate models of airway mucus 
obstruction and devise drugs to aid mucus clearance, it is 
necessary to understand the similarities and diff erences in 
the features of mucus obstruction for diff erent hypersecre-
tory conditions. Th ere are a number of diff erences in the 
pathophysiology of airway mucus hypersecretion between 
asthma and COPD ( Fig. 17.7   ). 

    Airway infl ammation in asthma and COPD 

   Any diff erences in airway mucus hypersecretory pheno-
type are presumably related, either directly (genetic pre-
disposition) or indirectly (environmental exposure), or 
a combination of the two, to diff erences in the airway 
infl ammatory phenotype. Th us, although the underlying 
pulmonary infl ammation of asthma and COPD shares 

many common features, there are specifi c characteristics 
unique to each condition          [94–96] . Th ese diff erences in turn 
may contribute to diff erences in pathophysiology of airway 
mucus hypersecretion between the two conditions. 

   Asthma is invariably an allergic disease that aff ects 
the airways, rather than the lung parenchyma, and is char-
acterized by Th 2-lymphocyte orchestration of pulmonary 
eosinophilia. Th e reticular layer beneath the basement 
membrane is markedly thickened and the airway epithelium 
is fragile, features not usually associated with COPD. Th e 
bronchial infl ammatory infi ltrate comprises activated T-cells 
(predominantly CD4  �   cells) and eosinophils. Neutrophils 
are generally sparse in stable disease. In contrast, COPD is 
currently perceived as predominantly a neutrophilic disor-
der governed largely by macrophages and epithelial cells. It 
is associated primarily with cigarette smoking. Th ree con-
ditions comprise COPD, namely mucous hypersecretion, 
bronchiolitis, and emphysema. Th e latter two features are 
not associated with asthma. In addition, and in contrast to 
asthma, CD8  �   T-lymphocytes predominate and pulmonary 
eosinophilia is generally associated with exacerbations. 
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 FIG. 17.7          Putative diff erences in the airway mucus hypersecretory phenotype between asthma and COPD. Compared with normal, in asthma, there is 

airway infl ammation (predominantly eosinophils and Th2 lymphocytes), an increased amount of luminal mucus with an increased content of MUC5AC and 

MUC5B mucins, with the probability of an increased ratio of the low-charge glycoform (lcgf ) of MUC5B to MUC5AC, the appearance of small amounts of 

MUC2 in the secretions, epithelial  “ fragility ”  with loss of ciliated cells, marked goblet cell hyperplasia, submucosal gland hypertrophy (although, in contrast 

to COPD – see below – without a marked increase in mucous cell to serous cell ratio),  “ tethering ”  of mucus to goblet cells, and plasma exudation. In COPD, 

there is airway infl ammation (predominantly macrophages and neutrophils), increased luminal mucus, increased amounts of MUC5AC and MUC5B mucins, 

an increased ratio of lcgf MUC5B to MUC5AC above that in asthma, small amounts of MUC2, goblet cell hyperplasia, submucosal gland hypertrophy (with an 

increased proportion of mucous to serous cells), and a susceptibility to bacterial infection. Many of these diff erences require further investigation in greater 

number of subjects.    
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   Both asthma and COPD have a characteristic  “ port-
folio ”  of infl ammatory mediators and enzymes, many of 
which diff er between the two conditions        [97, 98] . At a sim-
plifi ed level, histamine, interleukin (IL)-4, and eotaxin are 
associated with asthma, whilst IL-8, neutrophil elastase, and 
matrix metalloproteinases are associated with COPD. Th us, 
there are specifi c diff erences between asthma and COPD 
in their airway infl ammation and remodeling. Th ese diff er-
ences may in turn exert diff erent infl uences on the devel-
opment of airway mucus obstruction in the two conditions 
( Fig. 17.7 ).  

    Airway mucus in asthma and COPD 

   Airway mucus in asthma is more viscous than in COPD, 
with the airways of asthmatic patients tending to develop, 
and subsequently become blocked by, gelatinous  “ mucus ”  
plugs  [8] . Whether or not mucus in asthma has an intrinsic 
biochemical abnormality is unclear. In general terms, spu-
tum from patients with asthma is more viscous than that 
from patients with chronic bronchitis          [65, 99, 100] . Mucus 
plugs in asthma diff er from airway mucus gels in chronic 
bronchitis in that they are stabilized by non-covalent inter-
actions between extremely large mucins assembled from 
conventional sized subunits  [41] . Th is suggests an intrinsic 
abnormality in the mucus due to a defect in assembly of the 
mucin molecules, and could account for the increased vis-
cosity of the mucus plugs in asthma. Plug formation may 
also be due, at least in part, to increased airway plasma 
exudation in asthma compared with COPD        [101, 102] . In 
addition, in direct contrast to COPD, exocytosed mucins in 
asthma are not released fully from the goblet cells, leading 
to  “ tethering ”  of luminal mucins to the airway epithelium 
 [103] . Th is tethering may also contribute to plug formation. 
One explanation of mucus tethering is that neutrophil pro-
teases, the predominant infl ammatory cell in COPD  [10] , 
cleave goblet cell-attached mucins. In asthma, the infl am-
matory cell profi le, predominantly airway eosinophilia  [57] , 
does not generate the appropriate proteases to facilitate 
mucin release.  

    Mucin species in asthma and COPD 

   Diff erent mucin species, or at least diff erent proportions of 
these species, appear to be present in respiratory tract secre-
tions in COPD and asthma. MUC5AC and a low-charge 
glycoform of MUC5B are the major mucin species in air-
way secretions from patients with COPD and asthma              [35–
37, 39, 47] . Th ere is signifi cantly more of the low-charge 
glycoform of MUC5B in the respiratory diseases than in 
normal control secretions  [47] . An interesting diff erence 
between the disease conditions is that there is a propor-
tional increase in the MUC5B mucin over the MUC5AC 
mucin in airway secretions from patients with COPD com-
pared with secretions from patients with asthma  [37] . Th e 
above data require confi rmation in more samples. Th e sig-
nifi cance of the change in MUC5B glycoforms between the 
diff erent diseases is unclear. However, it may relate to dif-
ferences in propensity of bacterial colonization of the lungs. 

It is noteworthy that it is COPD, a disease in which patients 
are prone to infection  [11] , that has the proportional reduc-
tion in serous cells, rather than asthma, a condition in which 
patients are not so notably prone to chest infection.  

    Goblet cells in asthma and COPD 

   In contrast to normal airways, goblet cells in the airways 
from patients with COPD contain not only MUC5AC 
but also MUC5B        [39, 104]  and MUC2        [23, 105] . Th is 
distribution is diff erent to that in the airways of patients 
with asthma, where MUC5AC and MUC5B show a simi-
lar histological pattern to normal controls        [106, 107] . It 
is noteworthy that although MUC2 is located in goblet 
cells in irritated airways, and MUC2 mRNA is found in 
the airways of smokers  [48] , MUC2 mucin is either not 
found in airway secretions from normal subjects or patients 
with chronic bronchitis  [35] , or is found only in very small 
amounts in asthma and COPD        [47, 108] . Th e signifi cance 
of the above combined observations is unclear, but suggests 
that there are diff erences in goblet cell phenotype between 
asthma and COPD.  

    Submucosal glands in asthma and COPD 

   A notable diff erence between asthma and COPD is in the 
bronchial submucosal glands  [109] . In asthma, although 
hypertrophied, the glands are morphologically normal with 
an even distribution of mucous and serous cells. In contrast, 
in chronic bronchitis, gland hypertrophy is characterized 
by a markedly increased number of mucous cells relative 
to serous cells, particularly in severe bronchitis. Th e reduc-
tion in number of gland serous cells may have clinical sig-
nifi cance. Th e serous cells are a rich source of antibacterial 
enzymes such as lysozyme and lactoferrin  [25] . Th us, the 
airway mucus layer in COPD patients may have a reduced 
antibacterial capacity compared with that in asthma. Th is 
reduction, coupled with the change in MUC5B glycoforms 
in COPD (see above), could further explain, at least in part, 
the much higher incidence of bacterial chest infections in 
COPD compared with asthma.  

    Ciliated cells in asthma and COPD 

   It is not clear whether or not there are diff erences in the 
airway ciliary abnormalities between COPD and asthma 
(see above). However, epithelial fragility and shedding are 
features of asthma rather than COPD  [95] , which suggests 
that there may be greater loss of, and damage to, the ciliated 
cells in asthma compared with COPD. 

   From the above, it may be seen that there are theo-
retical and actual diff erences in the nature of airway mucus 
obstruction between COPD and asthma. How these relate 
to pathophysiology and clinical symptoms in the two con-
ditions is, for the most part, unclear. However, these dissim-
ilarities indicate that diff erent treatments are required for 
eff ective treatment of airway mucus obstruction in diff erent 
respiratory diseases.   
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    POTENTIAL THERAPIES FOR AIRWAY MUCUS 
HYPERSECRETION 

   Current and potential therapies for asthma and COPD are 
discussed elsewhere in this volume. However, there are a 
number of avenues for specifi c treatment of airway mucus 
hypersecretion that are worthy of brief mention. Some 
of the mechanisms for development of airway goblet cell 
hyperplasia and the associated mucus hypersecretory phe-
notype in asthma and COPD are becoming clearer        [8, 110] .
Many regulatory and infl ammatory mediators and enzymes 
increase mucus secretion and induce MUC gene expression, 
mucin synthesis, and goblet cell hyperplasia in experimental
systems ( Table 17.2 ). Th ese mediators are intermediates in 
a cascade of pathophysiological events leading from initiat-
ing factors (such as allergen exposure in asthma or cigarette 
smoking in COPD) setting up a chronic infl ammatory/
repair response, which in turn leads to mucus hypersecre-
tion and associated airway obstruction and clinical symp-
toms (         Figs 17.5–17.7 ). A small number of key molecules 
may be involved in translating the actions of the diff er-
ent infl ammatory mediators into airway mucus hyper-
secretion, namely epidermal growth factor (EGF) and 
its receptor tyrosine kinase signaling pathway  [111] , the 
mitogen-activated kinase kinase and extracellular signal-
regulated kinase (MEK/ERK) pathway  [112] , calcium-
activated chloride (CLCA) channels        [113, 114] , and the 
retinoic acid receptor (RAR)- α  signaling pathway  [115] . A 
wide variety of small molecule antagonists and inhibitors of 
these pathways are currently in pharmacotherapeutic devel-
opment  [12] . In addition, inhibition of the process of mucin 
exocytosis, with concomitant inhibition of secretion and, 
thereby, mucus hypersecretion, is currently receiving atten-
tion from two diff erent directions. Firstly, MARCKS protein 
is a chaperone molecule essential for movement of newly 
synthesized mucin-containing granules to the apical surface 
of mucin-secreting cells  [116] . Inhibition of MARCKS 
by a MARCKS-related peptide inhibits mucin secretion  
in vitro  in human airway epithelial secretory cells  [116]  and 
mucus hypersecretion in a mouse model of asthma  [117] . 
Secondly, SNARE complex proteins are essential for the 
 “ docking ”  of mucin granules to the internal apical surface 
of mucin-secreting cells. We have developed a fully recom-
binant fusion protein comprising the translocation domain 
and endopeptidase of  Clostridium botulinum , which nor-
mally enters nerves and cleaves SNARE proteins mediat-
ing neurotransmission  [118] , with EGF to target EGF 
receptors on airway mucus-secreting cells. Th is molecule 
now cleaves SNARE proteins linking mucin granules with 
mucous cell apical membranes, and thereby inhibits mucin 
secretion from human respiratory epithelial cells  [119]  and 
mucus hypersecretion in a rat model of COPD  [120] .  

    CONCLUSIONS 

   Production of airway mucus is a vital homeostatic mecha-
nism that protects the respiratory tract from a barrage of 

inhaled insult. However, abnormal production of mucus 
can contribute to respiratory disease. Airway obstruction 
by mucus is a common feature of a number of severe res-
piratory conditions, including asthma and COPD. Th ese 
diseases share pulmonary infl ammation and remodeling as 
a pathophysiological characteristic, although with diff ering 
profi les of infl ammatory cells and mediators. One aspect of 
the remodeling is airway mucus hypersecretion, associated 
with the shared features of goblet cell hyperplasia and sub-
mucosal gland hypertrophy. Th ey also each have a number 
of unique features that characterize their airway mucus 
obstruction. For example, plasma exudation, mucus plug for-
mation, and mucus tethering are features of asthma, whereas 
submucosal gland hypertrophy with a disproportionate 
increase in the ratio of mucous to serous cells is a signifi cant 
feature in COPD. Understanding of the relative importance 
of the diff erences and similarities in the pathophysiology 
of the diff erent mucus hypersecretory phenotypes between 
these two respiratory diseases should lead to rational devel-
opment of pharmacotherapeutic interventions. At present, 
there is considerable interest in inhibitors of EGF receptor 
tyrosine kinases, MEK/ERK and CLCA channels to sup-
press goblet cell hyperplasia, and in molecules to selectively 
interfere with mucin exocytosis (such as MARCKS-related 
peptide and retargeted clostridial endopeptidases) and 
thereby inhibit airway mucus hypersecretion.   
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C H A P T E R               Airway Smooth Muscle 

      INTRODUCTION 

   Airway smooth muscle (ASM) functions as 
the primary eff ector cell that regulates bron-
c homotor tone. In asthma and chronic obstructive 
pulmonary disease (COPD), bronchoconstriction 
evoked by smooth muscle shortening promotes 
airway obstruction, a hallmark of asthma and 
COPD. Recent evidence also suggests that ASM 
may undergo hypertrophy and/or hyperplasia and 
modulate infl ammatory responses by secreting 
chemokines and cytokines. Th is chapter reviews 
current studies focusing on excitation–c ontraction 
coupling, signaling pathways modulating ASM 
growth, and cytokine-induced eff ects on ASM 
synthetic responses.  

    REGULATION OF CALCIUM 
SIGNALING IN ASM 

   Because increases in cytosolic calcium directly 
regulate the initiation and the development of 
ASM contraction, changes in calcium homeos-
tasis may promote bronchial hyperresponsiveness 
in asthma. Evidence suggests that various medi-
ators and cytokines important in the pathogen-
esis of asthma, which augment agonist-induced 
contractile function, also directly alter calcium 
signaling. Th is section reviews (1) the critical 
calcium-dependent mechanisms involved in 
the regulation of ASM contraction, and (2) the 
potential molecular mechanisms that regulate 
calcium signaling. 

    Calcium responses induced by 
bronchoconstrictor agents 

   Using the fl uorescent dye Fura-2, studies per-
formed on ASM cells have shown that agonist-
induced elevation of the cytosolic free calcium 
([Ca 2 �  ] i ) concentration is biphasic. Th e initial 
rapid and transient phase of [Ca 2 �  ] i  elevation 
results from the depletion of inositol-1,4,5 tri-
sphosphates (IP 3 )-sensitive calcium stores; see 
the review by Amrani and Panettieri  [1] . Th is 
transient increase in intracellular calcium initi-
ates the contraction process through activation 
of a calcium–calmodulin-dependent myosin 
light chain kinase and subsequent phosphoryla-
tion of the 20       kDa myosin light chain, the cen-
tral regulatory mechanism of ASM contraction; 
see the review by Giembycz and Raeburn  [2] . 
Th e subsequent sustained elevation of intracel-
lular [Ca 2 �  ] i  is regulated by the activation of 
a calcium infl ux across the plasma membrane 
since depletion of extracellular calcium or the 
use of calcium channel inhibitors prevents this 
sustained phase        [3, 4] . Th e role of the calcium 
infl ux in ASM cells after agonist stimulation is 
not completely understood, but evidence sug-
gests that calcium entry plays an important role 
in maintaining the plateau phase of ASM con-
traction via a PKC-dependent mechanism  [2] .  

    Pathways regulating [Ca 2 �  ] i  
infl ux 

   Although agonist-mediated increases in [Ca 2 �  ] i  
have been extensively characterized, much less is 
known about the cellular m echanisms linking the 
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transient and the sustained phase. In 1986, Putney proposed the 
concept of store-dependent calcium entry (also called the capa-
citative model) where depletion of intracellular stores directly 
regulates calcium entry at the plasma membrane via store-
operated calcium channels (SOCC). Th is calcium infl ux con-
tributes to the refi lling of the internal stores  [5] . Th e existence 
of capacitative calcium entry in excitable cells, such as smooth 
muscle cells, was demonstrated using drugs, such as thapsi-
gargin, that cause depletion of sarco-endoplasmic reticulum 
(SER) by directly inhibiting the activity of the SER-associated 
calcium-ATPases (SERCA)  [6] . 

   In human ASM cells, although thapsigargin-sensitive 
SERCA2a and 2b isoforms exist, SERCA2b is the predomi-
nant isoform. In these cells, depletion of intracellular cal-
cium stores in response to thapsigargin activates a calcium 
infl ux with a magnitude that is dependent upon the dura-
tion of stimulation with thapsigargin  [1] . Th ese data sug-
gest that pathways that activate calcium infl ux in ASM are 
linked to the fi lling state of SERCA2b-associated internal 
calcium stores. Release of calcium from SER also regulates 
calcium-dependent chloride and nonselective cation chan-
nels, leading to membrane depolarization and opening of 
voltage-dependent channels; see the review by Janssen  [7] . 
Pretreatment of human ASM cells with thapsigargin also 
abrogates the calcium responses induced by bradykinin, his-
tamine, or carbachol, suggesting that thapsigargin-sensitive 
calcium stores involve, at least in part, those activated by the 
contractile agonists  [3] . 

   By mobilizing the same calcium stores, it is plau-
sible that both thapsigargin and agonists activate similar 
SOCC-dependent calcium infl ux pathways in ASM. Th is is 
supported by the fact that the amplitude of the sustained 
increase in [Ca 2 �  ] i  is dependent on the amplitude of the 
initial transient phase  [3] . Whether additional mechanisms 
are involved, such as concomitant activation of receptor-
operated calcium channels (ROCC) previously described in 
ASM        [3, 4]  or involvement of a released soluble mediator 
controlling calcium infl ux  [8] , remains unknown. 

   Collectively, these data show that the thapsigargin-
sensitive intracellular calcium stores in ASM not only serve 
as a source of calcium to initiate the transient response 
to agonists, but also participate in the regulation of cal-
cium infl ux in ASM cells as proposed by the capacitative 
model.  Figure 18.1    summarizes the potential sources of 
calcium mobilized by contractile agonists to regulate ASM 
contraction.  

    Calcium homeostasis in ASM: A possible 
target for proinfl ammatory agents 

    Amplifi cation of contractile receptor-coupled 

calcium signaling 

   Th e observation that cultured ASM cells derived from 
hyperresponsive Fisher rats have an enhanced calcium sig-
nal to serotonin suggests the existence of altered calcium 
metabolism in a model of airway hyperresponsiveness  [9] . 
Th e underlying mechanism is unknown, but evidence shows 
that proinfl ammatory factors may play an important role in 
regulating calcium metabolism in ASM. Recent studies 

demonstrate that tumor necrosis factor (TNF)- α  and IL-1 β  
enhance bovine smooth muscle contractility to acetylcholine 
and other contractile agonists by involving an increased mobi-
lization of intracellular [Ca 2 �  ] i   [10] . Accordingly, proinfl am-
matory cytokines may  “ prime ”  ASM cells for a nonspecifi c 
increase in calcium responsiveness, an eff ect that appears not 
to involve a change in the receptor affi  nity for its ligand        [11, 
12] . Th e fact that TNF- α  potentiates increases in calcium 
induced by thapsigargin, which depletes SER calcium stores, 
suggests a possible modulatory eff ect of TNF- α  on SER-
associated regulatory proteins such as SERCA. In addition, 
TNF- α  and IL-1 β  also augment agonist-evoked phosphoi-
nositide turnover, suggesting that cytokines may modulate 
receptor-coupled phospholipase C (PLC) activity; see the 
review by Amrani  et al .  [11] . In support of this hypothesis, 
TNF- α  also enhanced calcium signals in response to NaF 
 [1] , an agent that directly activates G-proteins in ASM cells, 
and upregulated expression of G q  and G i  proteins in human 
ASM cells  [13] . 

   Together, these data suggest that TNF- α  can induce 
a  “ hyperresponsive ”  phenotype by enhancing signaling 
pathways downstream from G-protein-coupled receptor 
(GPCR) activation. 
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 FIG. 18.1          Sources of calcium involved in the regulation of agonist-

induced ASM contraction. Contractile agonists activate G-protein-coupled 

receptors that stimulate PLC and evoke contraction via the mobilization of 

calcium from IP 3 -sensitive internal stores. The increase in [Ca 2 �  ] i  activates 

calcium-/calmodulin-sensitive myosin light chain kinase (MLCK), with 

subsequent phosphorylation of the 20-kDa myosin light chain (MLC) 

and initiation of the cross-bridge cycling between actin and myosin. The 

sustained phase of contraction is thought to involve calcium entry through 

both ROCCs and SOCCs. In contrast to ROCCs that remain open as long as 

the contractile agonist is present, SOCCs are triggered by the fi lling state 

of sarco-endoplasmic reticulum calcium ATPases (SERCA)-associated 

internal stores.    
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   Other reports have also described that proinfl amma-
tory stimuli modulate GPCR/PLC signaling pathways in 
cultured ASM cells ( Table 18.1   ). Pretreatment of bovine 
ASM cells with either eosinophil-derived polycationic pro-
teins or myelin basic protein increased bradykinin-induced 
transients as well as sustained elevations of [Ca 2 �  ] i   [15] . 
Incubation with either the aldehyde pollutant acrolein or 
the proinfl ammatory enzyme PLA 2  signifi cantly increased 
the intensity as well as the frequency of calcium transients 
in response to acetylcholine        [14, 17] . Finally, other experi-
mental conditions, such as chronic hypoxia or mechanical 
strain, also modulate calcium signaling induced by agonists 
in ASM cells. Belouchi  et al .  [18]  reported that the ampli-
tude of calcium transients in response to low concentrations 
of acetylcholine was signifi cantly higher in freshly iso-
lated tracheal smooth muscle cells from hypoxic rats than 
in those obtained from normoxic animals. Investigators 
also showed that mechanical strain augmented carbachol-
induced IP 3  turnover through the regulation of G-protein 
and/or PLC activities  [16] .  

    Alteration in the density of contractile receptors 

   Exposure of cultured ASM to various proinfl ammatory 
mediators also modulates the density of contractile agonist 
receptors. ASM cells exposed to TNF- α  have a dramatic 
decrease in muscarinic receptor density        [3, 13] . In contrast, 
levels of the bradykinin B2 receptor are rapidly increased 
in human bronchial smooth muscle exposed to IL-1 β  via a 
prostanoid-dependent regulation of gene transcription  [12] . 
Surprisingly, fenoterol, a  β  2 -agonist, as well as other cAMP-
elevating agents, signifi cantly upregulates the expression 
of histamine H1 receptor in bovine ASM cells, an eff ect 
that involves both increased gene expression and mRNA 
stability  [19] . Th is increase in H1 receptor expression was 
a ssociated with an increase in ASM responsiveness to his-
tamine in contraction studies. Th is may be important since 

fenoterol may lead to the worsening of asthma by modulat-
ing, at least in part, bronchial hyperresponsiveness; see the 
review by Beasley  et al.   [20] .  Figure 18.2    summarizes the 
potential mechanisms involved in the modulation of ago-
nist-evoked calcium signaling in response to various stimuli.  

    Increase in the calcium sensitivity of the 

contractile apparatus 

   Increase in the sensitivity of myofi laments to calcium also 
represents a mechanism by which the contractile function 
of ASM can be enhanced. Abnormal calcium sensitivity has 
been described in ASM derived from allergen-sensitized 
animals or from passively sensitized tissues; see the review 
by Schmidt and Rabe  [21] . Th e role played by proinfl am-
matory agents in the impairment of calcium sensitivity has 
been suggested  in vitro . Nakatani  et al .  [22] , by simultane-
ously measuring [Ca 2 �  ] i  and isometric tensions in response 
to acetylcholine, showed that brief exposure to TNF- α  
enhanced the calcium sensitivity of contractile elements in 
bovine tracheal smooth muscle. Surprisingly, TNF- α  did 
not aff ect the calcium signals induced by acetylcholine. In 
guinea pig tracheal smooth muscle, short-term treatment 
with TNF- α  also increased calcium sensitivity of the con-
tractile apparatus  [23] . 

   Together, these studies suggest that, in addition to 
the modulation of receptor-coupled signal transduction, 
increase in calcium sensitization of contractile elements rep-
resents another downstream target potentially modulated by 
proinfl ammatory agents. 

   Because ASM is an essential eff ector cell modulat-
ing bronchoconstriction, changes in ASM properties can 
be regarded as a potential mechanism contributing to the 
increased ASM contractility associated with asthma. A 
variety of stimuli present in asthmatic airways may induce 
hyperresponsiveness by modulating calcium signaling in 

 TABLE 18.1          Potential modulators of calcium metabolism in ASM cells.  

     Factors  Eff ect  Species  References 

   Modulation of receptor-

coupled signal transduction     
 IL-1 β , TNF- α    ↑  Ca 2 �   transient, IP 3  turnover  Human         [11, 12]  

 Acrolein   ↑  Ca 2 �   transient and 

frequency oscillations 

 Rat   [14]  

     Major basic protein   ↑  Ca 2 �   transient and plateau  Bovine   [15]  

     Mechanical strain   ↑  IP 3  turnover  Bovine   [16]  

     PLA 2    ↑  Ca 2 �   signals  Bovine   [17]  

     Allergen challenge   ↑  Ca 2 �   signals,  ↓  IP 3  

5-phosphatase 

 Rat   [9]  

     Chronic hypoxia   ↑  Ca 2 �   frequency oscillations, 

receptor affi  nity for agonist 

 Rat   [18]  

   Modulation of receptor 

density     
 Fenoterol   ↑  Histamine H1 receptor  Bovine   [19]  

 IL-1 β    ↑  Bradykinin B2 receptor  Human   [12]  

     TNF- α    ↓  Muscarinic receptor  Human         [1,13]  

  ( ↑ ) increase; ( ↓ ) decrease; (IP 3)  inositol 1,4,5 trisphosphate.  
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 FIG. 18.2          Potential modulators of contractile receptor-coupled calcium signaling in ASM. A variety of stimuli may induce a  “ hyperresponsive ”  phenotype, 

which modulates G-protein-coupled receptor activation in response to agonists. (?) indicates the possible role played by infl ammatory mediators in allergen-

induced changes in calcium responsiveness to contractile agonist. The potential intracellular targets underlying the increase in calcium responsiveness 

induced by these various stimuli are shown with a bold star. IP 3 : inositol-1,3,5 trisphosphate; PLC: phospholipase C; [Ca 2 �  ] i : intracellular calcium.    
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 FIG. 18.3          Factors aff ecting ASM function in acute and chronic state of asthma/COPD. During the acute infl ammation, a variety of mediators, such as 

cytokines, can modulate ASM contractile function by enhancing calcium signaling to agonists. These mediators regulate the recruitment and activation 

of eosinophils and T-lymphocytes in the airway mucosa, a characteristic histopathological feature of the chronic disease. The persistence of airway 

infl ammation via the production of cytokines and chemokines by both infl ammatory as well as structural cells has the potential to directly stimulate ASM 

proliferation or indirectly as a result of T-cell-ASM interaction mediated by cell surface expression of various CAM proteins such as ICAM-1, CD40, and CD44. 

Enhanced activation of PI3K or the transcription factor NF- κ B in ASM may also stimulate mitogenic and synthetic functions  .    
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response to contractile agonists as summarized in  Fig. 18.3   . 
Whether this amplifi cation of calcium signaling contributes 
to the increased contractility in asthmatic patients remains 
to be investigated.    

    ASM CELL PROLIFERATION 

   Increased ASM mass is a characteristic histopathological fi nd-
ing in the airways of chronic severe asthmatics and of COPD 
patients. Although increased ASM mass is, in part, due to 
ASM cell proliferation, the mechanisms that regulate ASM 
cell growth remain unclear. Many studies have characterized 
the stimulation of ASM growth in response to mitogenic 
agents such as polypeptide growth factors, infl ammatory 
mediators, and cytokines. Th e observation that contractile ago-
nists induce smooth muscle cell proliferation may be a critical 
link between the chronic stimulation of muscle contraction 
and the myocyte proliferation  [24] . Although the specifi c cel-
lular and the molecular mechanisms by which agonists induce 
cell proliferation remain to be elucidated, similarities exist 
between signal transduction processes activated by these agents 
and those of known growth factors, which can also stimulate 
smooth muscle contraction. Th e complex interaction between 
signaling pathways that induce myocyte proliferation and 
those that inhibit cell growth by stimulation of apoptosis may 
promote airway remodeling as seen in the bronchi of patients 
with asthma, bronchiolitis obliterans, or chronic  bronchitis. 

   Smooth muscle cell proliferation is stimulated by 
mitogens that fall into two broad categories: 

    1.     those that activate receptors with intrinsic tyrosine kinase 
activity (RTK);  

    2.     those that mediate their eff ects through receptors 
coupled to heterotrimeric GTP binding proteins 
(G-proteins) and activate nonreceptor-linked tyrosine 
kinases found in the cytoplasm.    

   Although both pathways increase cytosolic calcium 
through activation of PLC, diff erent PLC isoenzymes appear 
to be involved. Activated PLC hydrolyzes phosphatidylinosi-
tol bisphosphate (PIP 2 ) to inositol trisphosphate (IP 3 ) and 
diacylglycerol (DAG). Th ese second messengers activate other 
cytosolic tyrosine kinases as well as serine and threonine 
kinases (protein kinase C, G, and N) that have pleiotropic 
eff ects including the activation of proto-oncogenes, which 
are a family of cellular genes ( c-onc ), that control normal cel-
lular growth and diff erentiation. Recent reviews attempted to 
summarize current progress in our understanding of cellular 
mechanisms leading to smooth muscle cell proliferation            [25–
28] . Th is section will focus on the role of PLC activation and 
the phosphatidylinositol 3-kinase (PI3K) signaling pathway 
in smooth muscle cell mitogenesis. 

    PLC activation 

   Receptors with intrinsic tyrosine kinase activity and those 
coupled to G-proteins both activate specifi c PLC isoforms. 

Th ese PLCs are the critical regulatory enzymes in the acti-
vation of the PI pathway. Th e  γ  family of PLC contains 
src-homology SH2 and SH3 domains and is regulated by 
tyrosine phosphorylation. In ASM cells, some growth factors 
which activate receptors with intrinsic tyrosine kinases have 
been identifi ed. Platelet-derived growth factor (PDGF) and 
epidermal growth factor (EGF) in human ASM cells          [29–31]  
and IGF-1 in bovine and rabbit ASM cells          [32–34]  have 
been shown to induce myocyte proliferation. However, the 
role of PLC- γ  1  activation in modulating ASM cell growth 
remains unknown. 

   Other PLC isoforms are controlled by G-proteins 
and/or calcium. Although the role of PLC activation in 
mediating G-protein-dependent cell growth is complex, G-
protein activation appears critically important in transduc-
ing contractile agonist-induced cell growth. G-proteins are 
composed of three distinct subunits,  α ,  β , and  γ , the latter 
two existing as a tightly associated complex  [35] . Although 
 α -subunits were considered the functional components 
important in downstream signaling events, recent evidence 
suggests that  β  γ -subunits also play a critical role in modu-
lating cell function  [36] . 

   Advances in single-cell microinjection techniques in 
combination with the development of neutralizing antibod-
ies to specifi c G α  subunits have enabled investigators to 
characterize the role of G-protein activation in cell prolifer-
ation. Using these techniques, studies with 3T3 fi broblasts 
have determined that, while both thrombin and bradyki-
nin required G q  activation to mobilize cytosolic calcium, to 
generate IP 3  and to induce mitogenesis, thrombin, but not 
bradykinin, induces cell growth by stimulating G i2   [37] . 
Th ese studies determined that a single mitogen may require 
functional coupling to distinct subtypes of G-proteins in 
order to stimulate cell growth. Collectively, these data also 
provide a mechanism to explain why some, but not all, ago-
nists induce cell proliferation while mobilizing comparable 
levels of cytosolic calcium. 

   Recently, the role of PLC activation and IP 3  in medi-
ating contractile agonist-induced ASM cell growth has 
been explored. Several contractile agonists, which mediate 
their eff ects through GPCRs, induce ASM cell prolifera-
tion. Studies have determined that histamine  [38]  and sero-
tonin induce canine and porcine ASM cell proliferation. 
Endothelin-1, leukotriene D 4  and U-46619, a thrombox-
ane A 2  mimetic, induce rabbit ASM cell growth  [39] , and 
thrombin induces mitogenesis in human ASM cells  [30] . 
Although the mechanisms that mediate these eff ects are 
unknown, agonist-induced cell growth probably is modu-
lated by activation of G-proteins in a manner similar to that 
described in vascular smooth muscle (VSM). 

   Using human ASM cells, Panettieri  et al .  [30]  exam-
ined whether contractile agonist-induced human ASM cell 
growth was dependent on PLC activation and IP 3  forma-
tion. Th ese investigators examined the relative eff ects of 
bradykinin and thrombin on myocyte proliferation and PI 
turnover. Th rombin, but not bradykinin, stimulated ASM 
cell proliferation despite a fi vefold greater increase in [ 3 H]-
inositol phosphate formation in cells treated with bradykinin 
as compared with those treated with thrombin. Inhibition of 
PLC activation with U-73122 had no eff ect on thrombin- or 
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EGF-induced myocyte proliferation. In addition, pertus-
sis toxin completely inhibited thrombin-induced ASM cell 
growth but had no eff ect on PI turnover induced by either 
thrombin or bradykinin  [30] . Taken together, these studies 
suggest that thrombin induced human ASM cell growth 
by activation of a pathway that was pertussis toxin-sensitive 
and independent of PLC activation or PI turnover. 

   Compared to RTK-dependent growth factors, con-
tractile agonists, with the exception of thrombin and 
s phingosine-1-phosphate, appear to be less eff ective human 
ASM mitogens  [40] . In cultured human ASM cells, 
100        μ mol/l histamine or serotonin induces two- to three-
fold increases in [ 3 H]-thymidine incorporation as compared 
with that obtained from unstimulated cells. EGF, serum, 
or phorbol esters, which directly activate protein kinase 
C, induce 20–30 fold increases in [ 3 H]-thymidine incor-
poration  [41] . In rabbit ASM cells, endothelin-1 induces 
cell proliferation by activating phospholipase A 2 , and by 
g enerating thromboxane A 2  and LTD 4         [39, 42] . In human 
ASM cells, however, endothelin-1, thromboxane A 2  and 
LTD 4  appear to have little eff ect on ASM cell proliferation 
despite these agonists inducing increases in cytosolic cal-
cium          [30, 43, 44] . 

   Clearly, interspecies variability exists with regard to 
contractile agonist-induced cell proliferation. Th ese models, 
however, may prove useful in dissecting downstream signal-
ing events that modulate the diff erential eff ects of contrac-
tile agonists on ASM cell proliferation.  

    PI3K signaling pathway 

   Th e PI3K signaling pathway is a highly conserved signal 
transduction network regulating a variety of cellular func-
tions including cell proliferation, diff erentiation, trans-
formation, cell motility, and apoptosis        [45, 46] . PI3Ks are 
a subfamily of lipid kinases that catalyze the addition of 
phosphate molecules specifi cally to the 3-position of the 
inositol ring of phosphoinositides  [47] . Tumor suppres-
sor PTEN (phosphatases and tensin homolog) negatively 
regulates PI3K signaling by specifi cally dephosphorylating 
the 3 
 -OH position of the inositol ring of the lipid second 
messengers phosphatidylinositol-3,4,5-trisphosphate.          [48–
50] , PI3K lipid products are not substrates for the PI-spe-
cifi c PLC enzymes that cleave inositol phospholipids into 
membrane-bound DAG and soluble inositol phosphates. 
Th e 3-phosphoinositides function as second messengers 
and activate downstream eff ector molecules such as PDK1, 
p 70s6 kinase (S6K1) , protein kinase C ζ , and Akt        [47, 51] . 
Th e ability of PI3K to regulate diverse functions may be 
due to the existence of multiple isoforms that have specifi c 
substrate specifi cities and that reside in unique cytoplasmic 
locations within the cell  [52] . 

   PI3K isoforms can be divided into three classes 
based on their structure and substrate specifi city. Class IA 
PI3Ks are cytoplasmic heterodimers composed of a 110-
kDa (p110 α ,  β , or  δ ) catalytic subunit and an 85-kDa (p85, 
p55, or p50) adaptor protein. Catalytic subunits p110 α  
and p110 β  are ubiquitously expressed in mammalian cells. 
Catalytic subunit p110 δ  is expressed predominantly in lym-
phocytes and lymphoid tissues and, therefore, may play a 

role in PI3K-mediated signaling of immune responses  [53] . 
Class IA isoforms are mainly activated by receptor and non-
receptor tyrosine kinases while Class IB p110 γ  is activated 
by G β  γ  subunits of GPCRs  [54] . Class II isoforms are 
mainly associated with the phospholipid membranes and are 
present in the endoplasmic reticulum and Golgi apparatus 
 [55] . Class III isoforms, structurally related to yeast vesicu-
lar sorting protein Vps34p  [56] , are mammalian homologs 
that use only membrane phosphatidylinositol as a substrate 
and generate phosphatidylinositol-3-monophosphate. 

   PI3K activation by multiple inputs, such as growth 
factors, insulin, cytokines, cell–cell, and cell–matrix adhe-
sion, provided by both receptor and nonreceptor tyrosine 
kinases leads to activation of serine–threonine kinase Akt 
( Fig. 18.4   ). Downstream of PI3K the tumor suppressor 
complex tuberous sclerosis complex (TSC)1/TSC2 is sub-
ject to direct inhibitory phosphorylation by Akt          [57–59] . 
TSC2 forms a complex with tumor suppressor TSC1 and 
regulates mTOR/S6K1 signaling [60] by directly control-
ling the activity of the small GTPase Rheb via the GTPase 
activating protein (GAP) domain of TSC2  [61] . Rheb 
directly binds to Raptor        [62, 63]  and controls the activ-
ity of the mTOR/Raptor complex (mTORC1), which, in 
turn, directly phosphorylates and activates S6K1 ( Fig. 18.4 ). 
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 FIG. 18.4          The PI3K signaling pathway is critical for regulating cell growth 

and proliferation. Growth-factor (GF)-induced activation of PI3K initiates 

a signaling cascade involving sequential activation of phosphoinositide-

dependent kinase (PDK) and Akt/PKB. Akt/PKB-dependent phosphorylation 

of TSC2 results in dissociation of TSC1/TSC2 membrane complex and 

activation of Rheb. Next, Rheb activates mTOR complex 1 (mTORC1) which 

consists of mTOR, Raptor, and G β L. This is followed by activation of S6K1 

with subsequent phosphorylation of ribosomal protein S6. In parallel, 

mTOR-dependent phosphorylation of the binding protein 4E releases 

from the inhibitory complex eukaryotic initiation factor 4E (eIF-4E), which 

initiates protein synthesis, resulting in cell growth and proliferation. 

Rapamycin-insensitive complex mTORC2, which consists of mTOR, 

Rictor, and G β L, regulates Akt/PKB phosphorylation; however, the precise 

mechanism of mTORC2 regulation by Rheb and TSC1/TSC2 remains to be 

elucidated. 4E-BP1: eIF-4E binding protein; Rheb: Ras homolog enriched in 

brain; RTK: receptor tyrosine kinase.    
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mTOR is a part of both complexes: the rapamycin-sensitive 
mTOR/Raptor (TORC1) phosphorylating S6K1, and the 
rapamycin-insensitive mTOR/Rictor (TORC2) phospho-
rylating Akt  [64]  and regulating Rac1 activation  [65] . Th e 
PI3K-TSC1/TSC2-Rheb-mTOR-S6K1 signaling pathway 
is highly conserved across species, and controls cell growth 
and proliferation          [45, 46, 61] . 

   Studies demonstrate that PI3K signaling cascade 
plays a critical role in regulating human airway and pulmo-
nary arterial VSM cell proliferation        [66, 67] . Wortmannin 
and LY294002, two potent inhibitors of PI3K, inhibit 
DNA synthesis in bovine ASM, porcine, and rat VSM cells 
stimulated with PDGF, basic fi broblast growth f actor, angi-
otensin II, or serum            [68–71] . Stimulation of  α  1  adrenergic 
receptors with noradrenaline activated mitogenesis, Ras, 
MAPK, and PI3K in human VSM cells in a wortman-
nin-sensitive manner  [72] . In rat thoracic aorta VSM cells, 
wortmannin completely blocked angiotensin II-induced 
Ras activation but had no eff ect on mitogen-activated pro-
tein kinase (MAPK) activation or protein synthesis  [73] . 
Th rombin, which induces human ASM cell growth by 
activating a receptor presumably coupled to both G i  and 
G q  proteins  [30] , requires PI3K activation to mediate its 
growth eff ects  [74] . In bovine ASM, the mitogenic eff ects 
of PDGF or endothelin-1 (ET-1) have been attributed to 
their ability to stimulate PI3K or  S6K1 . Th ese data sug-
gest that in both airway and VSM cells PI3K is involved in 
mitogenic signaling induced by numerous agents. 

   In order to determine whether PI3K activation is 
necessary or suffi  cient to stimulate human ASM DNA syn-
thesis, Krymskaya  et al .  [67]  used transfected cells with a 
chimeric model of Class IA PI3K in which the inter-SH2 
region of p85 regulatory subunit was covalently linked to its 
binding site at the p110 N-terminal region of the catalytic 
subunit  [75] . Transient expression of constitutively active 
p110* was suffi  cient to induce DNA synthesis in ASM cells 
in the absence of mitogens  [67] . Interestingly, in human 
ASM cells the level of p110*-induced DNA synthesis was 
markedly lower than that induced by EGF, thrombin, or 
serum; and thus, although PI3K activation is suffi  cient to 
induce DNA synthesis in ASM cells, other signaling path-
ways that act in parallel or that are more eff ective induc-
ers of PI3K may play a role in modulating mitogen-induced 
DNA synthesis in these cells. 

   In numerous cell types, PI3K has been shown to be 
an important mediator of  S6K1  activation in response to 
serum and growth factors  [76] .  S6K1  is a critical enzyme 
for mitogen-induced cell cycle progression through the G 1  
phase and translational control of mRNA transcripts that 
contain a polypyrimidine tract at their transcriptional start 
site  [77] . 

   EGF and thrombin signifi cantly stimulate S6K1  , and 
wortmannin, LY294002, and rapamycin completely block 
this activation in ASM cells  [74] . Moreover, transient expres-
sion of constitutively active p110* PI3K activates S6K1   in 
the absence of stimulation with mitogens, while overexpres-
sion of a dominant-negative  Δ p85 PI3K abolished EGF- 
and thrombin-induced S6K1 activation  [74] . Th us, EGF 
and thrombin induce activation of S6K1 in human ASM 
cells and mitogen-induced activation of S6K1 appears PI3K 
dependent. 

   A recent study demonstrated that GPCR activation 
by infl ammatory and contractile agents can synergize with 
RTK activation to augment human ASM growth. In EGF-
stimulated cells, GPCR-mediated potentiation does not 
appear mechanistically linked to increased EGFR (epider-
mal growth factor receptor) or p42/p44 MAPK activation 
but is associated with sustained activation of S6K1 for sev-
eral hours after the initial early phase of activation. Th ese 
fi ndings not only provide insight into mechanisms by which 
infl ammation contributes to ASM hyperplasia/hypertrophy 
in diseases such as asthma and COPD, but also suggest a 
general mechanism by which GPCRs and RTKs interact to 
promote cell growth  [78] . 

   PDGF, EGF, and thrombin, which transduce their 
signals by activating distinct pathways through RTKs and 
GPCR, induce PI3K activity in human ASM cells            [67, 74, 
79, 80] . Importantly, cross talk between GPCR and RTK 
signaling pathways occurs at the PI3K levels and promotes a 
synergy among growth factors and contractile agonists          [78, 
79, 81] . Src protein tyrosine kinase integrates GPCR- and 
RTK-induced signaling pathways that ultimately regulate 
cell proliferation, migration, diff erentiation, and gene tran-
scription        [82, 83] . Src kinases have a well-established role in 
the regulation of cell proliferation. Th e Src tyrosine kinase 
is the fi rst tyrosine kinase to be identifi ed and linked to 
the regulation of cell proliferation        [82, 83] . Because more 
than one mechanism is involved in Src activation, this 
enzyme is critical in transducing signals, which originate 
through GPCRs and RTKs and result in integrated cellular 
responses, such as DNA synthesis and migration. Th e cel-
lular functions regulated by Src were identifi ed by using pre-
dominantly overexpressed Src and its mutants in established 
immortalized cell lines and  in vitro  assays. Using selective 
cell-permeable Src inhibitors PP1 and PP2, Src inhibition 
of DNA synthesis was demonstrated in guinea pig ASM 
 [84]  and rat aortic smooth muscle cells  [85] . In our study 
using pharmacological and molecular approaches, we dem-
onstrate that Src is necessary and suffi  cient for human ASM 
DNA synthesis. Interestingly, PP2 had diff erential eff ects 
on EGF- versus PDGF- and thrombin-induced DNA 
synthesis: IC 50  for EGF was  � 5.5        μ M, which is a magni-
tude higher compared to the IC 50  for PDGF and thrombin, 
which was  � 0.3        μ M for both agonists. Th e high sensitiv-
ity of thrombin-induced DNA synthesis to Src inhibition 
is potentially due to a critical role of Src in modulating 
mitogenic signaling from activated GPCRs to its down-
stream targets        [86, 87] . We also found that the diff erential 
Src regulation of cell proliferation correlated with diff eren-
tial activation of Src-associated PI3K. Th us, upon stimula-
tion of human ASM cells with PDGF or thrombin, PI3K 
activity was associated with Src but not in cells stimulated 
with EGF. Since PI3K activation is critical for cell prolif-
eration, the lack of Src-associated PI3K activation may 
explain the insensitivity of EGF-induced ASM DNA syn-
thesis to blocking Src. Importantly, our previously published 
study identifi ed the signaling pathway of EGF-dependent 
PI3K activation in HASM cells, which involved activation 
of the ErbB2 receptor of the EGF receptor family  [88] . 
Collectively, these data suggest a diff erential role of Src in 
growth promoting signaling stimulated by EGF, PDGF, 
and thrombin.   
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    ASM: AN IMMUNOMODULATORY CELL 

   Asthma is a disease characterized, in part, by reversible air-
fl ow obstruction, hyperresponsiveness, and infl ammation. 
COPD, which includes chronic bronchitis, emphysema, and 
bronchiectasis, is characterized by predominantly irrevers-
ible airfl ow obstruction associated with neutrophilic airway 
infl ammation. Traditional concepts concerning airway infl am-
mation have focused on traffi  cking leukocytes and on the 
eff ects of infl ammatory mediators, cytokines, and chemokines 
secreted by these cells. ASM, the major eff ector cell responsi-
ble for bronchomotor tone, has been viewed as a passive tissue 
responding to neurohumoral control and infl ammatory medi-
ators. New evidence, however, suggests that ASM may secrete 
cytokines and chemokines and express cell adhesion mol-
ecules (CAMs) that are important in modulating submucosal 
airway infl ammation. Th e cellular and molecular mechanisms 
that regulate the immunomodulatory functions of ASM may 
off er new and important therapeutic targets in treating these 
common lung diseases. 

    Chemokine and cytokine release 
by ASM cells 

   Th e various cell types that infi ltrate the infl amed submu-
cosa present the potential for many important cell–cell 
interactions. Eosinophils, macrophages, neutrophils, and 
lymphocytes initiate and perpetuate airway infl ammation 
by producing proinfl ammatory mediators. Evidence also 
suggests that exposure of ASM to cytokines or growth fac-
tors alters contractility and calcium homeostasis  [1]  and 
induces SMC hypertrophy and hyperplasia; see the review 
by Lazaar  et al.   [89] . 

   Studies now show that ASM cells secrete a number of 
cytokines and chemoattractants. Studies of bronchial biopsies 
in mild asthmatics reveal constitutive staining for RANTES, 
a CC chemokine, in ASM  [90] ;  in vitro , RANTES secretion 
is induced by TNF- α  and IFN- γ           [91–93] . Other chemok-
ines that are secreted by ASM cells include eotaxin, an eosi-
nophil chemoattractant, and monocyte chemotactic proteins 
(MCP)-1, MCP-2, MCP-3          [93–95] . 

   Similarly, the CXC chemokine IL-8 is also secreted 
by ASM in response to TNF- α , IL-1 β , and bradykinin, a 
contractile agonist        [96, 97] . IL-8 has been described to 
regulate both proliferation and migratory function of ASM 
cells  [98] . Understanding the factors that stimulate IL-8 
production may be of therapeutic benefi t for the treatment 
of asthma. Studies found that IL-8 is induced by several 
factors including  β  tryptase, the most abundant mast cell 
product  [99]  as well as IL-17/IL-1 β  via both transcrip-
tion factors, AP-1 and NF- κ B  [100] . Others found that the 
antimicrobial peptide LL-37 also induces the production 
of IL-8  [101]  providing a novel mechanism through which 
infl ammatory cell products could participate in the patho-
genesis of asthma. Additional studies showed that IL-4 also 
stimulates eotaxin/CCL-11 expression in ASM cells, in 
part via the activation of STAT6 transcription factor  [102]  
while Rahman  et al . found that (p38, p42/p44 ERK, JNK) 
signaling pathways play a critical role in IL-17A-induced 

eotaxin-1/CC chemokine ligand 11  [103] . Extracellular 
matrix (ECM) proteins seem to play an important role in 
the regulation of eotaxin induced by diff erent interleukins, 
IL-13, IL-1 β , or TNF- α  in ASM cells cultured from sub-
jects with asthma compared with healthy donors  [104] . 
Interestingly, increased expression of eotaxin is observed 
during the co-culture of ASM with mast cells  [105] , sug-
gesting that cell–cell interaction is important to consider in 
the regulation of causes of airway infl ammation. 

   In asthma and COPD,  β -adrenergic agonists, by 
elevating [cAMP] i , promote bronchodilation. Studies have 
investigated whether cAMP pathways also modulate chem-
okine secretion by ASM cells. In TNF- α -stimulated ASM 
cells, eotaxin and RANTES expression was potently and 
eff ectively inhibited by isoproterenol, PGE 2 , dibutyl-cAMP, 
or phosphodiesterase inhibitors, rolipram and cilomilast        [91, 
106] . TNF- α -induced IL-8 secretion was inhibited by the 
combination of cAMP-mobilizing agents and corticoster-
oids  [107] . Similarly, sphingosine-1-phosphate, which acti-
vates a Gs-protein-coupled receptor and increases [cAMP] i , 
abrogated TNF- α -induced RANTES secretion in ASM 
cells  [108] . 

   Current evidence suggests that chemokine secretion 
induced by infl ammatory mediators is inhibited by dexam-
ethasone in human ASM cells. Cytokine-induced secretion 
of RANTES          [91–93] , MCP  [93] , eotaxin  [106] , and GM-
CSF  [109]  was abrogated with corticosteroids. In most of 
these studies, corticosteroid and cAMP-mobilizing agents 
also acted additively to inhibit chemokine secretion. 

   IL-6, a pleiotropic cytokine, induces smooth muscle 
cell hyperplasia  [110] , but also modulates B- and T-cell pro-
liferation and immunoglobulin secretion. IL-6 secretion by 
ASM cells is inducible by multiple stimuli, including IL-1 β , 
TNF- α , TGF- β , and sphingosine-1-phosphate, a recently 
described mediator in asthma            [91, 108, 111, 112] . Although 
corticosteroids are potent inhibitors of IL-6 secretion  [112] , 
agents that elevate [cAMP] i  actually increase IL-6 secretion 
 [91] . Th is suggests an intriguing role for IL-6 in regulat-
ing airway hyperreactivity and is in agreement with murine 
models in which IL-6 overexpression promotes airway 
hyporesponsiveness  [113] . 

   Finally, additional cytokines that are secreted by human 
ASM cells include IL-1 β  and other IL-6 family cytokines, 
such as leukemia inhibitory factor and IL-11          [111, 114, 
115] . ASM cells may also play a role in promoting both the 
recruitment and the survival of eosinophils by secretion of 
GM-CSF and IL-5          [109, 114, 116] .  

    Receptors involved in cell adhesion 

   CAMs mediate leukocyte–endothelial cell interactions 
during the process of cell recruitment and homing  [117]  
(Chapter 21). Th e expression and activation of a cascade of 
CAMs that include selectins, integrins, and members of the 
immunoglobulin superfamily, as well as the local produc-
tion of chemoattractants, leads to leukocyte adhesion and 
transmigration into lymph nodes and sites of infl ammation 
involving nonlymphoid tissues. 

   In addition to mediating leukocyte extravasation and 
transendothelial migration, CAMs promote submucosal or 
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subendothelial contact with cellular and ECM components. 
New evidence suggests that CAMs mediate infl ammatory 
cell–stromal cell interactions that may contribute to air-
way infl ammation. ASM cells express intercellular adhesion 
molecule (ICAM)-1 and vascular cell adhesion molecule 
(VCAM)-1, which are inducible by a wide range of infl am-
matory mediators. Contractile agonists, such as bradykinin 
and histamine, in contrast, have little eff ect on ASM CAM 
expression  [118] . ASM cells also constitutively express CD44, 
the primary receptor of the matrix protein hyaluronan  [118] . 
Activated T-lymphocytes adhere via LFA-1 and VLA-4 
to cytokine-induced ICAM-1 and VCAM-1 on cultured 
human ASM cells. Moreover, an integrin-independent com-
ponent of lymphocyte–smooth muscle cell adhesion appeared 
to be mediated by CD44–hyaluronan interactions  [118] . 

   Current hypotheses suggest that steroids may directly 
inhibit gene expression, such as CAMs, by altering gene pro-
moter activity and/or by abrogating critical signaling events 
such as NF- κ B or AP-1 activation that then modulate gene 
expression as shown in  Fig. 18.5   . Interestingly, dexametha-
sone had no eff ect on TNF- α - or IL-1 β -induced NF- κ B 
activation in human ASM cells  [119] . Further, cytokine-
induced ICAM-1 expression in ASM cells, which is com-
pletely dependent on NF- κ B activation, was not aff ected by 

dexamethasone, whereas IL-1 β -induced cyclooxygenase-2 
expression was abrogated          [119–121] . In contrast, cytokine-
induced CAM expression is sensitive to cAMP-mobilizing 
agents  [122] .  

    Receptors involved in leukocyte 
activation and immune modulation 

   CAMs can function as accessory molecules for leukocyte 
activation          [117, 123, 124] . Whether CAMs expressed on 
smooth muscle serve this function remains controversial. 
ASM cells do express major histocompatibility complex 
(MHC) class II and CD40 following stimulation with 
IFN- γ         [125, 126] . Recent studies also suggest that human 
ASM cells express low levels of CD80 (B7.1) and CD86 
(B7.2)  [127] . Th e physiological relevance of these fi ndings 
remains unknown since ASM cells cannot present alloanti-
gen to CD4 T-cells, despite the expression of MHC class II 
and costimulatory molecules  [125] . 

   Functionally, however, adhesion of stimulated CD4 T-
cells can induce smooth muscle cell DNA synthesis  [118] . 
Th is appears to require direct cell–cell contact and cannot be 
mimicked by treatment of the cells with T-cell conditioned 
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medium. In addition, ligation of CD40 on ASM increases 
intracellular calcium as well as IL-6 secretion, while cross-
linking VCAM-1 cells activates PI3K and augments growth 
factor-induced ASM cell proliferation        [126, 128] . Th ese 
studies highlight the fact that direct interactions between 
leukocytes and smooth muscle cells via immune receptors, 
such as CD40, or adhesion receptors, such as ICAM-1 or 
VCAM-1, contribute to the modulation of the local milieu 
resulting in smooth muscle cell activation. 

   Increased amounts of nitric oxide (NO) have been 
detected in patients with asthma; see the review by Gaston 
 et al .  [129]  and Chapter 32. NO appears to have a s elective-
suppressive eff ect on the Th 1 subset of T-helper cells, sug-
gesting that increased levels of NO may therefore lead to 
the predominantly Th 2-type response associated with 
asthma. NO synthase has been demonstrated in ASM cells 
where it results in an inhibition of ASM cell proliferation 
       [130, 131] . Th us the role of ASM-derived NO needs to be 
further defi ned, as it may have both benefi cial and deleteri-
ous eff ects in the airway. 

   ASM cells produce large amounts of PGE 2 , and to a 
lesser extent other prostanoids, following stimulation with 
proinfl ammatory cytokines  [120] . Although PGE 2  is a 
potent bronchodilator, it also has signifi cant immunological 
eff ects. For example, PGE 2  can decrease expression of CD23 
(Fc γ RII), which has been shown to be expressed on human 
ASM cells  [132] , and synergize with IL-4 to induce IgE 
synthesis  [133] . Release of PGE 2  by ASM cells may also be 
important in modulating the infl ammatory milieu by inhib-
iting smooth muscle cell secretion of chemokines  [134] .  

    Therapeutic modulation of infl ammatory 
gene expression 

   Issa and colleagues uncovered a novel mechanism by which 
steroids suppress cytokine-induced infl ammatory genes in 
human ASM cells  [135] . MPK-1 was found to be essen-
tial in mediating the inhibitory action of dexamethasone 
on growth-related oncogene protein (GRO)- α  induced by 
IL-1 β  and TNF- α , thus confi rming the role of MAPK in 
infl ammatory gene regulation. Activation of MAPK path-
ways by IL-1 β  and TNF- α  seem to be important in the reg-
ulation of thymic stromal lymphopoietin, a novel factor that 
promotes dendritic cell-mediated T-helper (Th )-2 infl amma-
tory responses  [136] . Other steroid-sensitive genes include 
TLR2, TLR3, and TLR4 reported to be induced by TNF- α  
in ASM cells  [137] . CD38 was among the steroid-sensitive 
genes as dexamethasone completely abrogated its expres-
sion and increased enzymatic activity following treatment 
with TNF- α   [138] . Th e observation that IFN can act as an 
eff ective inhibitor on some, but not all, TNF- α -inducible 
infl ammatory genes  [139]  suggests that a better understand-
ing of the IFN-dependent pathways could provide new 
insight into the design of more potent anti-infl ammatory 
drugs. Macrolides, such as erythromycin and azithromycin, 
have been recently shown to suppress IL-17-induced pro-
duction of IL-8 and 8-isoprostane in ASM cells while 
immunosuppressive agents had no eff ect  [140] . Targeting 
IKK β  was recently found to be an alternative option for the 
suppression of a number of infl ammatory genes including 

ICAM-1, IL-6, IL-8, GM-CSF, RANTES, MCP-1, 
GRO- α , and NAP-2  [141] . 

   Whether ASM is a therapeutic target for steroids in 
asthma is yet unclear. Several  in vitro  studies in cultured 
ASM cells confi rmed that glucocorticoids (GCs) are eff ec-
tive in suppressing induction of infl ammatory genes includ-
ing IL-6, eotaxin, RANTES, GM-CSF, ICAM-1, and 
CD38 8 to name just a few                [106, 119, 142–145] . Further, 
 in situ  hybridization and immunohistochemistry studies 
revealed the  in vivo  expression of glucocorticoid receptor 
(GR) in ASM of both normal and asthmatic subjects  [146] . 
We previously showed that cultured ASM cells express both 
GR isoforms, GR- α , and under certain infl ammatory con-
ditions, GR- β   [143] . Interestingly, Roth  et al .  [147]  showed 
GC treatment induced GR nuclear translocation from 
cytosol to the nucleus in bronchial smooth muscle cell lines 
from healthy individuals or subjects with asthma and those 
with emphysema. Similar results were obtained in cultured 
ASM obtained from Roth  et al . in 2002        [148, 149] . Th e 
activation of GR by GC through its binding to a gluco-
corticoid response element (GRE) DNA sequence has also 
been demonstrated in cultured ASM cells          [143, 147, 149] . 

   Interestingly, although steroid eff ects on human ASM 
cells have been investigated  [150] , their modulatory eff ects 
on gene expression are complex and poorly characterized. 
First, the eff ects of steroids are gene specifi c. For example, 
reports showed that dexamethasone eff ectively inhibits 
cytokine-induced IL-6, RANTES or eotaxin expression, 
while the same steroid has little eff ect on cytokine-induced 
ICAM-1 expression          [106, 119, 142] . Second, steroid-
s uppressive eff ects are time dependent since dexamethasone 
partially abrogates cytokine-mediated ICAM-1 expression 
at early time points, but has no eff ect at later time points 
 [119] . Th ird, steroid inhibitory action is also stimulus spe-
cifi c. While dexamethasone signifi cantly inhibits IL-1 β -
induced GM-GSF secretion, it has only a partial eff ect on 
GM-GSF secretion induced by thrombin  [144] . 

   Recently, Miller  et al .  [151] , using an animal model 
of asthma, showed that GC treatment signifi cantly reduced 
allergen-induced increases in peribronchial collagen depo-
sition and levels of total lung collagen but failed to reduce 
allergen-induced increases in the thickness of the peribron-
chial smooth muscle. In line with this, Roth  et al .  [147]  
showed that GC failed to inhibit the proliferative response 
in bronchial ASM from patients with asthma. Further  in 
vitro  studies showed that the anti-proliferative and anti-
migratory eff ects of the GC were impaired by contact of 
ASM with collagen. GC also failed to inhibit ASM cells 
cultured on collagen, but not on laminin  [148] , suggesting 
that in the collagen-rich microenvironment of the infl amed 
and fi brotic asthmatic airway, ASM may contribute to ster-
oid resistance. In addition, we also recently showed that 
s teroid-suppressive eff ects are dramatically impaired in 
ASM cells treated with multiple cytokines  [143] . Indeed, 
the specifi c combination of TNF- α  with IFNs, but not with 
IL-1 β  or IL-13, impairs the actions of multiple classes of 
GCs, fl uticasone, dexamethasone, and budesonide  [143]  by 
a mechanism involving the upregulation of GR- β  isoform. 
Recently, Tliba and colleagues  [152]  found for the fi rst time 
that an increased level of IRF-1 by  “ pro-a sthmatic ”  cytokines 
is insensitive to GCs and can d ramatically in fl uence the 
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anti-infl ammatory action of steroids via mechanisms that 
remain to be determined. Th is study supports the hypothesis 
that infl ammation is a key modulator of steroid responsive-
ness in structural airway cells. 

   Collectively, the fact that ASM cells can secrete and 
express diff erent immunomodulatory proteins, combined 
with the functional expression of GR, give ASM cells a 
particular importance as cellular targets for inhaled GC. 
However, further  in vivo  studies are needed to confi rm the 
aforementioned  in vitro  observations to determine the role 
of ASM in modulating the anti-infl ammatory eff ects of 
GC, notably in steroid-resistant patients. 

   While ASM has long been established as a key eff ec-
tor cell in the pathogenesis of asthma, its role in COPD has 
only recently been appreciated. Several studies have demon-
strated increased ASM mass in the small airways of smokers 
with airfl ow obstruction compared to smokers with normal 
lung function            [153–156] . In contrast to asthma, however, 
where large, central airways are the predominant site of 
ASM hypertrophy and hyperplasia, ASM hypertrophy in 
COPD is uniquely observed in small airways with a diam-
eter of approximately 2       mm          [155, 157, 158] . Th e extent of 
ASM hypertrophy observed in small airways correlates with 
the severity of airfl ow obstruction        [155, 156] , though associ-
ated increases in matrix deposition in the walls of these air-
ways may also contribute to airfl ow obstruction by limiting 
the extent to which ASM relaxation results in increased air-
way luminal diameter  [159] . Airway infl ammation appears 
to be one important cause of ASM hypertrophy in COPD, 
as activated T-lymphocytes have been demonstrated to bind 
VCAM-1 and CD44, inducing DNA synthesis  [118] . 

   While ASM has historically been viewed as a tar-
get tissue, regulating bronchomotor tone and responding to 
neurohumoral control and infl ammatory mediators, emerg-
ing evidence suggests that ASM may also play an important 
immunomodulatory role in the small airway infl ammation 
characteristic of COPD        [160, 161] . ASM cells are capable 
of expressing numerous proinfl ammatory and chemotactic 
cytokines and chemokines germane to COPD, in addition 
to several relevant growth factors and proteases, as outlined 
above. Further, the pattern of ASM gene expression depends 
highly on the infl ammatory environment              [93, 96, 97, 162, 
163] , underscoring the importance of interactions between 
ASM and the nearby epithelium. A great deal of work remains 
to be done to elucidate the role of ASM in the pathogenesis 
of COPD, but all available evidence indicates that it is likely 
an important component of the pathologic processes leading 
to airway remodeling and irreversible airfl ow obstruction.   

    SUMMARY   

   New evidence suggests that ASM, the major eff ector cell reg-
ulating bronchomotor tone, also plays an important role as an 
immunomodulatory cell. ASM, exposed to a variety of medi-
ators and cytokines, can undergo phenotypic changes that 
may be important in the pathogenesis of asthma and COPD. 
ASM, which secretes chemokines and cytokines, may partici-
pate in or even perpetuate the mucosal infl ammatory changes 

via the activation and the recruitment of infl ammatory cells. 
Further, cytokine-induced alterations in calcium homeostasis 
render the ASM hyperresponsive to contractile agonists. In 
chronic severe asthma and COPD, ASM hypertrophy and 
hyperplasia may potentially render the asthmatic airway irre-
versibly obstructed. 

   Further elucidation of the cellular and the molecular 
mechanisms that regulate ASM function in asthma and 
COPD will off er new therapeutic targets in the treatment 
of asthma, chronic bronchitis, and emphysema.   
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C H A P T E R              Tracheobronchial Circulation 

    INTRODUCTION   

   Since the blood circulation typically participates 
in infl ammatory processes at the tissue level, the 
vasculature of the tracheobronchial tree can be 
expected to undergo structural and functional 
changes in asthma and chronic obstructive pul-
monary disease (COPD), conditions that are 
associated with airway infl ammation. As will 
be shown in this chapter, there are distinct dif-
ferences in the vascular abnormalities between 
asthma and COPD. Th e purpose of this chap-
ter is to review the pathophysiological role of 
the tracheobronchial circulation in asthma and 
COPD and the vascular eff ects of pharmaco-
logic interventions. Th e  in vivo  measurement 
of tracheobronchial blood fl ow in man usually 
captures subepithelial blood fl ow in the con-
ducting airways, also termed airway blood fl ow 
(Qaw); therefore, this review will focus on Qaw 
in asthma and COPD, with a brief discussion 
of the normal airway circulation as background.  

    NORMAL AIRWAY CIRCULATION 

   Th e airway circulation, which derives its blood 
from the systemic circulation, is the principal 
vascular supply to the airway wall ( Fig. 19.1   ) 
 [1] . Bronchial arteries usually arise from the 
aorta or intercostal arteries and form a peri-
bronchial plexus surrounding the bronchial wall. 
Branches penetrate the muscular layer to form 
a subepithelial plexus. Th e two interconnected 
plexuses follow airways as far as the terminal 
bronchiole. Although bronchial capillaries anas-
tomose freely with the pulmonary circulation 

along the airways and anastomoses have been 
demonstrated at pre-, post-, and capillary-levels 
 [2] , venous blood from the intraparenchymal 
bronchial vasculature mainly drains through 
post-capillary pulmonary vessels  [3]  to the left 
heart  [4] . Venous blood from the trachea and 
major bronchi drains through the vena azygos 
and superior vena cava to the right heart. 

   Under physiological conditions, total 
bronchial blood fl ow comprises 0.5–1% of car-
diac output. Th e major part of blood fl ow is dis-
tributed to the subepithelial tissues where the 
microvasculature comprises 10–20% of tissue 
volume  [5] . Subepithelial blood fl ow (Qaw) has 
been reported to range between 30 and 95       ml 
min  � 1  100       g wet tissue  � 1  in diff erent species 
including in human        [6, 7] . Its main function 
presumably is to nourish the epithelium that has 
one of the highest metabolic rates in the body. 
In healthy human adults, Qaw in the tracheo-
bronchial tree to a 200         μ  m depth from the epi-
thelial surface amounts to between 25 and 40        μ l 
min  � 1  ml  � 1 , where ml refl ects the anatomical 
dead space lined by the epithelium          [8–10] . 

   Qaw is infl uenced by a variety of factors 
( Table 19.1   ). Although adrenergic and cholin-
ergic nerves have been demonstrated in the 
airway wall        [11, 12] , physiological and pharma-
cological studies suggest that the main nervous 
control of the airway circulation is by the sym-
pathetic nervous system  [11] . In diff erent ani-
mal models, sympathetic nerve stimulation  [13] , 
close-arterial injection of adrenergic agonists 
 [14] , and inhalation of selective   α  -a drenergic 
agonists  [15]  have been shown to induce vaso-
constriction. Selective  β  2 -adrenergic agonists 
increase bronchial blood fl ow in sheep        [6, 8] , a 
fi nding subsequently confi rmed in humans  [16]  
( Table 19.1 ). Parasympathetic nerve stimulation 
and intravascular  administration of  cholinergic 
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agonists cause vasodilatation in several  animal models 
 [11] , whereas aerosolized acetylcholine has only minimal 
eff ects  [17] . Nonadrenergic, noncholinergic mechanisms 
have also been described. Vasoactive intestinal polypeptide 
(VIP), polypeptide histidine isoleucine (PHI), or polypep-
tide histidine methionine (PHM) released by parasym-
pathetic nerves are vasodilators, whereas neuropeptide Y 
(NPY) released by sympathetic nerves is a vasoconstric-
tor in the tracheobronchial circulation        [13, 14] . Sensory 
 neuropeptides, as substance P (SP), neurokinin A (NKA), 

and calcitonin g  ene-related peptide (CGRP) released from 
unmyelinated sensory aff erents induce vasodilation  [11] . 
Nitrergic mechanisms have recently been reported to regu-
late  bronchovascular tone and partially mediate  β -adrenergic 
vasodilator responses          [15, 18, 19] . Finally, physicochemical 
stresses including hydrostatic pressure, temperature, humid-
ity, deviations from normal osmolarity, hypoxia, and acid–
base relations have all been reported to infl uence airway 
blood fl ow  [20] . Th ese factors may be of relevance in asthma 
and COPD where hydrostatic airway and pleural pressures 
are altered by the abnormal lung mechanics; there may be 
disturbances in gas exchange; there is airway infl amma-
tion; and there may be hemodynamic changes with elevated 
pulmonary arterial, right atrial, and left atrial pressures due 
to secondary pulmonary hypertension or cardiovascular 
comorbidity.  

    AIRWAY CIRCULATION IN ASTHMA 

   Allergic and non-allergic infl ammation is considered a major 
factor in the vascular changes that have been associated with 
asthma  [82] . Th e infl ammatory mechanisms include the 
complex actions of infl ammatory cells and mediators, neuro-
transmitters, and neuropeptides on vascular endothelial and 
smooth muscle cells. Th e main vascular manifestations are 
hyperemia, hyperpermeability, and edema formation. 

    Structure 

   It has been recognized for many years that asthmatics have 
an increased cross-sectional submucosal vascular area, an 

 TABLE 19.1          Vasoactive substances that potentially could participate in 

asthma-and COPD associated airway infl ammation.  

   Vasodilators  Vasoconstrictors 

    β -adrenergic agonists   α -adrenergic agonists 

   Cholinergic agonists  NPY 

   VIP, PHI, PHM  LTC 4 , LTD 4  

   NO  TNF- α  

   SP, NKA, CGRP  ET-1 

   Histamine, bradykinin, PAF  GCS (indirect) 

   5-HT  PGE 1 , FGF 2 α  , PGD 2  

   VEGF   

  VIP: vasoactive intestinal polypeptide; PHI: polypeptide histidine isoleucine; PHM: 

polypeptide histidine methionine; NO: nitric oxide; SP: substance P; NKA: neurokinin 

A; CGRP: calcitonin gene related peptide; PAF: platelet-activating factor; 5-HT: 

serotonine; PG: prostaglandin; VEGF: vascular endothelial growth factor; NPY: 

neuropeptide Y; LT: leukotriene; TNF- α : tumor necrosis factor- α ; ET-1: endothelin-1; 

GCS: glucocorticosteroids.  

FIG. 19.1 Section of sheep bronchus 

(glutaraldehyde-fi xed at 100 mmHg aortic 

pressure, paraffi  n embedded, HE-stained, 

�200). A: arterioles; C: capillaries; V: venule; 

SG: submucosal gland; N: autonomic neuron. 

Section kindly provided by A. Mariassy.
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increased size and number of vessels in their airway wall, 
and intimal thickening            [21–24] .  Th is can be considered the 
vascular component of airway wall remodeling. Th e stimu-
lus for new vessel formation in asthma is unclear, although 
various endothelial growth factors, infl ammatory cytokines, 
and other putative angiogenic factors have been proposed 
         [25–27] . It appears that the structural changes are already 
present during childhood and may even be present in atopic 
children without clinical asthma  [28] .  

    Function 

    Airway blood fl ow 

   Allergic and non-allergic airway infl ammation has been 
shown to be associated with an increase in Qaw ( Fig. 19.2   ) 
       [6, 14] . Th is is also the case in subjects with stable asthma 
           [8–10, 30] . An increase in Qaw is generally thought to result 
from dilatation of resistance arteries. Numerous infl amma-
tory mediators have a vasodilator eff ect  [8] . Histamine has 
a triphasic eff ect characterized by an initial vasodilation, 
f ollowed by vasoconstriction and then a long-lasting vasodi-
lation  [8] . Sensory neuropeptides released from aff erent 
nerves are also strong vasodilators. Refl ex bronchial vasodi-
lation is largely mediated by cholinergic and noncholinergic 
parasympathetic vagal pathways  [31] . Not all hemodynami-
cally active infl ammatory mediators are vasodilators. For 
example, endothelin-1, a potent vasoconstrictor is increased 
in the airway of asthmatics  [32] . Its release may be induced 
by pro-infl ammatory cytokines such as tumor n ecrosis 
f actor- α   [33] . However, the net eff ect of infl ammatory medi-
ators is vasodilation. 

   While baseline Qaw is increased in asthma, vascular 
reactivity is markedly deranged, with blunted β 2 -a drenergic 
vasodilator responsiveness and enhanced  α -adrenergic vaso-
constrictor responsiveness ( Fig. 19.3   )            [8, 9, 30, 34] . Th e former 
observation suggests abnormal endothelium-d ependent 
vasodilation in the airway circulation.  

    Microvascular hyperpermeability 

   Asthma-associated leakage of macromolecules from the 
microvasculature occurs through endothelial pores and 
vesicles or through the formation of intercellular gaps in 
post-capillary venules. Infl ammatory mediators and sensory 
autonomic nerve stimulation have been shown to increase 
microvascular permeability by producing intercellular gaps 
       [11, 27]  and induce interstitial edema formation. In addition, 
plasma components can collect in the airway lumen by pass-
ing through paracellular gaps between epithelial cells thereby 
contributing to excessive airway secretions. Vasodilation and 
hyperperfusion-related microvascular congestion have been 
shown to potentiate microvascular hyperpemeability  [35] . In 
this regard, blood fl ow is related to edema formation.    
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    AIRWAY CIRCULATION IN COPD 

    Structure 

   Early reports on the structure of the airway circulation in 
COPD suggested that intrapulmonary bronchial artery 
branches are obliterated or narrowed in emphysematous 
regions of the lungs and that the bronchial venous system 
is greatly expanded        [36, 37] . Th ese fi ndings have not been 
supported by recent studies that showed increased airway 
wall vascularity in stable COPD with a slight increase in 
the number of vessels in small airways, but to a much lesser 
degree than in asthma, where there is an increased vascular-
ity throughout the bronchial tree        [29, 38] . Th us, in contrast 
to asthma, angiogenesis in the airway wall does not appear 
to be a typical feature of COPD. 

   However, in patients with COPD accompanied by 
bronchiectasis, there is an extensive remodeling of the air-
way circulation with a marked proliferation and enlarge-
ment of the bronchial arteries and numerous pre-capillary 
anastomoses between the pulmonary and bronchial circula-
tion          [39–41] . Th is vascular remodeling is a likely cause of 
hemoptysis encountered by patients with bronchiectasis. 
It is also likely that the primary stimuli for the develop-
ment of bronchiectasis and airway vascular hypertrophy 
are suppurative airway infections that typically are seen in 
these patients. In support of this assumption, chronic lung 
abscesses also have been shown to lead to a localized hyper-
trophy and hyperplasia of the airway circulation  [41] .  

    Function 

   We found no signifi cant diff erence in Qaw among ex-smok-
ers with COPD (51  �  3        μ l min  � 1  ml  � 1  anatomical dead-
space), healthy ex-smokers (HES) (41  �  3        μ l min  � 1  ml  � 1 ),
healthy current smokers (46  �  2       μl min  � 1  ml  � 1 ) and healthy 
lifetime non-smokers (41  �  4        μ l min  � 1  ml  � 1 ), although the 
values tended to be higher in COPD patients ( Fig. 19.2 ) 
 [29] . Similarly, Paredi  et al .  [38]  reported normal Qaw val-
ues in COPD. Th ese fi ndings are consistent with the mor-
phological observations that do not support the presence of 
signifi cant new vessel formation in stable COPD in con-
trast to asthma. However, airway blood fl ow is increased 
in patients with COPD and bronchiectasis, refl ecting the 
above described hyperplasia of the airway circulation in 
bronchiectasis  [37] . 

   Albuterol-induced vasodilation is blunted in ex-s mokers 
with COPD ( Fig. 19.4   )  [29] , similarly to patients with 
asthma        [8, 9] . Albuterol-induced vasodilation has been 
used as an index of endothelium-dependent vasodilation 
and endothelial function, especially in current smokers  [43] . 
Since the COPD patients were ex-smokers and the asth-
matics lifetime non-smokers, it cannot be assumed that 
the abnormal albuterol responsiveness was due to endothe-
lial dysfunction. However, inasmuch as oxidative stress has 
been closely associated with endothelial dysfunction        [43, 
44]  and endogenously generated oxidants have been impli-
cated in the pathogenesis of both COPD and asthma, 

it is conceivable that the blunted albuterol responsiveness 
of Qaw refl ects an abnormality in endothelium-dependent 
relaxation. To what extent the defective vascular reactiv-
ity contributes to the development of COPD is unknown. 
It could be speculated that the blunted vasodilator response 
in the airways refl ects systemic vascular disease that often 
co-exists with COPD        [45, 46] .  

    Cigarette Smoking 

    Acute eff ects 

   In several extrapulmonary vascular beds, smoking a cigarette 
has been shown to decrease blood fl ow transiently          [47–49] . 
Th e airway circulation is the fi rst and only systemic vascular 
bed to be exposed to cigarette smoke directly and is exposed 
to the highest concentration of cigarette smoke constituents. 
Th eir eff ects on airway blood fl ow therefore may be diff er-
ent from their systemic vascular eff ects. In anesthetized 
pigs, cigarette smoke increases airway blood fl ow transiently 
during the duration of inhalation, an eff ect that resembles 
inhalation challenge with NO        [50, 51] . Th is could be inter-
preted as indicating a vasodilator eff ect of NO contained in 
cigarette smoke. Inasmuch as cigarette smoke is an irritant, 
more prolonged vascular eff ects could be expected in con-
scious humans. Furthermore, cigarette smoke contains nico-
tine, a sympathomimetic that has variable hemodynamic 
actions in diff erent vascular beds        [52, 53] . 

   We found that Qaw increased by a mean of 81% at 
5       min after smoking a cigarette and returned to baseline by 
30       min in healthy smokers  [54] , whereas nicotine admin-
istered by nasal spray (systemic action) or oral inhalation 
(local and systemic action) had no eff ect on Qaw, suggesting 
a pharmacologic or irritant eff ect of other cigarette smoke 
constituents. Th us, smoking a cigarette seems to cause 
transient vasodilation in the airway and vasoconstriction 
in extrapulmonary systemic vascular beds. Whether or not 

 FIG. 19.4          Airway blood fl ow reactivity to inhaled albuterol (180       μg) in 

healthy non-smokers (HNS), healthy ex-smokers (HES), current smokers 

(CS), COPD, COPD after long-term treatment with an inhaled corticosteroid 

(COPD p.ICS) and after washout of the medication (COPD p.w/0), asthma 

(A), and asthma after long-term treatment with an inhaled corticosteroid 

(A p.ICS) and after the washout of the medication (A p. w/o). Vertical axis: 

change in airway blood fl ow. Mean values with SE in brackets. Adapted 

from Refs  [29]  and  [42] .    
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repetitive vasodilator responses to cigarette smoking have a 
role in the pathogenesis of COPD is not known.  

    Long-term eff ects 

   While healthy current and ex-smokers have a near-normal 
baseline Qaw as mentioned above, they have an abnormal 
vasodilator response to albuterol, presumably as a manifesta-
tion of endothelial dysfunction as shown by Mendes  et al .  [29]  
( Fig. 19.4 ). Th ere was a partial recovery of albuterol respon-
siveness in healthy ex-smokers while albuterol responsiveness 
remained blunted in the ex-smokers with COPD. Th e partial 
reversibility of albuterol responsiveness after smoking cessa-
tion in healthy ex-smokers but not in ex-smokers with COPD 
suggests that the abnormal vascular reactivity is sustained in 
COPD, possibly due to ongoing airway infl ammation. 

   It may well be that the abnormal albuterol responsive-
ness in smokers refl ects systemic endothelial dysfunction 
and that there is a correlation between systemic endothe-
lial dysfunction and albuterol-induced vascular relaxation 
in the airway among healthy smokers. Th is remains to be 
investigated.    

    FUNCTIONAL CONSEQUENCES 

   Th e vascular changes described above could participate in 
the physiological and clinical manifestations of asthma and 
COPD; however, this is still a matter of debate. 

    Mucosal thickness 

   As vessels are known to occupy a signifi cant portion of the 
inner airway wall, it is possible that the vascular compo-
nent of infl ammation increases mucosal thickness enough 
to increase airfl ow resistance. Airway vascular engorgement, 
submucosal edema, and luminal fl uid accumulation have all 
been proposed to contribute to the excessive airway narrow-
ing and enhanced airway responsiveness in asthma. Several 
animal and human studies have examined this experimen-
tally; the results have been confl icting with respect to the 
eff ects of vascular congestion on airway caliber              [55–59] . 
Th e observation that rapid infusion of intravenous fl uids 
causes airway obstruction in humans supports this theory 
 [57] . However, another study has not been able to confi rm 
this fi nding        [58, 59] . Th ere is less controversy on the eff ect 
of airway edema on airway caliber: edema of the inner 
wall internal to the smooth muscle contributes to airway 
hyperresponsiveness as the same degree of muscle shorten-
ing causes greater luminal narrowing than in the normal 
airway  [60] .  

    Drug, mediator, and cell transport 

   Infl ammation-associated blood fl ow, permeability, and 
interstitial barrier changes could alter transport functions 
of the airway vasculature as suggested by previous studies. 
Desmopressin uptake by the nasal mucosa was enhanced 

when blood fl ow was increased  [61] , whereas inhaled his-
tamine  [62]  and antigen challenge-induced  [63]  bronchoc-
onstriction were prolonged when bronchial blood fl ow was 
decreased. Th erefore one might speculate that the infl am-
matory increase in airway blood fl ow would enhance the 
clearance of locally released infl ammatory substances (e.g. 
spasmogens) and decrease the magnitude and duration 
of the eff ect of inhaled bronchoactive drugs. In addition, 
increased airway blood fl ow could favor the distribution 
of systemically administered drugs to the airways and the 
accumulation of infl ammatory cells in the airway wall. Th us, 
the infl ammatory increase in airway blood fl ow appears to 
have clinically benefi cial as well as undesirable eff ects on 
infl ammation and its drug treatment.  

    Heat and water exchange 

   Exercise-induced bronchoconstriction is a common condi-
tion in asthmatics. Reactive hyperemia in response to airway 
cooling and increased airway liquid and interstitial osmolar-
ity caused by water loss have been proposed to have a criti-
cal role        [63, 64] . Th e former may narrow the airway while 
the latter may promote mediator release from infl ammatory 
cells. However, while hyperventilation with frigid air, a sub-
stitute for exercise-related hyperventilation, has been shown 
to cause a marked increase in Qaw in healthy subjects  [81] , 
this may not be the case in asthmatics, who have a blunted 
vasodilator responsiveness. Th is remains to be studied.  

    Mucociliary clearance 

   Th e role of airway blood fl ow in supporting the mucociliary 
apparatus is incompletely understood. Mucociliary clear-
ance was impaired in the immediate postoperative period 
after lung transplantation  [65] , and clearance of inhaled 
particles was signifi cantly impaired when bronchial blood 
fl ow was stopped in sheep  [66] . Th e eff ect of increased air-
way blood fl ow on mucociliary clearance in asthma has not 
been examined.   

    PHARMACOLOGIC INTERVENTIONS 

   In asthma and COPD, the dearth of physiological data on 
the pathogenetic role of the airway circulation precludes the 
formulation of meaningful therapeutic recommendations. 
An exception may be the reversal of microvascular hyper-
permeability, an intervention that is likely to increase air-
way patency and decrease airfl ow resistance. Although such 
an eff ect is diffi  cult to demonstrate experimentally, anti-
infl ammatory agents, especially inhaled glucocorticoster-
oids can be expected to reduce airway edema by inhibiting 
microvascular hyperpermeability based on observation in 
extrapulmonary vascular beds          [36, 37, 67] . In contrast, the 
physiological and clinical consequences of the increased 
Qaw and the blunted vasodilator responsiveness (e.g. to 
 β  2 -a-drenergic agonists) of the airway circulation in asthma 
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and COPD are not known. Th ese vascular changes could 
contribute to the pathogenesis of the disease or constitute a 
vascular adaptation that may counteract the eff ects of airway 
infl ammation on airway function. Likewise, the blunted vasodi-
lator response in the airways of patients with COPD may be 
contributing to or mitigate the airway disease of COPD. 

   It therefore might be more useful to focus on the 
eff ects of adrenergic agonists and glucocorticosteroids on 
Qaw because these agents remain the mainstay of pharma-
cotherapy in obstructive lung disease. 

    Adrenergic agonists 

   Inhaled methoxamine, an  α -adrenergic agonist, causes 
a dose-dependent transient decrease in Qaw, with an 
enhanced responsiveness in asthmatics compared to healthy 
subjects ( Fig. 19.3 )  [8] . Higher doses of methoxamine cause 
bronchoconstriction in asthmatics. However, the vasocon-
strictor eff ect is already seen at methoxamine doses that do 
not cause bronchoconstriction or have systemic side eff ects. 
Th us combining an inhaled  β  2 -adrenergic agonist or gluco-
corticosteroid with a low dose of an  α -adrenergic agonist 
might increase residence of the former drugs in the airway 
tissue and enhance and prolong their biological eff ects. 

   Th e vasodilator eff ect of inhaled albuterol, a  β  2 -
a drenergic agonist, is blunted in asthmatics and patients with 
COPD ( Fig. 19.3 )            [8, 9, 30, 34] . In as much as vasodilation 
may be an undesirable side eff ect of inhaled  β  2 -adrenergics 
when administered for bronchodilation, the vascular hypore-
sponsiveness to this drug in asthma and COPD could be 
considered a therapeutic advantage. Unfortunately, inhaled 
glucocorticosteroids that are typically co-administered with 
 β  2 -adrenergic agonists restore vasodilator responsiveness to 
albuterol  [42] . Th is eff ect is seen after long-term glucocorti-
costeroid treatment and after pretreatment with a single dose 
of a glucocorticosteroid, suggesting that both genomic and 
non-genomic glucocorticosteroid actions are involved  [34] .  

    Glucocorticosteroids 

   Th ere is increasing evidence that glucocorticosteroids have 
profound eff ects on the airway vasculature. Among other 
actions, such as reduction of microvascular hyperpermeabil-
ity, glucocorticosteroids regulate Qaw. 

    Acute vasoconstriction 

   Inhaled glucocorticosteroids decrease Qaw rapidly and 
transiently by a non-genomic action that is mediated by the 
noradrenergic nervous system as the eff ect can be blocked 
with an oral   α   1 -adrenoceptor blocking agent. Th us a sin-
gle dose of inhaled fl uticasone (880 and 1760       mg) causes 
a decrease in Qaw within 30       min, with a return toward 
baseline by 90       min in asthmatics and healthy subjects  [68] . 
Other inhaled glucocorticosteroids such as bleclomethasone 
and budesonide have similar eff ects ( Fig. 19.5   )  [10] .  

    Reversal of increased Qaw in asthma 

   Treatment with inhaled fl uticasone (440       mg daily) for 2 weeks 
reverses the asthma-associated increase of Qaw i ndependent 

of the acute vasoconstrictor action of the drug, presumably 
through a genomic action ( Fig. 19.4 )  [42] . A similar eff ect is 
seen with oral montelukast, suggesting that Qaw is a marker 
of airway infl ammation in asthma  [69] . Th e observed res-
toration of a nearly normal Qaw by long-term glucocorti-
costeroid treatment may refl ect a reversal of infl ammatory 
vasodilation and/or an eff ect on vascular remodeling. For 
instance, inhaled beclomethasone (200–1500       mg daily) has 
been reported to decrease the subepithelial area occupied by 
vessels in asthmatics  [70] . Th e underlying mechanism is not 
known, but glucocorticosteroids have been reported to reduce 
vascular endothelial growth factor expression in pulmonary 
vascular smooth muscle cells  [71] .  

    Restoration of  β 2-adrenergic vasodilation 

   In patients with asthma and COPD in whom inhaled 
albuterol fails to increase Qaw, inhaled glucocorticosteroid 
therapy restores normal albuterol responsiveness ( Fig. 19.4 ) 
       [29, 42] . Inasmuch as  β  2 -adrenergic vasodilation is mediated 
by the endothelium, these conditions may be associated with 
a defect in endothelial function, and glucocorticosteroids may 
turn out to have a role in the treatment of endothelial dys-
function. Given the prevalence of cardiovascular disease in 
COPD and its relation to endothelial dysfunction        [45, 46] , 
there is a need to examine the eff ects of glucocorticosteroids 
on endothelial function in the extrapulmonary systemic cir-
culation as well. Data base studies indeed have suggested that 
inhaled glucocorticoteroids have a benefi cial eff ect on cardio-
vascular morbidity and mortality in COPD          [72–74] .   

    Glucocorticosteroid— β  2 -adrenergic 
interaction 

   Th ese stress hormones have been shown to potentiate each 
other’s eff ect in target tissues including the airway. It has been 
known for some time that through a genomic action, gluco-
corticosteroids can upregulate the synthesis and G-protein 
coupling of  β  2 -adrenergic receptors, thereby enhancing the 
tissue responsiveness to  β  2 -adrenergic agonists        [75, 76] . 
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   In addition, glucocorticosteroids have acute, non-
genomic actions in the airway that can potentiate the eff ects 
of  β  2 -adrenergic agonists as shown above. Inhaled  β  2 -
adrenergic agonists are cleared from the airway tissue by local
metabolism and vascular clearance. Glucocorticosteroids 
inhibit within minutes the uptake of organic cations includ-
ing adrenergic agonists into non-neuronal cells containing 
the agonists ’  metabolizing enzymes            [77–80] . Th is could 
increase the concentration of adrenergic agonists at adren-
ergic receptor sites in airway tissue, thereby potentiating 
the agonists ’  eff ects on airway and airway vascular smooth 
muscle. Th e latter eff ect has now been demonstrated  in vivo  
in patients with asthma in whom pretreatment with a sin-
gle glucocorticosteroid dose potentiated the vasodilator 
response to albuterol within minutes  [34] . In addition, the 
acute vasoconstrictor action of inhaled glucocorticosteroids 
could reduce the vascular clearance thereby further enhanc-
ing the biological eff ect of inhaled  β  2 -adrenergic agonists. 
Although these eff ects thus far have not been studied with 
long-acting  β  2 -adrenergic agonists, the current practice 
of treating obstructive lung disease with long-acting  β  2 -
adrenergic agonist-glucocorticosteroid combination formu-
lations is supported by the above shown rapid interaction 
between the two classes of drugs.   
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C H A P T E R             Pulmonary Vessels 

    CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 

    Introduction 

   Pulmonary vascular circulation abnormalities are 
common in chronic obstructive pulmonary disease 
(COPD). It is likely that, pulmonary hyperten-
sion associated with COPD is the most frequent 
form of pulmonary hypertension. Concepts gath-
ered in the systemic circulation have contributed 
to a better understanding of changes occurring in 
pulmonary vessels. Th is has promoted a change 
in the notion of the pathogenesis of pulmonary 
hypertension from a vasoconstrictive phenom-
enon to a cell proliferative disorder. Some of the 
concepts used to explain the pathogenesis of the 
most severe forms of pulmonary hypertension 
have been extrapolated to COPD, yielding to 
new approaches to its pathobiology. In this sec-
tion, we will review the current knowledge on the 
mechanisms of pulmonary vascular changes asso-
ciated with COPD.  

    Lung structure 

   Pulmonary vascular remodeling is broadly 
defi ned as an active process of profound struc-
tural changes refl ecting an abnormal tissue repair 
response to an acute and/or chronic insult. In 
COPD, the latter process results from profound 
fi brocellular changes that lead to an enlargement 
of the vessel wall – an active process that aff ects 
preferentially small and pre-capillary arteries of 
the pulmonary vasculature identifi ed at diff erent 
degrees of COPD severity. 

   In patients with end-stage COPD and 
pulmonary hypertension or  cor pulmonale , post-
mortem studies have shown deposition of longi-
tudinal muscle, fi brosis, and elastosis that cause 
intimal enlargement in pulmonary muscular 
arteries        [1, 2] . In the arterioles there is a devel-
opment of a medial coat of circular smooth 
muscle, bounded by a new elastic lamina, with 
deposition of longitudinal muscle and fi brosis of 
the intima. As compared with patients with mild 
COPD and healthy nonsmokers, Santos  et al .  [3]  
showed substantial enlargement of the intima in 
lung tissue specimens obtained from lung vol-
ume reduction surgery. Conversely, medial thick-
ness was slightly reduced in patients with severe 
emphysema when compared with patients with 
milder form of COPD. 

   In patients with mild-to-moderate COPD, 
morphometric studies of pulmonary muscular 
arteries have shown enlargement of the intimal 
layer with luminal reduction            [4–7]  ( Fig. 20.1   ). 
Intimal enlargement occurs in muscular arteries 
of diff erent sizes, although it is more pronounced 
in small arteries with an external diameter less 
than 500        μ m  [5] . In addition, the number of 
small pulmonary muscular arteries, with a diam-
eter  � 200        μ m, is increased  [8] , indicating mus-
cularization of arterioles. Intimal hyperplasia 
results from proliferation of poorly diff erentiated 
smooth muscle cells and deposition of elastic 
and collagen fi bers  [9] . Changes in the media 
of muscular arteries are less conspicuous and the 
majority of morphometric studies have failed to 
show diff erences in the thickness of the muscu-
lar layer when comparing patients with mild-
to-moderate COPD with control subjects  [5] . 
Moreover, the magnitude of this intimal thick-
ening, not diff erent from that shown by mild 
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COPD patients, is also present in heavy smokers with nor-
mal spirometry        [6, 7] .  

    Clinical background 

   In COPD pulmonary hypertension is considered to be 
present when mean pulmonary artery pressure (PAP) 
exceeds the upper normal limit of 20       mmHg  [10] . In gen-
eral, the degree of pulmonary hypertension in COPD is 
of low-to-moderate magnitude and rarely exceeds 35–
40       mmHg. Both right atrial pressure and pulmonary capil-
lary wedge pressure tend to be normal, as well as the cardiac 
output  [10] , a pattern at variance with other pulmonary 
hypertensive conditions (i.e. idiopathic pulmonary arterial 
hypertension, congenital heart disease, thromboembolic dis-
ease) in which PAP can reach extremely high levels, close to 
those of the systemic circulation, usually in the context of a 
reduced cardiac output. 

   Pulmonary hypertension in COPD evolves over time 
and its severity correlates with the degree of airfl ow obstruc-
tion and the impairment of pulmonary gas exchange        [11, 
12] . However, the rate of progression of pulmonary hyper-
tension in COPD is slow and usually PAP is only moder-
ately elevated, even in patients with advanced stages  [11] . 
Weitzenblum  et al.   [11]  studied the natural history of PAP 
in a cohort of over 100 COPD patients followed up to 5 
years with PAP increases on an average of 0.6       mmHg/year. 
Although the rate of increase of PAP was slightly higher 
in patients without pulmonary hypertension at the onset of 
the follow-up compared with those who already had pul-
monary hypertension, the PAP increase was more closely 
related to the progress of gas exchange disturbances than to 
the initial PAP values  [11] . 

   Th e beginning of pulmonary hypertension in the nat-
ural history of COPD has intrigued investigators. Kessler 
 et al .  [13]  assessed the outcome of pulmonary hemodynam-
ics in patients with moderate COPD without pulmonary 
hypertension at rest and observed 7 years later that PAP 
had increased by 2.6       mmHg (annual rise, 0.4       mmHg/year), 

thus 25% of the patients already having pulmonary hyper-
tension at rest. Th e incidence of resting pulmonary hyper-
tension was greater in the subset of patients who initially 
developed pulmonary hypertension during exercise (32%), 
as compared with those without exercise-induced pulmo-
nary hypertension (16%), such that increased PAP during 
exercise was an independent predictor for the subsequent 
development of pulmonary hypertension  [13] . Th ese results 
indicate that in COPD pulmonary circulation, derange-
ment can be present years before pulmonary hypertension 
is apparent at rest. Further, this study suggests that exercise 
tests might be of interest to demonstrate pulmonary circula-
tion disturbances, which are consistent with morphometric 
studies that show conspicuous structural changes in pulmo-
nary muscular arteries in mild COPD patients        [4, 6] . 

   Pulmonary hypertension is a common complica-
tion of COPD. Its presence is associated with increased 
mortality, more frequent exacerbations, and greater use of 
health-care resources. At present, there is no specifi c and 
eff ective treatment for this condition in COPD. However, 
recent advances in the understanding of the pathobiology 
of pulmonary hypertensive states, along with the develop-
ment of eff ective treatments for pulmonary arterial hyper-
tension, have opened a new perspective that might be 
relevant in COPD. Nevertheless, the actual prevalence 
of pulmonary hypertension in COPD remains elusive, 
because it has not been assessed systematically using right 
heart catheterization across the wide clinical spectrum of 
COPD. Hemodynamic data currently available are limited 
to patients with advanced disease. 

   Th ree studies have provided data in a large series of 
patients. Th e fi rst study is of patients with severe emphy-
sema screened for lung volume reduction surgery and the 
incidence of pulmonary hypertension (PAP      �      20       mmHg) 
was very high (91%), although of mild-to-moderate magni-
tude (20–35       mmHg);  [13]  in 5% of patients, however, PAP 
values exceeded 35       mmHg. Although there were signifi cant 
but modest correlations between PAP and FEV 1  and arte-
rial PO 2 , PAP was more closely related to pulmonary artery 
occlusion pressure, slightly increased in most of the patients, 
suggesting that gas trapping may contribute to this increased 
capillary pressure. Th e second study is a retrospective analysis 
of over 1000 COPD patients. Th e prevalence of severe pul-
monary hypertension (PAP      �      40       mmHg) was 1.1%  [14] . 
Th is cohort of patients with disproportionate pulmonary 
hypertension had moderate airfl ow limitation, severe hypox-
emia, hypercapnia, and very low diff using capacity, indicating 
that these patients may share some characteristics of idio-
pathic pulmonary arterial hypertension. In a third study with 
approximately 200 COPD patients who were candidates 
for lung volume reduction surgery or lung transplantation, 
 [15]  pulmonary hypertension (i.e. PAP      �      25       mmHg) was 
observed in 50% of the patients, although of mild severity 
(26–35       mmHg). In 10% of the patients, pulmonary hyperten-
sion was moderate (36–45       mmHg) and, in 4% of the patients, 
severe ( � 45       mmHg). A cluster analysis identifi ed a subset of 
patients characterized by moderate impairment of airway 
function and high PAP values, along with severe hypoxemia, 
supporting the concept of the existence of a cohort of COPD 
patients with  “ disproportionate ”  pulmonary hypertension.  

 FIG. 20.1          Photomicrograph of a pulmonary muscular artery from a 

patient with COPD showing prominent intimal hyperplasia and lumenal 

narrowing. Immunostaining with antibody against  α -smooth muscle actin 

reveals marked proliferation of smooth muscle cells in the intima.    
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    Pathophysiology 

   Hypoxic pulmonary vasoconstriction, right ventricular 
function, peripheral edema, and exercise are four key factors 
infl uencing the development of pulmonary hypertension. 

   Pulmonary vasoconstriction in response to hypoxia 
reduces perfusion in poorly ventilated or nonventilated 
lung units and diverts blood fl ow to better-ventilated units, 
thereby restoring ventilation–perfusion (V A /Q) imbalance 
toward normal and increasing PaO 2 . Teleologically, hypoxic 
vasoconstriction plays a fundamental role in matching pul-
monary blood fl ow to alveolar ventilation. Failure to main-
tain this balance, and the consequent V A /Q mismatching, 
is the major cause for both hypoxemia and hypercapnia in 
COPD  [16] . Studies using inert gases  [17]  have shown that 
hypoxic pulmonary vasoconstriction release while breathing 
high oxygen concentration worsens the underlying V A /Q 
imbalance in patients with diff erent degrees of COPD 
severity  [16] . In general terms, the contribution of hypoxic 
vasoconstriction to correct or restore V A /Q matching tends 
to be greater in patients with less severe COPD  [18] ; con-
versely, hypoxic vasoconstriction remains less infl uential 
in patients with severe structural derangement of pulmo-
nary muscular arteries  [4] . Furthermore, the magnitude of 
contraction in isolated pulmonary artery rings induced by 
a hypoxic stimulus is negatively correlated to endothelial 
function and directly related to the arterial PO 2   [19] , sug-
gesting that the vascular dysfunction is associated with 
an altered response to hypoxia that further worsens gas 
exchange. Accordingly, the contribution of hypoxic vaso-
constriction to gas exchange in COPD should be taken into 
account when administering vasodilators that might poten-
tially inhibit such a response since they may also impair gas 
exchange  [17] . 

   In patients with COPD and pulmonary hyperten-
sion, the PAP is not markedly elevated and the rate of pro-
gression of pulmonary hypertension is slow. Th erefore, the 
right ventricle has time to adapt to the modest increase 
in afterload. When PAP is chronically elevated the right 
ventricle dilates and both end-diastolic and end-systolic 
volumes increase. Th e stroke volume of right ventricle is 
usually maintained, whereas the ejection fraction decreases. 
Subsequent hypertrophy of the right ventricular wall in 
persistent pulmonary hypertension reduces its tension and 
hence the afterload. Th e reduction in right ventricular ejec-
tion fraction (RVEF) is inversely related to PAP; nonethe-
less, a decrease in RVEF does not imply that there is a true 
ventricular dysfunction  [20] . Measurements of end-s ystolic 
pressure–volume relationships have shown that a stable 
COPD contractility of the right ventricle lies within nor-
mal limits, irrespective of the PAP values        [21, 22] . However, 
during COPD exacerbations, when PAP increases mark-
edly, the contractility of the right ventricle is reduced in 
patients presenting clinical signs of right heart failure        [23, 
24] . Cardiac output in COPD is usually preserved and 
might rise during exacerbations        [25, 26] , even when right 
heart failure is apparent. Th erefore, the usual defi nition of 
heart failure as a reduction in cardiac output does not apply 
to COPD. Th ese questions relating to the nature of right 
heart failure in COPD have led to a reassessment of the 

concept of  cor pulmonale . Th e suggestion has been made that 
this term should be abandoned in favor of a more precise 
defi nition based on objective evidence of right ventricular 
hypertrophy, enlargement, functional abnormality, or failure. 

   Although peripheral edema may be a sign of venous 
congestion due to upstream transmission of right ventricular 
fi lling pressures, in advanced COPD edema is more related 
to hypercapnia rather than to raised jugular pressures        [27, 
28] . Some patients may present peripheral edema without 
hemodynamic signs of right heart failure or PAP changes 
       [29, 30] . Th is has lead to reconsideration of the mechanisms 
for peripheral edema formation in COPD            [29, 30–32] . 

   In COPD, peripheral edema results from a complex 
interaction between the hemodynamic changes and the bal-
ance between edema promoting and protective factors. In 
COPD patients with pulmonary hypertension and coexist-
ing chronic respiratory failure, hypoxemia and hypercap-
nia aggravate venous congestion by further activating the 
sympathetic nervous system, which is already stimulated 
by right atrial distension. Sympathetic activation decreases 
renal plasma fl ow, stimulates the renin–angiotensin–aldos-
terone system and promotes tubular reabsorption of 
bicarbonate, sodium, and water. Vasopressin, which also 
contributes to edema formation, is released when patients 
become hyponatremic and its plasma levels rise in patients 
with hypoxemia and hypercapnia  [31].  

   Atrial natriuretic peptide is released from distended 
atrial walls and may act as an edema-protective mechanism 
since it has vasodilator, diuretic, and natriuretic properties. 
Nevertheless, these eff ects are usually insuffi  cient to coun-
terbalance the edema-promoting mechanisms. Peripheral 
edema may develop or worsen during episodes of COPD 
exacerbation. Weitzenblum  et al .  [26]  identifi ed a sub-
group of patients with more marked peripheral edema that 
was attributed to hemodynamic signs of right heart failure 
(increase in end-diastolic pressure). Compared with patients 
with normal end-diastolic pressure, patients with right heart 
failure had more marked increase in PAP, and more severe 
hypoxemia and hypercapnia. Th is suggests that worsening 
of pulmonary hypertension during exacerbations contrib-
utes to edema formation. 

   Physical exercise produces abnormal increases in 
PAP, especially in patients who have pulmonary hyperten-
sion at rest  [33] . As noted above, patients that appear to 
be more prone to the development of pulmonary hyper-
tension may show an abnormal increase in PAP during 
exercise, years before pulmonary hypertension is apparent 
at rest  [13] . Diff erent studies have identifi ed a number of 
mechanisms for exercise-induced pulmonary hypertension 
in COPD, including hypoxic vasoconstriction, reduction 
of the capillary bed by emphysema, extramural compres-
sion by increased alveolar pressure, or impaired release of 
endothelium-derived relaxing factors          [34–36] . Th ese mech-
anisms may coexist hence several factors may contribute to 
the development of exercise-induced pulmonary hyperten-
sion in a given individual. In COPD, PAP during exercise 
is greater than predicted by the PVR equation, suggesting 
active pulmonary vasoconstriction on exertion  [34] . Th e lat-
ter may be due to an enhancement of hypoxic vasoconstric-
tion by decreased mixed venous PO 2 , increased tone of the 
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sympathetic nervous system, and/or decreased arterial pH 
 [37] . During exercise, patients may develop dynamic hyper-
infl ation due to expiratory fl ow limitation that results in 
increased alveolar pressure which is transmitted to the capil-
lary wedge pressure  [38] . Furthermore, increased ventilation 
during exercise, in the presence of airfl ow limitation, results 
in signifi cant swings of intrathoracic pressure that may 
reduce cardiac output by altering systemic venous return 
or by increasing left ventricular afterload  [39] . Impairment 
of endothelial release of vasorelaxing agents such as nitric 
oxide (NO) may also contribute to an impaired dilator 
response to increases in fl ow  [40] . However, in a subset of 
COPD patients who developed pulmonary hypertension 
during exercise, external administration of NO did not 
block the abnormal increase in PAP, suggesting that the 
defective endogenous NO release plays a marginal role in 
exercise-induced pulmonary hypertension  [41] . Since pul-
monary hypertension may develop at moderate levels of 
exercise, it has been suggested that repeated episodes of pul-
monary hypertension during daily activities, such as stairs 
climbing or walking, could contribute to the development 
of right ventricular hypertrophy  [42] .  

    Pathobiology 

   Th e fi eld of vascular biology has made a major breakthrough 
over the last decades since the seminal studies identifi ed 
the key role of endothelium in the regulation of vascular 
homeostasis  [43] . Endothelial dysfunction is a common 
disturbance in hypertensive states of both the systemic and 

pulmonary circulations. Vascular actions of endothelium are 
mediated through the balanced release of potent vasoactive 
mediators, such as NO, prostacyclin, endothelin-1 (ET-1), 
and angiotensin. Some of these mediators are also potent 
modulators of proliferative and infl ammatory responses. 

   Endothelial dysfunction has been shown in pulmo-
nary arteries of both end-stage  [44]  and mild  [7]  COPD 
patients. Impairment of endothelial function results from 
changes in the expression and release of vasoactive media-
tors. Endothelium-derived NO is a potent endogenous 
vasodilator with anti-proliferative eff ects in the vessel walls. 
In pulmonary arteries of COPD patients with pulmonary 
hypertension, the expression of endothelial NO synthase 
(eNOS) is reduced  [45] . Interestingly, in smokers, eNOS 
expression is also reduced  [46]  ( Fig. 20.2   ), likely explaining 
the endothelial dysfunction present in mild disease states 
 [7] . Prostacyclin, which is also synthesized by endothelial 
cells, exerts similar actions to NO and we know that the 
expression of prostacyclin synthase is reduced in pulmo-
nary arteries of patients with severe emphysema  [47] . ET-1
is a potent vasoconstrictor that also exerts a mitogenic 
eff ect on arterial smooth muscle cells, its expression being 
augmented in pulmonary arteries of patients with COPD 
and pulmonary hypertension,  [48]  but not in patients with 
mild-to-moderate disease        [46, 49] . Th ese fi ndings indicate 
that endothelial dysfunction, with changes in the expres-
sion and release of endothelium-derived vasoactive media-
tors that regulate cell growth, is a common characteristic 
fi nding of COPD. It may appear early in the natural his-
tory of the disease and could contribute to further changes 
in vascular structure and function. Hypoxia, infl ammation, 

 FIG. 20.2          Immunodetection of 

endothelial nitric oxide synthase 

(eNOS) in pulmonary muscular 

arteries from a nonsmoker control 

subject, a smoker with normal lung 

function, a patient with moderate 

COPD, and a patient with severe 

emphysema. Whereas endothelial 

cells of the nonsmoker subject show 

strong immunoreactivity to eNOS, the 

intensity of the signal is weak or absent 

in pulmonary arteries of the smoker 

subject and patients with COPD.    
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and cigarette smoke might all contribute to the origin of 
pulmonary endothelial damage in COPD. 

   Hypoxia is a potential mechanism that may explain 
endothelial cell damage and vascular remodeling in COPD. 
Hypoxia may downregulate eNOS expression and induce 
smooth muscle cell and adventitial fi broblast prolifera-
tion        [50, 51] . In addition, hypoxia elicits the contraction 
of pulmonary arteries. However, the role of hypoxia as the 
major etiological factor for pulmonary vascular impairment 
in COPD is now being re-assessed. First, COPD patients 
show a wide variation in the individual response of the pul-
monary circulation to changes in inspired oxygen concen-
tration,  [52]  and the correlation between PaO 2  and PAP 
remains weak  [12] . Second, long-term oxygen therapy can-
not reverse pulmonary hypertension completely  [53] . Th ird, 
structural abnormalities and endothelial dysfunction in pul-
monary arteries can be observed in nonhypoxemic patients 
with mild COPD and also in smokers with normal spirom-
etry          [4, 6, 7] . Th erefore, hypoxia does not completely explain 
the pulmonary vascular changes in COPD  . 

   Infl ammation may play a role in the pathogenesis 
of pulmonary vascular abnormalities associated with 
COPD, although its precise eff ects have not been estab-
lished yet. Infl ammatory cell infi ltration of small airways is 

associated with intimal hyperplasia of pulmonary muscular 
arteries  [4] . Further, there is an increased number of CD8  �   
T-l ymphocytes infi ltrating the adventitia of pulmonary arter-
ies in patients with mild-to-moderate COPD  [7]  ( Fig. 20.3   ). 
Infl ammatory cells are a source of cytokines and growth 
factors that may target the endothelial cells and contribute 
to the development of structural and functional abnormali-
ties of the vessel wall. Indeed, the number of infl ammatory 
cells infi ltrating the pulmonary arteries is directly related to 
both endothelial dysfunction and to intimal hyperplasia  [7] . 
Smokers with normal spirometry also exhibit an increased 
number of CD8  �   T cells with a reduction of the CD4  �  /
CD8  �   ratio in the arterial adventitia, as compared with non-
smokers  [7]  ( Fig. 20.3 ). Th is suggests that cigarette smoking 
might induce infl ammatory changes in pulmonary arteries 
before the development of lung functional disturbances. 

   Cigarette smoke products may directly infl uence pul-
monary vessel structure. Smokers with normal spirometry 
show prominent changes in pulmonary arteries, such as 
smooth muscle cell proliferation  [9] , impairment of endothe-
lial function  [7] , reduced expression of eNOS  [46] , increased 
expression of vascular endothelial growth factor (VEGF)  [3] , 
and CD8  �   T-cell infi ltrate  [7] . Most of these changes cannot 
be diff erentiated from those seen in COPD patients. Th ese 
changes are clearly absent in nonsmokers, and have been 
replicated in part in a guinea pig model using chronic expo-
sure to cigarette smoke  [54] . VEGF protein content in lung 
tissue is reduced in severe emphysema such that the expres-
sion of VEGF varies according to the severity of COPD 
( Fig. 20.4   ). In the animal model, cigarette smoke exposure 
induces m uscularization of pre-capillary vessels and increases 
PAP  [55] . It is of note that vascular abnormalities are clearly 
shown after 2 months of cigarette smoke exposure with-
out any evidence of emphysema  [55] , suggesting that ciga-
rette smoke-induced vascular abnormalities may precede the 
development of pulmonary emphysema  [56] . Moreover, rapid 
changes in gene expression of VEGF, VEGF r eceptor-1, 
ET1, and inducible NOS  [57] , mediators that regulate vas-
cular cell growth and vessel contraction, likely involved in the 
pathogenesis of pulmonary vascular changes of COPD, are 
induced in this a nimal model. 

   Cigarette smoking is a well-known risk factor for the 
development of systemic vascular disease. Active and passive 

 FIG. 20.3          Small pulmonary muscular artery with several CD8  �   

lymphocytes infi ltrating the adventitia (arrows).    

 FIG. 20.4          Photomicrographs of 

pulmonary muscular arteries from a 

nonsmoker, a patient with moderate 

COPD, and a patient with severe 

emphysema, immunostained with 

antibody against vascular endothelial 

growth factor (VEGF). Positive cells 

(brown) were located in the intima. 

Patients with moderate COPD showed 

the greatest immunoreactivity to VEGF.    
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exposure to tobacco smoke produces endothelial dysfunc-
tion in both coronary and systemic arteries  [58] . Exposure 
of pulmonary artery endothelial cells to cigarette smoke 
extract causes the inhibition of both eNOS and prostacy-
clin synthase at the level of protein content and mRNA 
e xpression        [59, 60] . Cigarette smoke contains a number 
of products that have the potential to produce endothelial 
injury; among these, the aldehyde acrolein seems to play a 
prominent role since it reduces the expression of prostacyc-
lin synthase in endothelial cells  [60] . 

   In summary, several evidences suggest that the ini-
tial event in the natural history of pulmonary hypertension 
in COPD could be pulmonary endothelial injury induced 
by cigarette-smoke products with the subsequent down-
regulation of eNOS and prostacyclin synthase expression, 
and impairment of endothelial function. When the disease 
progresses, sustained exposure to hypoxemia and infl am-
mation may induce further pulmonary vascular remodeling, 
thus amplifying the initial eff ects of cigarette smoke.   

    BRONCHIAL ASTHMA 

    Structural background 

   In patients who died of sudden fatal asthma, there is an 
infl ammatory response in the peripheral airways character-
ized by lumenal occlusion, resulting from airway narrowing 
due to increased smooth muscle thickness, and, importantly, 
an infl ammatory infi ltrate, including both mononuclear 
cells and eosinophils together with airway secretions  [61] . 
A salient fi nding is that the muscular pulmonary arter-
ies neighboring infl amed and narrowed airways show an 
adventitial infl ammatory infi ltrate, mainly consisting of 
increased numbers of eosinophils. Increased intimal fi brous 
thickening with bands of longitudinal muscle within the 
intima and also externally to the elastica lamina, character-
istic features of chronic alveolar hypoxia, were not exhibited 
by these vessels. Th at both the intimal and medial thickness 
of muscular pulmonary arteries was within normal lim-
its suggested that the eff ects of regional hypoxia produced 
by mucus plugging were transient and short enough in 
duration to fail to induce the structural derangement usu-
ally shown in patients with chronic hypoxic lung diseases 
 [61] . Th ese pulmonary vasculature fi ndings are of interest 
for understanding the behavior of the pulmonary circula-
tion and its interplay with the V A /Q matching, particularly 
while breathing 100% oxygen. In addition to an increased 
smooth muscle thickness in the peripheral airways, this 
study  [61]  demonstrated an increased thickness of the non-
muscular airway wall components, most likely resulting 
from infl ammatory cell infi ltrate, plasma exudate, and vas-
cular congestion, a combination of changes possibly occur-
ring during an acute eruption of the infl ammatory cascade. 
However, not all the airways were occluded by mucus plug-
ging, as almost half of the airways were without secretions, 
whereas the other half showed some degree of luminal 
occlusion  .  

    Gas exchange pathophysiology 

   Two studies have investigated the status of pulmonary gas 
exchange and the behavior of the pulmonary circulation in 
patients with stable moderate-to-severe persistent asthma. 
Patients with unstable, persistent asthma were characterized 
by longstanding severe airfl ow limitation (FEV 1       �      40% 
predicted). 

   One of the studies showed that the V A /Q distribu-
tions demonstrated a broad unimodal blood fl ow V A /Q pat-
tern  [62] . Accordingly, very little perfusion was associated 
with alveolar units with low V A /Q ratios and intrapulmo-
nary shunt was conspicuously absent; areas of high V A /Q 
regions were also negligible and dead space was within 
the normal range. Th e overall amount of V A /Q imbalance, 
as assessed by the dispersion of pulmonary blood fl ow and 
that of alveolar ventilation, was slightly increased. Th e cor-
relation between V A /Q markers and the degree of airfl ow 
obstruction, expressed as either FEV 1  or peak expiratory 
fl ow or mid-expiratory airfl ow rates, was very modest. 
Another study  [63]  showed similar V A /Q fi ndings. As in 
the previous study  [62] , there was no correlation between 
the V A /Q mismatching and PaO 2 , pointing to the vital role 
played by the extra-pulmonary determinants of pulmonary 
gas exchange, such as cardiac output and minute ventila-
tion. In this study  [62] , pulmonary hemodynamics were 
within normal limits. Upon 100% oxygen breathing, it was 
shown that V A /Q disturbances further deteriorated. Since 
FEV l  did not change, this V A /Q impairment may suggest, 
other things being equal, release of hypoxic pulmonary 
vasoconstriction. Despite the changes in the amount of 
the dispersion of blood fl ow distribution, it is of note that 
there were no changes in PAP, indicating that the V A /
Q descriptors are more sensitive to hyperoxic mixtures 
changes than conventional measures of pulmonary vascular 
pressures.    
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C H A P T E R

             Adhesion Molecules in Asthma 

and Airway Diseases 

    All cells express a number of transmembrane 
proteins that could be characterized as  “ adhe-
sion ”  receptors. Most of these proteins have been 
thus classifi ed based on their role in facilitating 
attachment of cells to either components of the 
extracellular matrix or other cells. However, 
many adhesion receptors also transduce biologi-
cal signals that modulate cell behavior that are 
either loosely connected or unrelated to such 
adhesion events. In this chapter, I will review 
the structures of some of the most important 
families of adhesion receptors, will summarize 
what is known about the patterns of adhe-
sion receptor expression and function on cells 
relevant to asthma and other chronic airway 
diseases, and will discuss examples of  in vivo  
evidence implicating some of these proteins in 
pathways which contribute to phenotypic fea-
tures of airway diseases.  

    ADHESION MOLECULE FAMILIES 

   Adhesion molecules can be divided into fami-
lies based on their primary amino acid sequence 
similarity. Some adhesion molecule families 
principally mediate cell–cell adhesion, others 
are principally involved in cell adhesion to the 
extracellular matrix, and some are involved in 
both types of adhesion events. Families involved 
in cell–cell adhesion include claudins, occludins, 
cadherins, and immunoglobulin superfamily 
members. Claudins, occludins, and cadher-
ins are all monomeric proteins that principally 
mediate homotypic cell–cell adhesion, usu-
ally through direct binding to members of the 
same family expressed at the lateral margins of 
adjacent cells ( Table 21.1   )  . Th ese protein fami-

lies play critical roles in establishing polarity of 
epithelia and endothelia and in maintaining and 
regulating endothelial and epithelial permeabil-
ity barriers. Cadherins are the core proteins of 
cell–cell junctions termed “adherans junctions” 
which serve as central organizers of epithelial 
and endothelial cell–cell adhesion by homotypic 
interactions of cadherin extracellular domains 
       [1, 2] . Claudins are critical components of tight 
junctions that determine the degree of paracel-
lular permeability of endothelia and epithelia to 
large macromolecules and even small ions  [3] . 
Th ese proteins also bind directly to family mem-
bers on adjacent cells, but, in contrast to cadher-
ins, claudins can associate with either identical 
family members or nonidentical members in 
tight junctions. Multiple claudin isoforms are 
expressed on airway epithelial cells  [4] . Occudin 
 [5] , the product of a single gene with multiple 
spice variants, can serve as a central organizer of 
other tight junction proteins  [6] . 

   Immunoglobulin superfamily members 
play more complex roles in cell adhesion. Some 
family members, such as the endothelial adhe-
sion protein, platelet endothelial cell adhesion 
molecule (PECAM), or the small subfamily of 
junctional adhesion molecules ( JAMs), also play 
roles in homotypic cell–cell adhesion, but JAMs 
have also been reported to bind to members of 
other adhesion protein families (e.g., integrins) 
and to play roles in heterotypic cell–cell adhe-
sion (e.g., between endothelial or epithelial cells 
and migrating leukocytes). Other immunoglob-
ulin superfamily members (e.g., intercellular 
adhesion molecules, ICAMs and vascular adhe-
sion molecule, VCAM) are restricted to roles 
in heterotypic cell–cell adhesion, principally 
through their roles as integrin ligands. Selectins, 
another small family of adhesion molecules, 
also principally mediate heterotypic cell–cell 
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i nteractions, in that case through interactions with carbohy-
drate components of proteoglycan counter-receptors. 

   Receptors for components of the extracellular matrix 
can also play complex roles in cell biology. Syndecans are 
transmembrane proteoglycans that appear to function solely 
as receptors for components of the extracellular matrix. 
However, integrins, initially identifi ed as extracellular 
matrix receptors, are now known to recognize a wide variety 
of spatially restricted proteins as ligands, including cellular 
counter-receptors, growth factors, and proteases  [7] . 

   Integrins were initially identifi ed based on their ability 
to mediate stable adhesion to fi xed extracellular matrix lig-
ands. Integrin-mediated cell adhesion depends on the abil-
ity of  β  subunit cytoplasmic domains to bind to a group of 
adaptor proteins that link integrins to the actin cytoskeleton 
( Fig. 21.1   ). By connecting the relatively rigid extracellular 
matrix to the relatively rigid actin cytoskeleton, integrins 
play important roles in maintaining cohesion of multicellular 
organs and organisms. Th ese factors also position integrins 
as essential components of cellular force transducers which 
allow cells to detect and respond to mechanical deforma-
tion. Th e proteins involved in linking integrins and actin are 
highly conserved from  Caenorhabditis elegans  to humans. 

 TABLE 21.1          Selected adhesion molecules of potential importance in asthma and COPD  

   Name  Structure  Binding partners  Location  Comments 

   Claudins  Multiple membrane spanning 

(tetraspanin) 

 Homotypic and heterotypic 

bindings to Claudins 

 Tight junctions  Regulate ion permeability at 

tight junctions 

   JAMs  Single membrane spanning Ig 

family members 

 Homotypic and/or heterotypic 

binding to JAMS. Also bind 

selected integrins 

 Tight junction  Mediate leukocyte  trans -

endothelial migration, 

endothelial and epithelial 

cell–cell adhesion 

   Selectins  Single membrane spanning 

monomers with lectin domain 

  Trans -membrane 

proteoglycans with sialyl-Lewis 

X motif 

 Platelets, leukocytes, and 

endothelial cells 

 Mediate leukocyte rolling, can 

initiate intracellular signals. 

Potential drug target for 

asthma 

   VCAM1  Single membrane spanning Ig 

family member 

 Integrins  α 4 β 1 and  α 9 β 1  Endothelial cells, tumor cells, 

smooth muscle, pericytes 

 Counter-receptor for integrins 

 α 41 and  α 9 β 1. Important for 

recruitment of leukocytes 

   ICAM1  Single membrane spanning Ig 

family member 

  β 2 Integrins  Endothelial and epithelial cells  Counter-receptor for  β 2 

integrins. Possible drug target 

for asthma 

    α 4 β 1 Integrin  Transmembrane heterodimer  VCAM1, fi bronectin, ADAMs 

proteins 

 Endothelium, pericytes, 

smooth muscle, lymphocytes, 

eosinophils, and mast cells 

 Potential drug target for 

asthma 

    α v β 6 Integrin  Transmembrane heterodimer  TGF β 1 and -3, fi bronectin, 

tenascin C 

 Epithelial cells  Activates TGF- β . Negatively 

regulates macrophage 

protease expression and 

emphysema 

    α v β 8 Integrin  Transmembrane heterodimer  TGF β 1 and -3, vitronectin  Airway epithelial cells, 

fi broblasts, dendritic cells, and 

T-cells 

 Activates TGF- β . Involved in 

cross talk between airway 

fi broblasts and epithelial cells 

Cell- and tissue-specific
responses (vertebrates)

Actin

ILK

Talin

Z

Y

X

α αβ
β

Tensin
Adhesion, tissue

integrity
(conserved from

C.elegans (2)
to mammals (˜24))

 FIG. 21.1          Integrin functions. Integrins evolved to link the actin 

cytoskeleton and the extracellular matrix, a function that is highly conserved 

from  C. elegans  to humans (shown on right). This linkage is accomplished 

through formation of a highly conserved multiprotein complex that 

includes talin, tensin, and the integrin-linked kinase to the integrin  β  

subunit cytoplasmic domain. In vertebrates, integrins have evolved to 

recruit a multitude of additional cytoplasmic and transmembrane adaptor 

and signaling proteins to these complexes, allowing these receptors to 

modulate a wide variety of cellular behaviors (shown on left).    
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   During the evolutionary transition from invertebrates 
to vertebrates, there was a rapid increase in the size of the 
integrin family  , and integrins have been adapted to bind to a 
number of additional ligands and to modulate a wide variety of 
cellular behaviors, including cell proliferation, diff erentiation, 
and survival  [8] . Th ese new functions have been accomplished 
by recruitment of cytoplasmic kinases (such as src and focal 
adhesion kinase) to the multiprotein complexes assembled on 
integrin cytoplasmic domains and by lateral associations with a 
number of additional signaling molecules and adaptor proteins 
(e.g., tetraspanins, growth factor receptors, urokinase receptor, 
u-PAR, and the integrin-associated protein).  

    ROLES OF ADHESION RECEPTORS ON 
LEUKOCYTES AND ENDOTHELIAL CELLS IN 
REGULATING AIRWAY INFLAMMATION 

   Airway and lung parenchymal infl ammation are important 
features of asthma and chronic obstructive pulmonary dis-
ease (COPD). Inhibition of recruitment of specifi c popula-
tions of infl ammatory cells into the airways has thus been 
considered as a potential therapeutic intervention in these 
diseases. Recruitment of infl ammatory cells from the blood-
stream into tissues is a multistep process  [9] , as outlined in 
 Fig. 21.2   . Key steps in this process include initial slowing 
of rapidly moving cells, a process called rolling  [10] . Th ese 
slowed cells must then undergo fi rm adhesion to completely 
arrest their movement in the bloodstream and then need to 
resume a diff erent form of slow migration to exit the vas-
culature either in induced gaps between adjacent endothe-
lial cells or by passing directly through the induced holes 
within individual endothelial cells. Once they have exited 
the bloodstream, leukocytes then migrate through the 
interstitial space where some arrest in the vicinity of nerves 
and airway smooth muscle, others arrest within the airway 
epithelium, and some traverse the epithelium and enter the 
airspaces. Each of these steps of adhesion and migration 
involves a suite of adhesion receptors expressed on the leu-
kocytes, endothelial cells, or other target extravascular cells. 

   Th e fi rst step in this process, leukocyte rolling, is 
principally mediated by interactions of a selectin on leu-
kocytes (L selectin) with specifi c carbohydrate ligands on 
endothelial cells and selectins on endothelial cells (P and E 
selectins) with additional carbohydrate ligands on leukocytes 
 [11] . Th is process is principally regulated by the induction 
of expression of L selectin ligands and P and E selectins 
only on endothelial cells that have been activated by pro-
i nfl ammatory cytokines, such as interleukin-1 and TNF- α . 
In this process, selectins play a critical role in facilitating 
the rolling of neutrophils along the vessel wall  . However, 
it is now clear that certain members of the integrin fam-
ily, for example the integrins  α 4 β 1 and  α 4 β 7, can medi-
ate rolling even in the absence of input from selectins        [12, 
13] . Selectin-mediated rolling may play an important role 
in asthma, since inhibition of selectins or their ligands has 
been shown to reduce allergen-induced airway hyperrespon-
siveness in models of allergic asthma        [14, 15] . 

   Th e next step in leukocyte recruitment, fi rm adhesion 
to the vessel wall, is mediated principally by the interaction 
of integrins on leukocytes with immunoglobulin superfamily 
members on endothelial cells. Th e specifi c integrins involved, 
and the corresponding immunoglobulin family counter-
receptors, vary among diff erent leukocytes. Neutrophils 
were initially thought to arrest their movement by v irtue 
of adhesion of the integrins  α L β 2 and  α M β 2 with the 
endothelial counter-receptor ICAM-1, whereas monocytes, 
lymphocytes, and eosinophils  [16]  utilize  α 4 β 1, which inter-
acts with endothelial VCAM-1  [17] . However, neutrophils 
also express the integrin  α 9 β 1, which avidly binds VCAM-
1  [18] , and lymphocytes, monocytes, and eosinophils also 
u tilize  α L β 2 and thus arrest on ICAM-1. 

   As with the initial rolling step, fi rm arrest is tightly 
regulated through signaling in both leukocytes and endothe-
lial cells. On the leukocyte side, integrins in circulating leu-
kocytes are generally maintained in a nonadhesive (inactive) 
conformation. In response to signals generally initiated by the 
binding of chemokines to their cognate G-protein-c oupled 
receptors (which are presented to integrins on rolling leu-
koctyes by virtue of their interactions with proteoglycans on 
the luminal surface of endothelial cells), the short cytoplas-
mic domains of the integrin- α  and - β  subunits are separated 
by interactions with one or more cytoplasmic binding part-
ners, and this change in subunit spacing induces a massive 
conformational change in the extracellular domains of both 
subunits that result in a high-affi  nity conformation that is 
competent to bind to endothelial ligands. On the endothe-
lial side, the same pro-infl ammatory cytokines that induce 
expression of P and E selectins increase transcription and 
subsequent surface expression of ICAM-1 and VCAM-1.  

Selectin

Chemokine

Chemokine receptor

Integrin

Ig family member

Selectin
ligand

 FIG. 21.2          Multistep process of leukocyte rolling arrest and  trans -

endothelial migration.  Initial slowing of leukocytes from rapidly moving 

blood is usually mediated by interactions of selectins on leukocytes 

and endothelial cells with cell surface carbohydrate ligands (left). Close 

contact with chemokines then triggers an intracellular signal that changes 

leukocyte integrins from a low-affi  nity to a high-affi  nity state and mediates 

stable arrest through interaction with endothelial immunoglobulin family 

members (center). Dynamic regulation of integrin adhesion then allows 

migration of adherent leukocytes across the endothelium and into and 

through the extravascular space (right).    
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    ROLES OF INTEGRINS AND THEIR LIGANDS IN 
LEUKOCYTE MIGRATION AND RETENTION IN 
THE EXTRAVASCULAR SPACE 

   Whereas the molecular steps involved in rolling and fi rm 
adhesion are relatively well characterized, much less is know 
about how subsequent steps of extravasation and migra-
tion and retention at specifi c sites are regulated. Th ese steps 
also require repeated cycles of adhesion and de-adhesion. 
Although multiple molecular pathways have been shown to 
modulate these steps in various  in vitro  systems, the relative 
signifi cance of most of these for specifi c leukocyte popula-
tions  in vivo  remains to be determined. One of the steps 
that has just begun to receive attention is the retention of 
leukocytes at specifi c tissue sites. Th e potential importance 
of this step in asthma was demonstrated by mice lacking 
the metalloprotease, MMP2, which were found to have dra-
matically increased susceptibility to fatal respiratory failure 
in response to airway allergen challenge after prior allergic 
sensitization  [19] . Mortality in these mice was shown to be 
associated with abnormal retention of recruited leukocytes 
in the pulmonary interstitium, with a marked decrease in the 
subsequent migration of these cells into the airway lumen. 

   One of the critical steps involved in retention of 
infl ammatory cells within the airway epithelium is induced 
expression of ICAM-1 on airway epithelial cells. Another 
key step is the induction of the integrin  α E β 7, which can be 
induced on lymphocytes and mast cells by the action of the 
cytokine transforming growth factor  β  (TGF- β ), activated 
on epithelial cells at sites of airway injury (see below).  α E β 7 
recognizes an epithelial adhesion receptor, E Cadherin, 
as its principal ligand  [20] , and through this interaction 
increases the residence time of mast cells and lymphocytes 
within the epithelium. Th ese leukocytes utilize the  α E β 7-
integrin and presumably E Cadherin for retention within 
the epithelium.  

    POTENTIAL THERAPEUTIC RELEVANCE OF 
LEUKOCYTE CELL ADHESION RECEPTORS 
AND THEIR ENDOTHELIAL AND EPITHELIAL 
COUNTER-RECEPTORS 

   Because airway infl ammation is a prominent feature of 
asthma, and because leukocytes are the principal source of 
cytokines (e.g., interleukin-13) known to play a major role 
in inducing airway hyperresponsiveness and mucus meta-
plasia, leukocyte adhesion molecules and their endothe-
lial and/or epithelial ligands have been extensively studied 
as potential therapeutic targets. Nearly two decades ago, 
blockade of the  β 2-integrin ligand, ICAM-1, was shown to 
prevent airway hyperresponsiveness in a murine model of 
allergic asthma  [21] . Subsequent studies with mice lacking 
the integrin  β 2 have confi rmed an important role for this 
family of integrins in the specifi c homing of Th 2 eff ector T 
cells to the lungs  [22] . 

    α 4-containing integrins are more widely expressed 
than  β 2-integrins but are also expressed on a number of leu-
kocytes, including lymphocytes, eosinophils, and mast cells. 
Blockade of  α 4-integrins has been shown to protect against 
induction of airway hyperresponsiveness in models of aller-
gic asthma in mice and sheep        [23, 24] . Mice lacking  α 4 only 
on leukocytes have also been shown to be protected from 
induction of airway hyperresponsiveness, suggesting that  α 4-
integrins ( α 4 β 1 and  α 4 β 7) might be reasonable targets for 
treatment of asthma. Although this strategy was conceived as 
a way to prevent the recruitment of leukocytes into the air-
ways, local delivery of blocking antibody into the airways of 
allergic sheep prevented the development of airways hyperre-
sponsiveness (AHR) without aff ecting leukocyte recruitment 
 [24] . Th ese results suggest that protection from AHR might 
be due to inhibition of  α 4-integrin-mediated signals initi-
ated on cells that are already present in the airways, rather 
than simply to eff ects on leukocyte recruitment. 

   Based on these encouraging pre-clinical studies, both 
humanized antibodies and small molecule antagonists of 
 α 4-integrins have been developed as potential drug treat-
ments for asthma. Humanized antibody has been shown to 
be dramatically eff ective for prevention of new brain lesions 
in another infl ammatory disease, multiple sclerosis  [25] . 
However, the development of fatal or disabling progressive 
multifocal leukoencephalopathy in three patients treated 
with this antibody, presumably as a consequence of activa-
tion of latent JC virus infection, has dramatically slowed 
eff orts to use system blockade of  α 4-integrins for treatment 
of asthma        [26, 27] . Because of the potential eff ectiveness of 
local inhibition of these integrins, inhalational therapy with 
 α 4-antagonists is still worthy of consideration. 

   Selectins have also been targeted in pre-clinical stud-
ies in mice and sheep. Inhibition of one of the three selectin 
family members (L selectin) also inhibited airway infl am-
mation, allergen-induced late airway narrowing, and AHR 
in allergic sheep  [14] . As with  α 4-blockade, local delivery 
of blocking antibody to L selectin was as eff ective as sys-
temic administration, suggesting relevant eff ects of ligation 
of selectins on infl ammatory cells after their recruitment 
into the airway wall.  

    ADHESION RECEPTORS ON AIRWAY 
SMOOTH MUSCLE 

   Airway smooth muscle is clearly an important target tissue 
in asthma. An increase in smooth muscle mass is a common 
feature in both human asthma and experimental models of 
chronic allergen challenge, and alterations in  in vivo  smooth 
muscle responsiveness might be an important determinant of 
airway hyperresponsiveness. Airway smooth muscle cells can 
express ICAM-1 and VCAM-1 and a number of integrins, 
including at least  α 1 β 1,  α 2 β 1,  α 3 β 1,  α 7 β 1,  α 8 β 1,  α 9 β 1, and 
 α v β 3. Th ese integrins are localized at intercalated disks that 
connect adjacent smooth muscle cells and are thus likely to 
play some role in regulating the strength of smooth muscle 
contraction. Airway smooth muscle cells exhibit markedly dif-
ferent proliferative responses and modulate their p roduction of 
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pro-infl ammatory cytokines when they are plated on diff erent 
integrin ligands        [28, 29] . Furthermore, integrins in vascular 
smooth muscle cells have been shown to modulate contrac-
tion by regulating the activity of associated L-type voltage-
gated calcium channels        [30, 31] . Th e  in vivo  signifi cance of 
adhesion receptors on airway smooth muscle cells thus seems 
like a fruitful area for future investigation.  

    ADHESION RECEPTORS ON PULMONARY 
EPITHELIAL CELLS 

   One potential contributing factor to increased respon-
siveness to environmental stimuli in asthma and COPD 
would be localized increases in epithelial permeability. Th e 
normal impermeable character of the airway epithelium is 
determined by the function of the adhesion molecules that 
make up adherens junctions (E Cadherin) and tight junc-
tions (claudins and occludins). In contrast to responses in 
endothelial cells, where permeability can be rapidly (within 
minutes) increased in response to a number of physiological 
stimuli (e.g., VEGF, TGF- β , and thrombin), changes in epi-
thelial permeability usually occur with a time course of sev-
eral hours and are associated with loss of adhesion molecules 
(especially E Cadherin) from the cell surface. In the setting 
of chronic infl ammation, for example with exposure to active 
TGF- β , E Cadherin is internalized and epithelial permeabil-
ity increases. However, the  in vivo  relevance of these events 
to chronic airway disease has not been determined. 

   Airway epithelial cells express several members of the 
integrin family, including  α 2 β 1,  α 3 β 1,  α 6 β 4  α 9 β 1,  α v β 5, 
 α v β 6, and  α v β 8  [32] . Epithelial injury and infl ammation can 
dramatically alter the expression of these integrins  [33] . Th e 
integrin  α v β 6, which is normally expressed at low levels in the 
conducting airway epithelium of healthy individuals, is upreg-
ulated in the airways of patients with COPD and asthma  [34] .  

    INTEGRIN-MEDIATED TGF- β  ACTIVATION 

   At least two of the integrins expressed on airway epithe-
lial cells,  α v β 6  [35]  and  α v β 8  [36] , play a role in activating 
latent complexes of TGF- β . TGF- β  is a pleiotropic cytokine 
that plays important roles in regulating tissue fi brosis, in 
induced proliferation of airway smooth muscle, in recruiting 
and retaining tissue mast cells and in negatively regulating 
adaptive immunity. It is thus clear that TGF- β  could play 
important roles in several basic processes relevant to asthma 
and COPD. Mice with a knockin mutation of the TGF- β 1 
gene, which uniquely prevents integrin-mediated activation, 
have an identical infl ammatory phenotype as mice com-
pletely lacking TGF- β 1 have  [37] , suggesting that integrin-
mediated activation may be the central  in vivo  mechanism 
of TGF- β 1 activation. Indirect evidence suggests similar 
importance for activation of TGF- β 3. 

    α v β 6 and  α v β 8 have diff erent patterns of cellular 
expression. Each binds to the same sequence of the l atency-
associated peptides of TGF- β 1 and -3, but these two integrins 

appear to utilize completely diff erent mechanisms for TGF-
 β  activation.  α v β 6 is restricted to epithelial cells and acti-
vates TGF- β  by mechanically deforming the latent complex 
(Annes)  . Th is process provides access to the active site in 
TGF- β  without releasing free TGF- β  for diff usion to dis-
tant receptors and thus spatially restricts TGF- β  activity to 
the surface of  α v β 6 expressing epithelial cells  [35] . In con-
trast,  α v β 8, which is much more widely expressed, presents 
the latent complex to transmembrane metalloproteinases 
expressed on the same cell, which cleave the latent complex 
allowing release of diff usible active TGF- β  that could act at 
a distance  [36]   . 

   Current evidence suggests that  α v β 6 plays a central 
role in activating TGF- β  on the surface of alveolar epithe-
lial cells, where the activated TGF- β  can exert eff ects on 
adjacent fi broblasts, endothelial cells, and alveolar macro-
phages which make direct physical contacts with alveolar 
epithelial cells. Th is process has been shown to play impor-
tant roles in regulating pulmonary fi brosis  [35]  and several 
models of acute lung injury  [38] , where genetic deletion or 
antibody blockade of the  α v β 6-integrin dramatically pro-
tects against induction of  in vivo  pathology. Microarray 
studies on the lungs of mice lacking the  β 6 subunit (and 
thus the  α v β 6-integrin) identifi ed the macrophage metallo-
protease, MMP12 as an important target of negative regu-
lation by this integrin, since MMP12 levels were increased 
200-fold in the lungs of  β 6 knockout mice  [39] . Induction 
of MMP12 leads to the development of age-related emphy-
sema in these mice and can be prevented by expression 
of the integrin or low levels of active TGF- β  in lung epi-
thelium  [40] . Th ese fi ndings suggest that  α v β 6-mediated 
TGF- β  activation plays an important homeostatic role in 
preventing the development of emphysema in response to 
normally inconsequential environmental insults ( Fig. 21.3   ).  
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 FIG. 21.3          Homeostatic regulation of macrophage MMP12 expression by 

integrin-mediated activation of TGF- β .   Environmental insults (e.g., cigarette 

smoke) increase macrophage expression of MMP12 (and other proteases that 

can degrade the extracellular matrix of the lung. In parallel, the same insults 

activate a pathway through which the epithelial integrin,  α v β 6, activates 

TGF- β . Activated TGF- β  binds to TGF- β  receptors on macrophages, activating 

a signaling pathway involving transcription factors (receptor SMADs – R-

SMADs) that pair with co-SMADs to shut off  transcription of the MMP12 

gene, thereby providing a brake for this potentially destructive process.    
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    INTEGRIN-MEDIATED TGF- β  ACTIVATION 
IN THE CONDUCTING AIRWAYS 

   Both  α v β 6 and  α v β 8 are expressed on epithelial cells in the 
conducting airways. Under resting conditions, cultured air-
way epithelial cells express both integrins and secrete both 
TGF- β 1 and TGF- β 2 but do not appear to activate either 
isoform  [41] . In response to mechanical wounding, these 
cells can be induced to activate TGF- β 1 (but not TGF- β 2) 
and both integrins appear to contribute to this activation. 
Th e net eff ect of this  “ autocrine ”  TGF- β  activation is a slow-
ing of the rate of sheet migration and subsequent wound 
closure  . Interestingly, whereas blockade of  α v β 8, like block-
ade of TGF- β 1, accelerates the rate of wound closure, block-
ade of  α v β 6 has no net eff ect on closure rates. Th is appears 
to be due to opposing eff ects of this integrin on activating 
TGF- β  (which slows closure rates) and on directly enhanc-
ing epithelial migration, as shown by slowing of wound clo-
sure when anti- α v β 6 antibody was added to wounded cells 
in the presence of inhibitors of TGF- β  or  α v β 8. 

   In contrast to  α v β 6, which is restricted in its expres-
sion to airway epithelial cells and is highly induced in 
response to injury,  α v β 8 is also expressed on airway fi brob-
lasts  [42] . Recent work has shown that  α v β 8 can mediate 
autocrine activation of TGF- β  by airway fi broblasts and 
that this eff ect inhibits to production of hepatocyte growth 
factor by adjacent epithelial cells. Th rough this process, 
airway fi broblasts can also induce expression of  α v β 6 on 
epithelial cells (which is highly inducible by TGF- β ) gen-
erating a positive feedback loop that would be predicted to 
inhibit airway epithelial cell proliferation and contribute to 
the development of airway wall fi brosis.  

    SUMMARY 

   Adhesion molecules play critical roles in maintaining the 
structural integrity of all components of the airway wall. In 
the epithelium and endothelium, occludins, claudins, cad-
herins, and JAMs regulate paracellular permeability. Airway 
injury or infl ammation, as occurs in patients with asthma 
and COPD, can perturb epithelial and endothelial perme-
ability by altering the expression and/or function of these 
proteins. Selectins, integrins, and their immunoglobulin 
family member counter-receptors, play central roles in the 
recruitment of leukocytes into the airway wall and in regu-
lating the function of leukocytes that have been recruited. 
Promising pre-clinical studies suggest that members of each 
of these classes of adhesion molecules are potential drug 
targets for treatment of asthma. Integrins also contribute 
to signaling responses of airway cells to input from other 
receptor families, including growth factor and cytokine 
receptors, and can modulate survival, growth, and diff eren-
tiation of each of the cell types present in the airway wall. 
Two integrins,  α v β 6 and  α v β 8, are also largely responsible 
for  in vivo  activation of two of three mammalian isoforms 
of TGF- β . TGF- β  activation by the  α v β 6-integrin is criti-
cal for the maintenance of normal alveolar homeostasis, and 

loss of this function could contribute to the development of 
emphysema. TGF- β  activation by the  α v β 8-integrin plays 
an important role in homeostasis in the airway wall, and 
alterations in this function could contribute to airway wall 
remodeling in COPD. Th e multiple critical roles played by 
adhesion molecules in airway health and disease make these 
proteins attractive candidates for improvements in treat-
ment and monitoring of patients with asthma and COPD.   
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C H A P T E R

       

    Extracellular Matrix 

    INTRODUCTION   

   Until recently the extracellular matrix was 
thought of solely as a static structural support 
network. We now know that the extracellular 
matrix is comprised by a large and varied group 
of dynamic macromolecules and their regula-
tory factors  [1]  which provides structural sup-
port and is a physical barrier. However, it also 
elicits cellular responses and its interactions 
are involved in development and organ forma-
tion  [2] . Disruption of normal extracellular 
matrix during disease processes can lead to an 
infl ammatory response that exacerbate aber-
rant remodeling of the lung        [3, 4] . Much has 
also been learned about the role of the extra-
cellular matrix in asthma and chronic obstruc-
tive pulmonary disease (COPD) using mouse 
models        [5, 6] . Th ese studies tend to support 
observations of altered function in people with 
polymorphic variants of extracellular matrix 
molecules          [7–9] . 

   Extracellular matrix molecules are a part 
of a fi nely regulated system of development, 
maintenance, and repair. In addition to the 
structural macromolecules that are discussed in 
this chapter, there are regulatory molecules that 
are essential components of the extracellular 
matrix          [10, 11] . In this chapter we will review 
the extracellular matrix constituents of the res-
piratory system.  

    COMPONENTS OF THE 
EXTRACELLULAR MATRIX 

   Th e biomechanical properties of the lung 
are primarily determined by the extracellular 

matrix components that comprise the tissue        [2, 
12] . In the lung they can be largely categorized 
into four groups: the collagens, proteoglycans, 
elastic fi bers, and non-collagenous proteins. 
Connective tissue in the lung imparts the 
appropriate mechanical sturdiness and elastic 
resilience that permits the lung to expand and 
relax repeatedly. In addition to this mechanical 
function, the extracellular matrix is organized to 
allow for effi  cient gas exchange ( Table 22.1   )  . 

    Collagens 

   By far the most abundant of the extracellular 
matrix elements are the collagens. Th e collagens 
are the largest, in number, and most abundant, 
in content, of the extracellular matrix elements. 
Th ere are more than 20 diff erent collagen types 
and even more genes that encode these colla-
gens          [1, 2, 13] . 

   Collagens are characterized by a triple 
helical structure whereby three polypeptide 
chains wind around each other. To form this 
helical confi guration, every third amino acid 
must be a glycine. Glycine, with its very small 
side chain is the only amino acid that is able 
to fi t in the center of the helix without caus-
ing any distortion. Th e primary structure of the 
triple helical region of collagens is described by 
the general pattern of [Gly-X-Y]  n   as a repeat-
ing triplet. About 20% of the X and Y positions 
in this triplet are the imino acids, proline, and 
hydroxyproline. Th e hydroxyl group of hydroxy-
proline is essential for hydrogen bonding which 
imparts stability to the triple helix. Similarly, 
lysine and hydroxylysine residues in the heli-
cal region are important for covalent cross-
links within and between collagen molecules. 
Hydroxylysines are also subject to glycosylation. 
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Th e number of glycosylated residues vary with the diff erent 
collagen type        [14, 15] . 

   Collagen  α -chains are synthesized as pro- α -chains 
with non-helical amino and carboxy terminal ends. Cleavage 
of the propeptides is essential for the proper stacking of 
triple helical collagen molecules to form an extracellular 
matrix. Amino acid substitutions, especially the invariant 
glycine residues, cause a delay (momentary pause, ie. nano-
seconds) in formation of the triple helix  . Th is delay leads to 
an increase in hydroxylated and glycosylated residues. Th ese, 
so-called, overmodifi ed collagens are characteristic of a 
number of heritable connective tissue disorders  [16] . 

   About 60% of the connective tissue protein mass in 
the adult lung is collagen. As expected Type I is the pre-
dominant type. Th e lung also contains a signifi cant amount 
of Type III collagen, a major constituent of skin and vas-
cular tissues. Th e Type III fi bers are thin which allows for 
a more compliant tissue. Studies have shown that Type III 
collagen is essential for fi brillogenesis of Type I collagen in 
normal development            [17–20] . Types I and III collagen pro-
vide the structural framework for the alveolar wall  [2] . 

   Type IV collagen is an important constituent of base-
ment membranes          [1, 21, 22] . Th e basement membrane, as 
visualized by electron microscopy, consists of two layers, the 
lamina lucida and lamina densa. In the lung, the basement 
membrane forms continuously along the bronchial epithelia 
from before 12 weeks gestation  [23] . In addition to Type IV 
collagen, basement membranes contain other extracellular 
matrix molecules such as proteoglycans and laminins. Th e 
Type IV collagen appears to serve as a scaff old for binding 
of laminin and proteoglycans leading to the formation of 
the basement membrane  [24] . During lung branching, the 
epithelium of the elongating bronchial buds and tubules are 
lined with Type IV collagen. Type III collagen, however, does 

not appear to play a signifi cant role in lung branching  [25] . 
Type V collagen has also been localized in the lung. While it 
is found near the basement membrane, it is unclear whether 
this minor collagen is part of the basement membrane or 
solely in the nearby interstitial matrix  [26] . Th e basement 
membrane of the lung also contains Type XVIII collagen, a 
member of the collagen subfamily called MULTIPLEXINs 
 [27] . Th ese multiplexins have multiple triple helical domains 
and interruptions, hence their name  [1] . Cartilage collagens, 
Types II, IX, and XI along with cartilage matrix protein (not 
a collagen) are primary components of the trachea  [28] . 

   Despite the biochemical, immunochemical, ultrastruc-
tural in addition to molecular characterization of collagens 
in normal lung, their precise function and roles in pulmo-
nary homeostasis is still not completely elucidated. Studies 
continue to determine the cellular infl uence of collagens; 
their mechanical properties as they relate to lung mechan-
ics, interactions between collagen types and other matrix 
molecules; kinetics of maturation and turnover; and their 
self-assembly. Nevertheless, the extracellular matrix com-
ponents of the lung show that they are part of a dynamic 
structure. When perturbed by environmental assault (eg. 
smoking, industrial polution) or disease (genetic mutations), 
this dynamic balance can be altered and the biomechanical 
properties of the lung changed    [2] .  

    Elastin 

   Elastin is the main elastic protein in vertebrates and is 
responsible for the ability of the lung to recoil following 
each cycle of expansion and contraction. Th us, like col-
lagen, elastin is an integral component of the interstitial 
matrix of the lung. Given its importance for this elastic 
resilience, elastin has been localized to the alveoli, pleura, 
conducting airways, and vascular tissues        [29, 30] . Elastin is 
secreted as a monomer of so-called tropoelastin, generally 
by cells that are of mesenchymal origin. Th e exquisite abil-
ity of repeated recoil is a unique property of the elastic fi ber. 
Th e ability to undergo repeated rounds of recoil are believed 
to be due to the high hydrophobic amino acid content of 
elastin  [31] . Th ese hydrophobic amino acids are arranged as 
to allow cross-links to form that are believed to be critical 
for its function. Recent studies have also shown the impor-
tance of optimal iron levels for elastic fi ber integrity  [32] . It 
is important to note that none of these extracellular matrix 
elements function in a vacuum. Th ey comprise a character-
istic architecture and thus a function in an interrelated and 
integrated fashion. Th erefore, elastin provides its unique 
function in the context of the collagens, proteoglycans, and 
microfi brils. 

   Th e elastic fi ber is among the most long-lasting struc-
tures in the body. Studies have shown that humans retain 
elastin an entire lifetime  [33] . Th is stability appears to be 
due to very specifi c cross-links between elastin mono-
mers in the mature elastic fi bers. It is in fact these unique 
cross-links, formed from lysine residues, that produce novel 
amino acids, desmosine and isodesmosine, that are markers 
for the presence of elastin in tissues. 

   Early structural studies tended to describe elastic 
fi bers as having an amorphous appearance. More recent 
studies, however, have shown a rather complex structure. 

 TABLE 22.1          Summary of the major extracellular matrix constituents of 

the lung and their localization.  

   Collagens   

   Type I  Alveolar, bronchial, vascular walls 

   Type II  Bronchial and tracheal cartilage 

   Type III  Co-localizes with Type I collagen 

   Type IV  Basement membrane 

   Type V  Basement membrane, interstitium 

   Elastin  Alveolar septa, blood vessels, bronchial walls, 

pleura 

   Microfi brils  Found with elastin, scaff old for elastin 

deposition 

   Proteoglycans  Alveolar walls, basement membrane 

   Laminin  Basement membrane 

   Integrin (receptors for 

extracellular matrix 

molecules) 

 Mesenchymal and epithelial cells 

   Fibronectin  Basement membrane, interstitium 
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Two morphologically and chemically distinct entities have 
been identifi ed. Elastin, the insoluble polymer composed 
of tropoelastin monomers and microfi brils. Structure and 
function of microfi brils are discussed below        [34, 35] . 

   Elastin, in its polymerized form, constitutes more than 
90% of the mature elastic fi ber. Th e amino acid structure of 
tropoelastin is highly conserved in evolution  [36] . In all spe-
cies studied, tropoelastin has a modular structure of alternat-
ing hydrophobic and cross-linking domains. While sequence 
variation exists, it is the hydrophobicity that is exquisitely 
conserved. Th e conservation appears greater in the cross-
linking regions. Unlike the large variety and numerous gene 
products that encode the collagens, elastin is present as a sin-
gle gene in a single copy. Interestingly, the various isoforms 
of elastin that are present are produced by alternative splicing 
of a common transcript          [37–39] . At present, however, the 
functional roles of these isoforms are not understood  [40] . 

   Mouse studies have shown that animals that lack 
any elastin expression do not undergo normal alveogen-
esis. Mice with only 50% normal elastin do develop nor-
mal lungs while expression of less than 50% elastin leads 
to abnormal lung development  [30] . Signifi cantly, however, 
is the fact that injurious stimuli make mice with less than 
optimal elastin levels more prone to severe lung disease 
 [30] . Recent studies have also demonstrated a polymorphic 
variant in human elastin causing early onset COPD in a 
family  [41] . Severe early onset pulmonary disease has also 
been documented in smokers whose elastin mutation causes 
autosomal dominant cutis laxa  [42] .  

    Microfi brils 

   Elastin-associated microfi brils have been classically defi ned 
as 10–12       nm diameter fi brils when seen by electron micro-
scopy  [43] . Th ey were initially identifi ed as structures that 
surrounded or were within mature elastic fi bers. It is now 
known that microfi brils can also exist without the presence 
of elastin  [44] . Analyses of developing tissues, including the 
lung and major blood vessels, have shown that microfi brils 
are deposited fi rst followed by the deposition of elastin  [45] . 
Th us, the hypothesis that microfi brils act as a scaff old for 
the deposition of elastin to produce mature elastic fi bers has 
emerged. Th e complete function and, for the matter, con-
stituents of the microfi brils are presently unknown. 

   Ultrastructurally, microfi brils display a  “ beads on a 
string ”  structure with a diameter of 8 to 12       nm and are com-
posed of several proteins, the most abundant of which is 
fi brillin-1  [46] . Fibrillin-1, the product of the FBNI gene, 
is a cysteine rich-glycoprotein with a molecular weight of 
about 350       kDa. Th e extracellular domain structure of fi bril-
lin-1 is divided into fi ve distinct regions. Th e most abundant 
of these domains are calcium binding epidermal growth 
factor-like (EGF) motifs, that occur some 43 times. Four 
additional EGF motifs that do not bind calcium are also 
present. Interspersed between their calcium binding domains 
are seven transforming growth factor  β 1 binding protein 
domains each containing eight cysteine residues        [47, 48] . 
Th ese eight cysteine domains are globular in structure and 
interrupt the multiple stretches of the EGF modules that are 
believed to form rod-like structures. Th e middle 8-cysteine 
domains contain an RGD (arginine–glycine–aspartate) site. 

RGD motifs interact with cell surface receptors to mediate 
cell adhesion  [49] . Th ese receptors are part of the integrin 
family, transmembrane proteins that interact with extracel-
lular matrix proteins to anchor cells within the extracellular 
matrix. While the role of elastin in mediating elastic recoil is 
well established, microfi brils too appear to have some elas-
ticity. In fact, speculation exists that microfi brils alone per-
formed the function of elastic fi bers prior to the evolution 
of tropoelastin. Closely related to fi brillin-1 is fi brillin-2. 
Fibrillin-2 shares the domain structure with fi brillin-1 and 
in the EGF containing regions are about 80% identical at 
the amino acid level. Th ere are several important diff erences 
that may refl ect diff ering functional roles. Fibrillin-2 con-
tains two RGD sites and the domain that is proline rich in 
fi brillin-1 is glycine rich in fi brillin-2          [47, 48, 50] . 

   Fibrillin-1 and -2 are diff erentially expressed both 
temporally and spatially. In most cases, developmental 
expression of the fi brillin genes displays a diphasic pattern. 
Th us, expression of fi brillin-2 occurs earlier in development 
than fi brillin-1. Studies at the level of mRNA have shown 
FBN2 transcript accumulation prior to tissue diff eren-
tiation followed by their rapid decrease. FBN1 transcripts 
then begin to increase gradually. Studies have shown that 
fi brillin-2 is found preferentially in elastic tissues, such as 
elastic cartilage, tunica media of the aorta, and along the 
bronchial tree. Th e two fi brillins, therefore, may have dif-
fering functional roles. It has been hypothesized that fi bril-
lin-2 may have a greater role during early morphogenesis 
in directing the assembly of elastic fi bers, while fi brillin-1 is 
mainly responsible for load bearing          [50–52] . 

   While the fi brillins are regarded as the major con-
stituents of microfi brils, there are additional families of 
proteins that are part of the microfi brils and the elastic 
fi ber. Th ese additional families include the latent trans-
forming growth factor beta binding proteins (LTBPs); 
microfi bril-associated glycoproteins (MAGPs) and microfi bril-
associated proteins (MFAPs); fi bulins; emilin; Big-H3; and 
lysyl oxidase. Th e structural and functional roles of most of 
these proteins are not clear. We do know that LTBP-2 is 
evolutionarily the closest of the LTBPs to the fi brillins and 
has been isolated from tissue rich in microfi brils. MAGP-
1 has also been immunolocalized to both elastin-associated 
and naked microfi brils. MAGP-1 interacts directly with 
tropoelastin monomers and may play a primary role in elas-
tic fi ber formation (see Ref.  [53]  for a review). 

   Studies in mice have shown that fi bulin-5 null animals 
have disrupted elastic fi bers and pulmonary emphysema 
among other phenotypes        [54, 55] . Fibulin-5 mutations in 
people appear not to be associated with lung abnormalities 
 [56] . Th e hypothesis that microfi brils play a role in TGF- β  
signaling has lead to uncovering of emphysema in Marfan-
like mice  [57] . In addition, pulmonary abnormalities in sev-
eral LTBP mouse mutants have also been demonstrated        [58, 
59] . Th e eff ects of TGF- β  signaling on lung development 
and branching are reviewed in Ref.  [60] . 

   It is apparent that we are just beginning to understand 
the roles of the extracellular matrix in forming complex tis-
sues. Th e myriad of molecular interactions involved with the 
numerous proteins noted above that are required to build an 
elastic fi ber are just being uncovered. Th e temporal or tissue 
specifi c expression of the various microfi brillar components 
is also largely unknown. Mouse studies will be critical for 
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the continued progress in elucidating the complex signaling 
role of the extracellular matrix.  

    Proteoglycans 

   Proteoglycans comprise a large group of multidomain 
core proteins to which glycosaminoglycans are attached. 
Glycosaminoglycans are unbranched carbohydrate chains 
of repeating disaccharide units. Since most are negatively 
charged, they bind to other matrix molecules, cell adhesion 
molecules, and growth factors        [61, 62] . Th ey are integral to 
maintain normal pulmonary structure and function. Of the 
species of proteoglycans, heparan sulfate and dermatan sul-
fate appear to be the most abundant        [2, 63] . Th ese proteogly-
cans are also a reservoir for heparin. Chondroitin sulfates, 
proteoglycans found in cartilagenous tissues, are present in 
bronchioles, while heparan sulfate is the major proteoglycan 
of the gas exchange tissue. Heparin is also found primarily 
in the gas exchange tissues and pleura, but, as expected, not 
the cartilagenous bronchioles        [63, 64] . Biochemical studies 
over the past quarter century have helped to elucidate the 
composition of lung proteoglycans, but their precise func-
tions are still not completely understood. 

   Heparan sulfate interacts with laminin and appears 
to be essential for human development and lung branching 
           [65–68] . Studies also demonstrate that proteoglycans are 
important for the function of growth factors. Much of this 
modulation by proteoglycans appears to involve binding and 
signaling of   TGF β  and its receptor            [69–72] . Th ese molecules 
may also stimulate production of other matrix constituents or 
act as receptors for the extracellular matrix        [73, 74] . 

   Here again mouse targeting of perlecan, a heparan 
sulfate proteoglycan, have shown that null mice who sur-
vive embryonic life die perinatally due to respiratory failure 
       [75, 76] .  

    Laminin 

   Laminins are cross-shaped molecules that comprise several 
diff erent types and are a part of lung development            [1, 77–
79] . Analysis of the developing lung has shown the expres-
sion of some laminin chains as early as 10 weeks of human 
gestation  [80] . Laminins are expressed along the basement 
membrane, but temporal and spatial expression of diff erent 
laminin subunits has been documented        [25, 81] . Laminin 
expression may play a role in cell diff erentiation in the lung 
as well as other tissues. Th ere is some evidence to suggest 
that laminin may play a role in alveolar morphogenesis  [82] . 
A laminin–heparan sulfate interaction may be essential to 
lumen formation and branching morphogenesis  [83] .  

    Integrins 

   Integrins are cell surface glycoproteins that serve as recep-
tors for the extracellular matrix          [84–86] . Integrins are 
composed of many subtypes all arranged as heterodimers 
 [85] . Th ese heterodimers can selectively bind several dif-
ferent matrix constituents  [87] . In fact, the RGD sequence 

of extracellular matrix molecules is the binding site for 
integrins        [88, 89] . Integrins are expressed early in human 
lung development        [90, 91] . Animal model manipulation of 
some integrins have resulted in reduced bronchial branch-
ing suggesting a vital role for some integrin dependent 
interactions in lung development            [86, 88, 92, 93] . Integrins 
also function in signaling pathways to mediate migration 
and diff erentiation of epithelial cells          [94–96] .  

    Fibronectin 

   Fibronectin is a widely distributed glycoprotein found in 
embryonic tissue that plays a material role in morphogenesis 
       [97, 98] . Fibronectin plays an important role in cell attach-
ment  [99] . While it has been localized in several regions of 
the developing lung, it is primarily seen in regions of airway 
bifurcation  [89] . Fibronectin is co-distributed with collagen 
and may be required for normal collagen deposition        [100, 
101] . Its precise role, however, has not yet been elucidated.   

    EXTRACELLULAR MATRIX AND LUNG FUNCTION 

   Th e matrix of the normal lung imparts the strength and resil-
ience for the continuous cycling of inspiration and expiration 
(Fig 22.1). For proper gas exchange, the components of the 
extracellular matrix are distributed in a fashion to reduce the 
boundary between erythrocytes and oxygen  [26] . When the 
exquisite balance   of matrix glycoproteins is disturbed, (by 
structural mutations of matrix components or environmen-
tal damage) the consequences on the lung are manifested 
by pathology. In most cases the assault on the lung leads to 
fi brosis. Fibrosis leads to the thickening of the alveolar walls, 
reduction in lung volume, reduced lung elasticity, and fun-
damentally anomalous gas exchange. Th ere are a number 
of causes of pulmonary fi brosis in addition to those due to 
genetic abnormalities of matrix molecules or their modifi ers 
(see below). 

   In some cases, pulmonary fi brosis is a result of some 
other primary disease  [102] . Examples include infections 
(viral and fungal) or immune disorders (rheumatoid arthri-
tis, scleroderma). As expected, environmental assaults com-
prise the greatest number of causes of pulmonary fi brosis. 
As one might predict, tobacco smoke causing emphysema is 
among the major causes of COPD  [103] . Fibrogenic dusts, 
such as asbestos, toxins, and chemicals, such as insecticides 
and herbicides  , are additional causes of fi brosis in the lung. 
Iatrogenic causes, such as pharmacotherapy and therapeutic 
irradiation may also lead to pulmonary fi brosis.  

    HERITABLE DISORDERS OF CONNECTIVE 
TISSUE 

   Heritable disorders of connective tissue (HDCT) are a 
series of disorders caused by mutations in structural or mod-
ifying components of the extracellular matrix. Since most 
of these gene products are expressed in multiple tissues, 
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pleiotropic manifestations are observed in most HDCT. It 
is important to distinguish HDCT from connective tissue 
disorders that are autoimmune in nature such as rheuma-
toid arthritis and systemic lupus erythematosus. For a com-
prehensive review of the HDCT, see Refs        [16, 104] . 

   Despite the abundance of collagen and elastic fi bers 
in the lung, the number of HDCT with primary and severe 
pulmonary disease is rather small. While there are numer-
ous HDCT, for the purposes of this abbreviated review only 
those disorders caused by defects in genes expressed in the 
pulmonary system or with pulmonary complications will be 
discussed. Osteogenesis imperfecta (OI) comprises several 
disorders of varying severity that are caused by mutations in 
Type I collagen. In its most severe form, OI Type II, is char-
acterized by sever bone fragility and stillbirth or neonatal 
death. Due to the small chest in these neonates, pulmonary 
insuffi  ciency and failure to ventilate can cause death in the 
few who are not stillborn. In OI Type III, characterized by 
moderate to severe bone fragility, the thorax is often coni-
cal in shape. Due to the softness of the bones in the chest, 
an often lethal, respiratory failure may occur in neonates. 
Despite these fi ndings, most individuals with OI, except of 
course Type II OI, do not have severe pulmonary defi ciency 
even though Type I collagen is abundant in the lung matrix. 

   Th e Ehlers–Danlos syndromes (EDS) are another 
series of HDCT. Th e classic type, previously called Types I 
and II are now known to be caused by mutations in Type 
V collagen. Th e most severe form of EDS is the, so-called, 
vascular type, previously called Type IV EDS. Th is form of 
EDS is caused by mutations in Type III collagen. 

   Pulmonary complications are rare in EDS. However, 
some cases of mediastinal and subcutaneous emphysema 
and spontaneous pneumothorax have been reported. In 
addition, dilation of the trachea and bronchi has also been 
described in some cases of EDS. 

   Pseudoxanthoma elasticum (PXE) is an HDCT 
whose molecular pathogenesis has been recently elucidated. 
PXE is characterized by abnormalities in the skin, eyes, and 
vasculature. Although the mechanism of the pathogenesis 
remains unclear, the generalized dystrophy of elastic fi b-
ers does occasionally manifest in the lung. Degenerative 
changes in the walls of alveoli and miliary mottling of the 
lungs have been reported. 

   Th e mucopolysaccharidoses (MPS) are a large group of 
disorders that are defects in enzymes required in the process-
ing of glycosaminoglycan molecules (see  “ Proteoglycans ” ). Th e 
large number of diff erent enzymatic defects makes a com-
prehensive review here impossible. Nevertheless, pulmonary 
complications have been observed in several MPS. For exam-
ple, Hurler syndrome (MPS I H) is due to defects in  α - l -
iduronidase. Hurler syndrome is characterized by diagnosis 
prior to age 2 early corneal clouding, kyphoscoliosis, men-
tal retardation, and death by age 10  . All individuals with 
Hurler syndrome experience severe respiratory problems. 
Accumulation of glycosaminoglycans in the oropharyngeal 
trachea leads to airway obstruction. Radical pharyngoplasty 
provides some temporary relief, but obstruction recurs. Th ese 
individuals are also prone to repeated upper respiratory infec-
tions. Deformity of the thorax and abnormalities of bronchial 
cartilage contributes to reduced chest expansion and decreased 
vital capacity. Bronchopneumonia is a frequent cause of death. 

   Hunter syndrome (MPS II), caused by a defi ciency in 
iduronate 2 sulfatase, is characterized by diagnosis prior to 
age 4, mental retardation, and death before age 15. A mild 
form has also been described with moderate skeletal and 
respiratory involvement and survival to adulthood without 
intellectual impairment. Respiratory complications include 
upper airway obstruction, nasal congestion, and thick rhi-
norrhea. As children grow older, pharyngeal hypertrophy, 
tongue enlargement, and supraglottic swelling may result in 
obstructive sleep apnea and death. Upper respiratory infec-
tions are common. Abnormalities of the trachea have been 
documented. MPS II is an X-linked disorder, thus virtually 
all eff ected individuals are male. Pulmonary complications 
are observed in the majority of individuals with the gamut 
of MPS types. 

   Th e chondrodysplasias are another group of HDCT 
often classifi ed based on radiographic involvement of the 
long bones. Severe respiratory diffi  culty is present in a 
number of these disorders due to a greatly restricted thorax, 
which leads to early death. Defects in Type II collagen are 
well documented in several of these disorders. 

   Th e Marfan syndrome (MFS) is a prototypical mem-
ber of the HDCT. It is now well known that mutations 
in the gene encoding fi brillin-1 cause MFS. Th us, MFS is 
due to abnormalities of the elastic fi ber system. Clinically, 
MFS is characterized by defects in the cardiovascular, skel-
etal, and ocular systems. Given the presence of elastic fi bers 
in the lung it is not surprising that pulmonary complica-
tions also occur. Th e principal respiratory system abnormal-
ity in MFS is spontaneous pneumothorax, which occurs 
in approximately 5% of aff ected individuals. Th is indicates 
that spontaneous pneumothorax is statistically several hun-
dred times more likely in a person with MFS than in the 
general population. In fact, the diagnosis of MFS has often 
been made after an initial event of a spontaneous pneumot-
horax. Spontaneous pneumothorax may be familial even in 
the absence of MFS. Apical bullae are also known to occur 
in MFS and may be a predisposing factor for spontaneous 
pneumothorax. Emphysema and congenital cystic lung have 
also been documented in MFS. 

   Pulmonary function too has been studied in MFS but 
has been interpreted as essentially normal. In some cases 
of MFS, severe kyphoscoliosis may be a major contributor 
to pulmonary failure, however, that cannot be attributed to 
abnormal fi brillin in the lung, but to the generalized skeletal 
dysplasia. 

   Th erefore, one can conclude that primary defects in 
extracellular matrix proteins or their modifying enzymes 
can cause an array of pulmonary disease. However, even 
when the pulmonary abnormality leads to premature death, 
the manifestations in other organ systems are often more 
prominent ( Table 22.2   ).  

    EXTRACELLULAR MATRIX IN ASTHMA 
AND COPD 

   Alterations in connective tissue likely play key roles in 
the pathogenesis of both asthma and COPD          [105–107] . 
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Destruction of elastin is thought to be a major feature in 
the development of emphysema. Exposure of the lung to 
enzymes with elastolytic activity results in emphysema in 
animals  [108] . Histologic examination of the emphyse-
matous lung shows disrupted elastic fi bers  [109] . Urinary 
excretion of desmosine, a specifi c marker for degradation 
of elastin, has been observed in smokers and former smok-
ers with COPD. Smokers without COPD did not excrete 
desmosine        [110, 111] . Because individuals with severe defi -
ciency of  α -1-protease inhibitor, an inhibitor of several 
serine proteases, are at markedly increased risk to develop 
emphysema  [112] , these proteases have been thought to 
have a major role in the destruction of elastin. Recent stud-
ies, however, suggest that the matrix metalloproteases con-
tribute to the development of emphysema        [113, 114] . 

   In addition to tissue destruction, there is evidence 
of excess deposition of extracellular matrix (i.e. fi brosis in 
COPD). In addition to the destruction of elastin in emphy-
sema, there is an increase in deposition of collagen          [115–
117] . Fibrosis of the small airways is also a regular feature of 

 TABLE 22.2          Pulmonary manifestations of primary matrix abnormalities.  

   Matrix 

element  Disorder 

 Pulmonary 

abnormality 

   Type I collagen  Osteogenesis 

imperfecta (various 

types) 

 Pulmonary 

insuffi  ciency; 

Pulmonary 

hypertension 

   Type III collagen  Ehlers–Danlos 

(vascular type) 

 Spontaneous 

pneumothorax; 

hemoptysis 

   Elastin  Dominant cutis laxa  Bronchiectasis; 

emphysema 

   Fibulin-5  Recessive cutis laxa  Emphysema 

   Fibrillin-1  Marfan syndrome  Pneumothorax; 

pulmonary blebs; 

emphysema 

Bronchiole

Alveolar spaces

Artery

(A)

Elastic fibers with
microfibrillar scaffold

Bronchiole

Epithelium

Basemembrane
type IV collagen

Basementmembrane
type IV collagen

Endothelium

Trible helical
collagen

Dots represent sea
of proteoglycans

(B)

 FIG. 22.1   (A) Photomicrograph of normal H&E stained lung (original magnifi cation 100�). Various part are labeled in the fi gure. (B)        An artist’s rendition of 

a bronchiole. The outer (epithelium) and inner (endothelium) cellular layers surround the extracellular matrix containing triple helical collagen, elastic fi bers 

with their associated microfi brils, and proteoglycans.    
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chronic bronchitis  [118]  and is related to the development 
of airfl ow limitation        [119, 120] . Th e airways in COPD are 
of smaller than expected diameter; this may be a direct con-
sequence of this fi brotic process  [120] . 

   Extracellular matrix alterations have also been docu-
mented in asthma  [121] . For example, the connective tis-
sue in the large airways, include thickening of the lamina 
reticularis with increased deposition of collagen types I, III, 
and fi bronectin  [122] ; tenascin  [123] ; and fragmentation 
of the airway elastic fi ber network        [124, 125] . Th e thick-
ened lamina reticularis is particularly striking as the epithe-
lium can be seen to rest on a dense nearly acellular layer of 
apparently homogeneous connective tissue. Whether these 
changes are altered with therapy of asthma is controversial 
           [126–129] , but the connective tissue changes may occur 
somewhat independently of measures of clinical severity 
       [127, 130] . Th e functional signifi cance of the altered con-
nective tissue in asthma likely leads to compromised lung 
function  [106] . Similar changes in the small airways may 
account for increased peripheral airway resistance, reduced 
airway compliance  [131] , and progressive airfl ow limita-
tion in asthma        [132, 133] . Importantly, growth factors are 
critical for the extracellular matrix remodeling in asthma 
       [134, 135] . 

   Recognizing the complexity of the extracellular 
matrix, it seems likely that many alterations in these struc-
tural molecules will contribute to the pathophysiology of 
asthma and COPD. It seems likely as well that the many 
genetic variations in connective tissue metabolism, which 
are beginning to be characterized, will contribute to the het-
erogeneity observed in asthma and COPD. Understanding 
the genetic milieu will undoubtedly help to predict those at 
greatest risk          [4, 30, 136] .   
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             Prostanoids 

    ARACHIDONIC ACID METABOLISM 

   Th e release of arachidonic   acid from cell mem-
brane phospholipids, through the action of a 
family of phospholipases, can result in the pro-
duction of a wide variety of mediators which 
may be relevant in the pathogenesis of asthma. 
Th ese lipid mediators have traditionally been 
considered in two classes: 

    1.     mediators which result from the action of the 
cycloxygenases on arachidonic acid, which are 
prostaglandins (PG) or thromboxane (Tx)  

    2.     mediators which result from the action of 
the enzymes 5-, 12-, or 15-lipoxygenase on 
arachidonic acid, which are the leukotrienes 
(LT) and lipoxins (Lx).    

   Platelet-activating factor (PAF) has also 
been recognized to be a mediator formed dur-
ing arachidonic acid metabolism. 

   Th e oxidative metabolism of arachidonic 
acid by cycloxygenases produces the cyclic endo-
peroxides PGG 2  and PGH 2  ( Fig. 23.1   ). Th e 
subsequent action of prostaglandin isomerases 
produces either PGD 2  or PGE 2 , reductive cleav-
age produces PGF 2a , while one of two termi-
nal synthetases on the endoperoxide produces 
PGI 2  and TxA 2 . Cycloxygenase appears to be 
present in most cells; however, the cycloxygen-
ase metabolite(s) released from a particular cell 
are quite specifi c (e.g. TxA 2  from platelets, and 
PGI 2  from endothelial cells). Th is suggests that 
terminal synthetases are cell-specifi c. 

   At least two isoforms of cycloxygenase 
have been identifi ed: 

    1.     cycloxygenase-1 (COX-1), which is 
constitutively present mainly in the gastric 
mucosa, kidney and platelets  

    2.     cycloxygenase-2 (COX-2), which is mainly 
an inducible form, although also to some 
extent presents constitutively in the CNS, in 
the juxtaglomerular apparatus of the kidney, 
in the lung, in platelets, and in the placenta 
during late gestation.    

   Both isoforms contribute to the infl am-
matory process, but COX-2 is induced during 
acute and chronic infl ammation, resulting in an 
enhanced formation of prostaglandins. Some 
studies have indicated that associations between 
COX-2 polymorphisms, prostaglandin produc-
tion, and the development of asthma and atopy 
 [1] , while there is evidence that COX-1 poly-
morphisms do not appear to play a substantial 
role in genetic pre-disposition for asthma or 
asthma severity  [2] . 

   Prostaglandins and thromboxane mediate 
their eff ects through activation of specifi c recep-
tors, and there is cross-activation of these receptors 
by the diff erent agonists. Th e receptor designation 
has been accepted as the most potent agonist fol-
lowed by the term  “ prostanoid. ”  Th us, the throm-
boxane receptor is designated the TP receptor, 
and the PGE receptor is the EP receptor. Th ere 
are DP, EP, FP, and TP receptors; the EP recep-
tors are subdivided into EP1–EP4  [3] .  

    ROLE IN ASTHMA 

   All of the cycloxygenase products of arachi-
donic acid metabolism have been prepared by 
total chemical synthesis and, with the exception 
of thromboxane, are readily available for study. 
Th romboxane has an exceedingly short half-
life (about 30       s) and studies with thromboxane 
have been limited to a few, very circumscribed, 
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experimental preparations, none of them in the airways. 
Fortunately, several stable thromboxane mimetics have 
been developed. Th ese are endoperoxides which activate the 
thromboxane receptor and mimic the biological actions of 
thromboxane but have substantially longer half-lives. 

   Prostaglandins are believed to have a variety of eff ects 
on airway function in asthma. Th e prostaglandins are most 
easily considered in two classes. Th ere are stimulatory pros-
taglandins, such as PGD 2 , PGF 2a , and TxA 2 , which are 
potent bronchoconstrictors, and inhibitory prostagland-
ins, such as PGE 2 , which can reduce bronchoconstrictor 
responses and attenuate the release of bronchoconstrictor 
mediators, such as acetylcholine, from airway nerves. 

   Evidence has been obtained in both animal models 
of airway hyperresponsiveness  [4]  and in human subjects 
with asthma that cycloxygenase metabolites are involved 
in causing aspirin-induced bronchoconstriction  [5] , or 
bronchoconstriction after exercise  [6] . Th ere is, however, 
little convincing evidence that cycloxygenase metabolites 
are important in causing the ongoing, persisting airway 
hyperresponsiveness that is characteristic of asthma. Th is is 
because several studies have failed to demonstrate any eff ect 
of cycloxygenase inhibitors on stable airway hyperrespon-
siveness in asthmatic subjects. 

   Th e initial studies examining the role of cycloxygenase 
metabolites in the pathogenesis of transient airway hyper-
responsiveness after an infl ammatory stimulus were carried 
out using a cycloxygenase inhibitor, indomethacin, in dogs 
in whom airway hyperresponsiveness had been induced by 
exposure to inhaled ozone  [4] . Indomethacin did not alter 
baseline airway responsiveness to inhaled acetylcholine, 
but did prevent the development of airway hyperrespon-
siveness after inhaled ozone. Despite the absence of airway 
hyperresponsiveness, the magnitude of the infl ammatory 
response, as measured by the numbers of neutrophils in the 
airway epithelium, was not altered by indomethacin. Th is 
suggested that a cycloxygenase product was not respon-
sible for the chemotaxis of acute infl ammatory cells into 

the airways after inhaled ozone; however, a cycloxygenase 
product was released during the infl ammatory response which 
caused airway hyperresponsiveness. Subsequently, a reputed 
combined cycloxygenase and lipoxygenase inhibitor, 
BW755C, was also demonstrated to prevent the development 
of airway hyperresponsiveness after inhaled ozone in dogs  [7] . 
Inhibition of cycloxygenase by indomethacin also prevents 
the development of airway hyperresponsiveness in other spe-
cies including that which occurs after C 5a  des Arg exposure 
in rabbits  [8]  and following inhaled allergen in sheep  [9] . 

   Cycloxygenase products have been implicated in the 
pathogenesis of allergen-induced early asthmatic as well as 
late asthmatic responses in human subjects. Th is has been 
done by pretreating subjects with several diff erent cycloxy-
genase inhibitors. One study reported that pretreatment 
with indomethacin inhibited the late response, without hav-
ing a major eff ect on the early response  [10] . Another study, 
however, where subjects were pretreated with indomethacin, 
could not confi rm these observations on allergen-induced 
either early responses or late responses  [11] . However, in 
this latter study, indomethacin resulted in a signifi cant 
inhibition of the development of allergen-induced airway 
hyperresponsiveness, which suggests that a cycloxygenase 
product is involved in the pathogenesis of this response.  

    STIMULATORY PROSTAGLANDINS 

    Prostaglandin D 2  

   PGD 2  is known to be released from stimulated dispersed 
human lung cells  in vitro  and from the airways of allergic 
human subjects which have been stimulated by allergen 
 [12] . PGD 2  synthase is present in mast cells, T helper 2 
(T H 2) cells and other leukocytes. PGD 2  is rapidly metab-
olized (with a half-life of 1.5       min in blood), and the main 
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products that have been detected  in vivo  are PGJ 2  and 9 α  
11 β  PGF 2.  PGD 2  is a bronchoconstrictor of human airways 
and is more potent when inhaled by human subjects than 
PGF 2     [13] . 

   Th e biological eff ects of PGD 2  occur through stimu-
lation of the G-protein-coupled receptors DP 1 , CRTH2 
(also known as DP 2 ), and TP receptors  [14] , and in part 
indirectly through a presynaptic action on airway cholin-
ergic nerves to release acetylcholine  [15] . Th e bronchoc-
onstrictor eff ects of PGD 2  are mediated by stimulation of 
TP receptors  [16] . PGD 2  also caused vasodilatation lead-
ing to erythema and edema  [17] , which occurs through 
PGD 2  stimulation of the DP 1  receptor  [18] . PGD 2  is also 
known to cause chemotaxis of eosinophils  [19]  and T H 2 
lymphocytes and modulation of T H 2-cytokine produc-
tion, and these eff ects are mediated by PGD 2  stimulation 
of CRTH2  [20] . CRTH2 is a receptor unrelated to DP 1  
and which was originally described as an orphan chem-
oattractant-like receptor expressed by T H 2 cells  [21]  and 
which is now known to be selectively expressed by T H 2 
lymphocytes, eosinophils, and basophils  [22] . PGD 2  can 
stimulate the production of the cytokines IL-4, IL-5, and 
IL-13 by human T H 2 cells in the absence of co-stimulation 
 [23] . It has been suggested that DP 1  and CRTH2 coop-
erate to promote T H 2-dependent allergic responses  [14] . 
Activation of DP 1  promotes an environment in which 
polarization of T H 2 cells can occur, whereas CRTH2 medi-
ates their recruitment and activation to produce cytokines. 
Also, stimulation of DP 1  by PGD 2  has been suggested to 
induce regulatory T-cells and to control the extent of airway 
infl ammation by an IL-10 dependent mechanism  [24] . 

   Subthreshold contractile concentrations of PGD 2  
have been demonstrated to increase airway responsive-
ness to inhaled histamine and methacholine in asthmatic 
subjects  [25] . Th us, PGD 2  released in human airways after 
allergen inhalation has the potential to both cause acute 
broncho-constriction and increase airway hyperresponsive-
ness to other constrictor mediators. However, specifi c recep-
tor antagonists for PGD 2  or inhibitors of its production are 
not yet available to allow a precise evaluation of the impor-
tance of this cycloxygenase metabolite in the spontaneous 
asthmatic response.  

    Prostaglandin PGF 2 α   

   PGF 2    may also play a role as a mediator of bronchoconstric-
tion and airway hyperresponsiveness following inhaled aller-
gen in human subjects. PGF 2    is a potent bronchoconstrictor 
in asthmatic airways  [26] , and when inhaled at subthreshold 
constrictor concentrations increases airway responsiveness in 
dogs and human subjects  [27] . PGF 2    also causes bronchoc-
onstriction in human subjects partially through cholinergic-
mediated bronchoconstriction  [28] . As with PGD 2 , there 
are no selective PGF 2    receptor antagonists available, which 
would allow identifi cation of the specifi c importance of these 
metabolites in mediating theses airway responses. It has been 
suggested that all contractile prostaglandins act via the TP 1 �   
receptor. Th erefore, diff erentiation of the relative impor-
tance of the contractile prostaglandins in causing asthmatic 
responses may prove to be diffi  cult.  

    Thromboxane A 2  

   TxA 2  is a potent constrictor of smooth muscle. It was 
originally described as being released from platelets, but 
it is now known to be released from other cells, including 
macrophages and neutrophils. As noted above, the biologi-
cal half-life of TxA 2  is very short, so it has been implicated 
in disease processes through identifi cation of its more sta-
ble metabolite thromboxane B 2  (TxB 2 ) in biological fl u-
ids; through the use of the stable TxA 2  analogs U44069 
or U46619, which mimic most of the biological eff ects of 
TxA 2 ; and through the use of inhibitors of TxA 2  synthe-
sis and antagonists of the TxA 2  receptor. Using these tech-
niques, TxA 2  has been implicated in 

   ●      the pathogenesis of airway hyperresponsiveness in dogs 
 [29] and primates  [30] ;  

    ●     in the late cutaneous response to intradermal allergen in 
humans  [31] ;  

    ●     in the late asthmatic response after inhaled allergen in 
humans  [32] ;  

    ●     in airway hyperresponsiveness in asthmatic subjects  [33] .    

   Other studies, however, have demonstrated slight, 
but statistically signifi cant, inhibition of the magnitude of 
the allergen-induced early, but not the late responses after 
pretreatment with a thromboxane synthetase inhibitor or 
receptor agonist        [34, 35] . Th ese studies suggest that throm-
boxane may be released following allergen challenge, and 
may account for a portion of the airway narrowing observed 
during the early asthmatic response; however, thrombox-
ane is not important in the airway hyperresponsiveness that 
occurs following allergen inhalation.   

    INHIBITORY PROSTAGLANDINS 

   Th e diff erentiation of the prostaglandins into stimulatory or 
inhibitory mediators is somewhat inappropriate. For exam-
ple, both PGE 2  and PGF 2    can have diff erent eff ects on the 
airways depending on the time after inhalation at which 
the response is measured  [36] . However, the main action 
of PGE 2  and PGI 2  on airway function is to relax airway 
smooth muscle and to antagonize the contractile responses 
of other bronchoconstrictor agonists. In addition PGE 2  is 
extremely potent at inhibiting the release of acetylcholine 
from airway cholinergic nerves  [28] . 

   Th e evidence that inhibitory prostaglandins play a 
role in modulating the contractile responses of agonists in 
asthmatic subjects comes from studies which have demon-
strated that tachyphylaxis (a decreased response to repeated 
stimulation) occurs following repeated challenges with 
inhaled histamine, when challenges are separated by up to 
6       h  [37] . Also, repeated exercise challenges in asthmatic 
subjects, at intervals up to 4       h, also result in less bronchoc-
onstriction occurring after the second when compared to 
the initial exercise challenge  [38] . Th is has been termed 
 “ exercise refractoriness. ”  Th is inhibitory eff ect are abolished 
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by pretreatment with indomethacin  [38] . Th is suggests 
that inhibitory prostaglandins, released as a consequence 
of exercise, could modify bronchoconstrictor responses in 
asthmatics. Th is hypothesis is supported by studies which 
have demonstrated that pretreatment of asthmatic subjects 
with oral PGE 1 , in doses which do not cause bronchodi-

lation, reduce airway responsiveness to both histamine and 
methacholine  [39] , and that inhaled PGE 2  largely abolishes 
exercise-induced bronchoconstriction  [40]  ( Fig. 23.2   ). 

   Th ese results are consistent with studies of airway 
smooth muscle  in vitro , where histamine tachyphylaxis 
occurs through inhibitory prostaglandin release  [41]  and 
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with studies of dogs  in vivo  where histamine tachyphylaxis 
is inhibited by indomethacin  [42] . In addition, histamine 
t achyphylaxis in asthmatic subjects is blocked by pretreat-
ment with an H 2  receptor antagonist in asthmatics, sug-
gesting that H 2  receptor stimulation is involved with the 
development of histamine tachyphylaxis  [43] . Contraction 
of asthmatic airways by histamine also reduces airway 
responsiveness to acetylcholine and exercise  [44] . Th is lack 
of specifi city suggests that either receptor downregulation or 
an alteration of the contractile properties or airway smooth 
muscle is occurring. 

   An initial hypothesis to explain exercise refractori-
ness in asthmatics was that histamine is released following 
exercise, causing bronchoconstriction, but this also provides 
partial protection against subsequent exercise bronchocon-
striction, through PGE 2  released by stimulation of histamine 
H 2  receptors. However, several studies have suggested that 
this hypothesis is incorrect. First, the marked attenuation 
of exercise-induced bronchoconstriction by pretreatment 
with cysLT1, that is leukotriene (LT)D 4 -receptor antago-
nists indicates that LTD 4 , rather than histamine, is the main 
mediator responsible for exercise-induced bronchoconstric-
tion  [45] . Second, exercise refractoriness is not prevented by 
pretreatment with the H 2 -receptor antagonists, which eff ec-
tively prevent histamine tachyphylaxis  [46] . Th erefore, his-
tamine-stimulated inhibitory prostaglandin release does not 
appear to be the cause of exercise refractoriness. 

   Th ese studies raise the possibility that exercise refrac-
toriness is caused by leukotriene-stimulated inhibitory pros-
taglandin release. Th is hypothesis is supported by evidence 
that there is interdependence between the cycloxygenase 
and lipoxygenase pathways of arachidonate metabolism in 
causing exercise bronchoconstriction and refractoriness in 
asthmatic subjects.  [47]  

   Th e release of cysteinyl leukotrienes in the airways is 
also important in the pathophysiology of aspirin- intolerant 
asthma. Th is is associated with over-expression of the 
enzyme LTC 4  synthetase in the airways of patients with 
aspirin-intolerant asthma  [48] . In addition, pretreatment 
with inhaled PGE 2  prevents not only the bronchocon-
striction caused by aspirin, but also the increases in urinary 
LTE 4  associated with it  [49] . Th ese results suggest that, in 
patients with aspirin-intolerant asthma, PGE 2  may play 
a critical role in inhibiting the overproduction of cystei-
nyl leukotrienes, as this inhibiting eff ect is lost when the 
patients ingest aspirin or other cycloxygenase inhibitors. 

   Inhaled PGE 2  has also been demonstrated to attenuate 
allergen-induced bronchoconstrictor responses ( Fig. 23.3   ) 
and airway hyperresponsiveness  [50] , and to attenuate 
allergen-induced airway eosinophilic infl ammation  [51]  
( Fig. 23.4   ). Th us, these fi ndings suggest that endogenous 
PGE 2 , produced in response to inhaled allergen, may play a 
role in regulating the associated airway infl ammation.  

    SUMMARY 

   In asthmatic patients, it is likely that PGD 2  and TxA 2  are 
involved in causing acute bronchoconstriction after stimuli 

such as inhaled allergen in asthmatic patients. PGD 2  also 
promotes the chemotaxis of eosinophils and Th 2 cells, as 
well as the release of Th 2 cytokines through stimulation of 
CRTH2. Also, there is evidence that inhibitory prostaglan-
dins are released by asthmatic airways, which reduces bron-
choconstrictor responses to stimuli such as exercise, and 
that this eff ect is mediated by leukotriene-induced PGE 2  
release. PGE 2  also appears to play a role in inhibiting leu-
kotriene overproduction in patients with aspirin-intolerant 
asthma. Finally, PGE 2  can also attenuate allergen-induced 
airway responses and eosinophilic infl ammation. Th ese 
studies suggest that endogenous production of PGE 2  does 
have an important infl uence on the magnitude of asthmatic 
responses to stimuli such as exercise or inhaled allergens.   
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            Leukotrienes and Lipoxins 

   Th e leukotrienes (LTB 4 , LTC 4 , LTD 4 , and 
LTE 4 ) and lipoxins (LXA 4  and LXB 4 ) are 
  molecules derived by lipoxygenation of ara-
chidonic acid. Th ere is evidence that each of 
these molecules is potentially important in the 
pathogenesis of asthma and chronic obstruc-
tive pulmonary disease (COPD); this chapter 
reviews the biology of these molecules as related 
to these disease entities. 

    FORMATION AND METABOLISM OF 
THE LEUKOTRIENES 

   Arachidonic acid, a normal component of many 
cell membrane phospholipids, is commonly 
found esterifi ed to these phospholipids in the 
middle or  sn 2 position. In the presence of an 
appropriately activated phospholipase A 2 , ara-
chidonic acid is cleaved from internal and exter-
nal cell membranes and serves as the primary 
substrate for subsequent eicosanoid metabolism 
( Fig. 24.1   )  [1] ; there is a family of phospholipase 
A 2  (PLA 2 ) molecules with this catalytic capacity 
       [2, 3] . Th e two major forms of interest in leukot-
riene and lipoxin biosynthesis are cytosolic PLA 2  
(cPLA 2 ) and secretory PLA 2  (sPLA 2 )        [4, 5] . 

   Arachidonic acid, released as a result of 
PLA 2  action, enters into a series of reactions 
at the perinuclear membrane. Th e fi rst of these 
requires a specifi c 5-lipoxygenase activating 
protein (FLAP)        [6, 7] , which allows arachido-
nate to serve as a substrate for the enzyme 
5-lipoxygenase  [8] . 5-Lipoxygenase sequentially 
catalyzes the addition of molecular oxygen to 
arachidonic acid to form 5-hydroperoxy eico-
satetraenoic acid (5-HPETE) and leukotriene 
A 4  (LTA 4 ), respectively; LTA 4  is a major branch 
point in the formation of the leukotrienes  [1] . 

In one major pathway, found in a variety of cells 
but most notably neutrophilic polymorphonu-
clear leukocytes (PMN), the addition of water to 
form LTB 4  is catalyzed by LTA 4  hydrolase.  [9] . 

   In addition to LTB 4 , the 5-LO product 
(LTA 4 ) can also be enzymatically transformed 
to several other bioactive compounds  [1] . Each 
of the other two major lipoxygenases in human 
tissues, namely 12-LO and 15-LO, can convert 
LTA 4  to a distinct class of mediators termed 
lipoxins for lipoxygenase interaction products 
 [10] . Lipoxins carry 3 alcohol groups on arachi-
donic acid’s 20 carbon backbone with 4 conju-
gated double bonds. Th e redundant pathways 
for lipoxin (LX) biosynthesis indicate the func-
tional importance of these compounds. Because 
lipoxygenases are most commonly compartmen-
talized into distinct cell types, LX biosynthesis 
principally occurs during cell–cell interactions. 
For example, at sites of vascular injury or 
infl ammation, PMN 5-LO and platelet 12-LO 
can interact to generate LXA 4  and LXB 4   [11] . 
Th is transcellular LX generation is also bidi-
rectional as arachidonic acid can originate from 
either cell type  [12] . Because the airway is lined 
with epithelial cells that are enriched with 15-
LO activity, LX generation also occurs when 
leukocytes infi ltrate airways during infl amma-
tory responses  [13] . Of interest, interactions 
between 5-LO and 12-LO generate an equal 
amount of LXA 4  and LXB 4 , whereas 5-LO and 
15-LO interactions strongly favor LXA 4  pro-
duction  [14] . 

   Aspirin inhibits prostaglandin formation 
and triggers the formation of lipoxin epim-
ers  [15]  as well. Acetylation of cyclooxygen-
ase-2 at serine 516 blocks formation of PGG 2 . 
When this occurs, enzymatic action results in 
arachidonic acids being converted to 15(R)-
hydroxyeicosatetraenoic acid (15(R)-HETE). 
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Th is molecule can be a substrate for conversion of 5-LO to 
15-epimer-LXA 4  (15-epi-LXA 4 ), a compound also known 
as aspirin-triggered LXA 4 . Th is seemingly subtle switch in 
stereochemistry at carbon-15 leads to a twofold increase in 
circulating half-life and potency compared to the 15(S)-
LXA 4  product of 15-LO  [16] . Because cytochrome p450 
enzymes can also catalyze 15(R)-HETE formation from 
arachidonate, aspirin is not required for 15-epi-LXA 4  pro-
duction  [17] . 

   Similar to LTs, LXs are autacoids that are rapidly 
formed and rapidly, enzymatically inactivated  [18] . Th e 
major route for LX inactivation is dehydrogenation by 15-
hydroxy/oxo-eicosanoid oxidoreductase (15-PGDH), lead-
ing to the conversion of LXA 4  to the biologically inert 
15-oxo-LXA 4 . Th is compound is further converted to 13,
14-dihydro-15-oxo-LXA 4  by LXA 4 /PGE 13,14-reductase/
LTB 4  12-hydroxydehydrogenase (PGR/LTB 4 DH). Th is 
compound is subject to additional reduction of the 15-oxo 
group to 13,14-dihydro-LXA 4  by 15-PGDH. Moreover, 
LXs also undergo  β -oxidation  in vivo   [19] . 

   Other cells of myeloid origin including eosinophils, 
mast cells, and alveolar macrophages, not only have the 
capacity to form LTA 4  from arachidonic acid, but also they 
possess a unique and specifi c glutathionyl- S -transferase, LTC 4  
synthase, which catalyzes the conjugation of glutathione 
to LTA 4 , at carbon 6, to form leukotriene C 4  (LTC 4 ) 
         [20–22] . Once formed, LTC 4  exits the cell via a specifi c 

transmembrane transporter          [23–25] , and when it is out-
side the cell, LTC 4  serves as a substrate for  γ -glutamyl 
transpeptidase        [26, 27]  or a specifi c leukotrienase  [28] , which 
cleaves the glutamic acid moiety from its peptide chain to 
form leukotriene D 4  (LTD 4 ; LTD 4  is further processed by 
the removal of the glycine moiety from its peptide chain 
to form leukotriene E 4 , LTE 4 )        [29, 30] . LTC 4 , LTD 4 , and 
LTE 4  make up the material formerly known as slow-react-
ing substance of anaphylaxis or SRS-A and are collectively 
known as the cysteinyl leukotrienes. 

   In the presence of appropriately activated PMNs, the 
cysteinyl leukotrienes are degraded to their respective sul-
foxides and 6- trans  diastereoisomers of LTB 4   [31] . In the 
absence of such cells the major degradation and excretion 
products of the cysteinyl leukotrienes are native LTE 4 , 
 N -acetyl LTE 4 , or the products resulting from  ω -oxidation 
and  β -elimination of LTE 4   [32] .  

    LEUKOTRIENES IN ASTHMA 

   Since the structural identifi cation of the leukotrienes, a 
number of lines of evidence have accrued indicating a causal 
role for the cysteinyl leukotrienes in aspects of the asthmatic 
response. Th ese are reviewed in the following sections. 

 FIG. 24.1          Schematic showing the synthesis of leukotrienes from arachidonic acid and the site of action of various drugs in the pathway.     Reproduced from 

Ref. [75], with permission.
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    Cysteinyl leukotrienes in the pathology of 
chronic mild asthma 

   Th e cysteinyl leukotrienes are synthesized and exported into 
the microenvironment by constitutive and infi ltrating cells 
including mast cells and eosinophils        [33, 34] . Cysteinyl leu-
kotrienes produced by these cells have numerous actions but 
the predominant ones in asthma are their ligation of leuko-
triene receptors on airway smooth muscle and the bronchial 
vasculature mediating airway obstruction and microvascular 
leak          [35–37] .  

    Biological eff ects of cysteinyl leukotrienes 
relevant to the asthmatic response 

   Th e leukotrienes are known to have profound biochemical, 
immunological, and physiological eff ects, even in picomolar 
concentrations, including induction of airway obstruction, 
tissue edema, and expression of bronchial mucus from sub-
mucosal glands          [38–40] ; these pathobiological eff ects make 
them part of the panel of mediators which characterize 
asthmatic responses. 

   Although these mediators have pleotropic biological 
actions, the ability of the cysteinyl leukotrienes to mediate 
airway narrowing in normal individuals and persons with 
asthma is critical to the biology of asthma. Inhalation of 
aerosols of leukotrienes by normal subjects results in airway 
obstruction as manifested by a decrease in fl ow rates during 
a forced exhalation                            [41–52] . In addition, among normal 
subjects there is a relationship between responsiveness to 
the leukotrienes and responsiveness to reference agonists 
such as histamine or methacholine        [46, 47] . Subjects that 
are more responsive to histamine are those that are more 
responsive to the leukotrienes. 

   In subjects with asthma, LTC 4 , LTD 4 , and LTE 4  are 
potent bronchoconstrictor agonists when administered by 
aerosol, as indicated by induced decrements in the FEV 1 , 
in the  �V    30P , or in specifi c conductance                [46–48, 50, 53, 54] . 
When the latter outcome indicator is used, the nebulizer 
concentrations required to narrow airways in asthmatics are 
approximately one-tenth of those required by normal sub-
jects to achieve the same decrement in airfl ow rates. Since 
normal subjects are approximately 100-fold less sensitive to 
histamine or methacholine than asthmatic subjects, whereas 
they are only 10-fold less responsive to the cysteinyl leuko-
trienes, this indicates that the relative degree of hyperre-
sponsiveness to the cysteinyl leukotrienes is less than that 
observed when histamine or methacholine is used as the 
contractile agonist.  

    Leukotriene recovery in asthma 

   Cysteinyl leukotrienes have been recovered after experi-
mental challenges, which elicit clinical symptoms similar to 
those that occur in spontaneously occurring asthmatic con-
ditions. Leukotrienes have also been recovered in the nasal 
lavage fl uid after intranasal challenge with either antigen or 
cold air        [55, 56] . Leukotrienes are recovered in signifi cantly 

greater amounts in the bronchoalveolar lavage (BAL) fl uid 
from subjects with symptomatic asthma than from subjects 
with asymptomatic asthma or normal subjects            [57–60] , as 
well as from exhaled breath condensate          [61–63] , suggest-
ing that the leukotrienes are produced locally in the lungs 
of patients with asthma. 

   Th e profusion of leukotriene production can be esti-
mated from measurements made on urine samples                [64–69] . 
In normal human subjects, after intravenous administration 
of radiolabeled LTC 4 , 12–48% of the counts are recovered 
in the urine with 4–13% as intact LTE 4         [70, 71] , and it is 
now common to measure leukotriene recovery from the 
urine as an index of endogenous production of leukotrienes. 

   Asano  et al .  [72]  examined urinary LTE 4  excretion rates 
in eight patients with mild chronic stable asthma (FEV 1   �
 70% predicted, inhaled  β -agonists as the only asthma treat-
ment) followed on a metabolic ward for 4 days. Th ey 
demonstrated that, on average, patients with asthma have sig-
nifi cantly higher urinary LTE 4  levels than normal subjects. 
However, among the asthmatics studied there were indi-
viduals who were persistent hyperexcretors of urinary LTE 4  
and others with urinary LTE 4  levels that were persistently 
within the normal range. Among the explanations for this 
fi nding is the possibility that, among patients with asthma, 
whose clinical phenotype is similar, there are individuals 
whose asthma is associated with leukotriene production 
and others for whom this is not the case. Th ese data clearly 
indicate that, during spontaneous, induced, or chronic stable 
asthma, at least in some individuals, there is enhanced uri-
nary LTE 4  excretion and by inference an increased cysteinyl 
leukotriene production. Among patients with severe asthma, 
who are receiving treatment with corticosteroids, there are 
substantially increased levels of LTE 4  in the urine  [73] .  

    Leukotriene receptor blockade and 
synthesis inhibition 

   Two classes of pharmacological agents have been demon-
strated to have a salutary eff ect on airway obstruction in 
patients with asthma: leukotriene receptor antagonists and 
leukotriene synthesis inhibitors. As noted above there are at 
least two distinct receptors that when ligated transduce the 
biological activity of the cysteinyl leukotrienes; there are the 
cysteinyl leukotriene receptors type 1 and type 2 (CysLT 1  
and CysLT 2 )        [37, 74] . Although many chemically distinct 
antagonists at the CysLT 1  receptor have been recognized, 
as of the present time, only three have been introduced 
into medical use; namely, pranlukast, zafi rlukast, and 
montelukast  [75] . 

   With regard to leukotriene synthesis inhibitors, 
agents have been developed which are direct inhibitors of 
5-LO, such as zileuton  [76] , as well as agents that inhibit 
the interaction between arachidonic acid and FLAP (MK-
0591 and Bay x1005)        [77, 78]  ( Fig. 24.2   )  . 

    Induced asthma 

   Leukotriene receptor antagonists and synthesis inhibitors 
have been shown to inhibit various types of laboratory-
induced asthma              [80–84] . Current data indicate that most 
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 TABLE 24.1          Early studies of leukotriene modifi ers in patients with chronic persistent asthma a   

     Zafi rlukast  Montelukast  Pranlukast  Zileuton 

   Number of patients b   70  408  45  122 

   Length of study  6       week  12       week  6       week  6       mo 

   Dose (oral)  20       mg b.i.d.  10       mg q.d.  337.5       mg b.i.d.  600       mg q.i.d. 

   Baseline FEV 1  (% of predicted)  66%  66%  66%  62% 

   Trough improvement in FEV 1  liters c   0.23       l g   –   � 0.31       l g   0.34       l 

   Trough improvement in FEV 1  percent       c,d   11% (13–14%) g   –   � 11.5%       g,h   15(18)% 

   Peak improvement in FEV 1        d,e   –  13%  –  20% i  (23%) g  

   β-adrenergic agonist use reduction d   31%  27% j   NC  (30%) 

   Improvement in AM PEFR d   6%  6.1%   � 5% g   7.1% (8.5%) 

   Treatment failure or glucocorticoid rescue therapy 

(treatment versus placebo) f  

 2% versus 10%  –  –  8.3% versus 21.5% g  

   Decrease in symptoms: day/night (%)  28/46  20/NC  NC/28  36/33 

  Reproduced from Ref.  [75] . © 1999 Massachusetts Medical Society. All rights reserved with permission.   NC: no signifi cant change; PEFR: peak expiratory fl ow rate.  

  a  Compared with pretreatment values. Only data from double-blind, randomized, and placebo-controlled studies are included. Although additional studies with each drug have 

been reported, the study chosen for display is representative. All values were statistically signifi cant from placebo unless otherwise indicated.  

  b  Number of patients receiving active treatment at the dose indicated. Zafi rlukast was administered at twice the currently recommended dose.  

  c  Trough values: values immediately before next dose or those values not reported as obtained at times of expected peak plasma concentrations or eff ects.  

  d  Figures  not  in parentheses represent means over the study period or end-point analyses. Figures in parentheses represent maximum eff ect among the study observation 

intervals reported.  

  e   Values recorded at or near time of drug’s expected peak plasma concentration or eff ects.  

  f   Treatment failure for zafi rlukast; glucocorticoid rescue therapy for zileuton.  

  g  Derived from fi gures or statistics.  

  h  225       mg dose.  

  i  Endpoint value: NS versus placebo at week 26.  

  j  Percentage diff erence compared with placebo.  

 FIG. 24.2          Mean percentage change in forced expiratory volume rate in the fi rst second (FEV 1 ) ( � SE) from pre-randomization baseline during 13 weeks of 

treatment with 600       mg of zileuton, 400       mg of zileuton, or placebo, each given four times daily. Asterisk indicates  p      �       0.05 versus placebo; and the dagger, 

 p      �       0.01 versus placebo. Left panel, average FEV 1  2–4       h after drug ingestion (expected time of peak drug levels). Right panel, FEV, before ingestion of 

morning dose of drug (expected time of low drug levels). Reproduced from Ref.  [79] , with permission.    
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but not all of the physiological eff ects of aspirin-induced 
asthma derive from the action of the cysteinyl leukot-
rienes        [82, 85] . It is important to note that, although all 
the physiological eff ects of aspirin-induced asthma derive 
from the eff ects of the leukotrienes, this does not mean that 

anti-leukotriene treatment can prevent all the clinical 
manifestations of aspirin ingestion in patients with aspirin-
sensitive asthma. Indeed, there have been reports of aspirin-
induced asthma in patients receiving treatment with CysLT 1  
receptor antagonists        [86, 87] . Th ese fi ndings are consistent 
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with the known competitive nature of CysLT 1  antagonists 
and the massive release of cysteinyl leukotrienes after aspirin 
ingestion in patients with aspirin-induced aspirin.  

    Leukotriene inhibition in chronic stable asthma 

   Multiple double-blind and placebo-controlled and active 
compartor clinical trials in both adult and pediatric patients 
with mild-to-moderate chronic stable asthma reported in 
the archival literature; these have been the subject of multi-
ple reviews              [88–92] . 

   Th e general design of these trials has been similar. 
Th ey have recruited and enrolled patients whose asthma was 
marginally controlled solely by use of inhaled  β -agonists, 
who had FEV 1  values most often between 40% and 80% of 
predicted, who had moderate asthma symptoms as judged 
from daily symptom diaries. Each trial incorporated a 1–3 
week  “ run-in ”  period when all patients had their asthma 
control monitored while on single-blind oral placebo. 
During this period baseline lung function,  β -agonist use, 
and symptom data were gathered. Patients then entered a 
period in which they received randomized treatment with 
an active agent or placebo. Patients returned on a regular 
basis to their clinical centers where their lung function and 
asthma symptom data were recorded; the results from these 
trials are summarized in  Table 24.1   . 

   In the course of the performance of these trials, it has 
been noted by many investigators that there is a marked 
variability among individuals in the response to anti-
leukotriene treatment. One interpretation of this obser-
vation is that there could be genetic diff erences among 
individuals that lead to diff erences in the role of leukotrienes 
in a given individual’s asthmatic responses. Polymorphisms, 
both with and without known functional consequences 
have been identifi ed in a number of the genes encoding the 
proteins that make up the 5-lipoxygenase pathway                [94–99] . 
Th e gene encoding 5-lipoxygenase has been shown to har-
bor variability that is associated with the asthma treatment 
response, but the specifi c functional variants within that 
gene have not been identifi ed        [97, 100] .    

    LIPOXINS IN ASTHMA 

   Lipoxins are derived from arachidonic acid, yet structurally 
and functionally distinct from prostaglandins and leukot-
rienes  [1] . Th ere is a growing body of evidence linking these 
counter-regulatory eicosanoid mediators to homeostatic air-
way responses including control of airway infl ammation and 
reactivity  [101] . 

    Lipoxins in the pathology of chronic 
mild asthma 

   Lipoxins and 15-epi-LXs display several features of media-
tors inhibiting airway infl ammation  [10]  including inhibi-
tion  in vivo  of eosinophil and T-lymphocyte activation and 
TH2 cytokine release        [102, 103] . LXs are generated in 

respiratory tissues  [13]  and block airway infl ammation 
and hyperresponsiveness in an experimental model of 
asthma  [102] .  

    Biological eff ects of lipoxins relevant 
to the asthmatic response 

   Lipoxin A 4  displays cell-type selective actions  [10] . On the 
one hand, LXA 4  blocks PMN activation and transmigration 
across endothelial and epithelial cells            [104–107] . Distinct 
from these stop signals for PMNs, LXA 4  stimulates mono-
cyte locomotion and macrophage phagocytosis of apoptotic 
PMNs        [108, 109] . LXA 4  also reduces eosinophil tissue 
accumulation  [102] , dendritic cell (DC) mobilization  [110] , 
T-lymphocyte cytokine release  [103] , and NK cell cytotox-
icity  [111] . In sum, LXs regulate both innate and acquired 
immune eff ector cells to reduce leukocyte entry into tissues 
and promote clearance of apoptotic cells, important mecha-
nisms in the resolution of acute infl ammation. 

   LXs also regulate airway epithelial cells  [112] . LXA 4  
blocks proinfl ammatory cytokine and chemokine release 
and gene expression via NF κ B  [113] . Of interest, LX sign-
aling increases expression of bacterial permeability-inducing 
protein in epithelial cells to enhance mucosal bacterial kill-
ing  [114] . Th us, in addition to anti-infl ammation, LXA 4  
signals carry host protective actions. 

   Lipoxins also potently regulate pulmonary responses. 
LXA 4  relaxes precontracted pulmonary arteries and bronchi 
 [115] . In addition, a LX stable analog, designed using the 
15-epi-LXA 4  structure as a template, markedly inhibits (with 
as little as 1        μ g;  � 0.05       mg/kg) allergen-driven airway hyper-
responsiveness and infl ammation in an experimental model 
of asthma  [102] . Asthma is frequently worsened by aspira-
tion of gastric acid, and LX and 15-epi-LX signaling pro-
mote restitution of injured airway epithelium and resolution 
of acid-initiated acute airway injury        [112, 116] . Together, 
the impact of LXs on both cellular eff ectors and airway 
responses indicate protective roles for these counter-regula-
tory mediators in airway infl ammation and hyperresponsive-
ness, important processes linked to asthma pathogenesis. 

   As a consequence of LXs ’  rapid inactivation, there is 
only limited information on their actions in humans  in vivo . 
In one clinical trial, LXA 4  was administered to individuals 
with asthma, leading to protection from LTC 4 -induced bron-
choconstriction  [117] . Th e recent development of new LX 
stable analogs that are topically and orally active should ena-
ble further investigation on LX regulation of human illness.  

    Lipoxin recovery in asthma 

   Lipoxins have been identifi ed in human subjects with a 
wide range of respiratory illnesses involving leukocyte acti-
vation  [13] . Both LXs and 15-epi-LXs are generated during 
respiratory infl ammation        [101, 118] . LXA 4  (0.4–2.8       ng/ml) 
has been detected in BAL and pleural fl uid from individu-
als with infl ammatory lung disease        [13, 119] . In a murine 
experimental model of asthma, LX formation at peak air-
way infl ammation is similar in magnitude to the amount of 
LTB 4  formed, yet one to two log orders less than cysteinyl 
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LTs and PGE 2   [102] . Of interest, diminished formation of 
these counter-regulatory mediators has been identifi ed in 
severe forms of human respiratory illness, including aspi-
rin-intolerant asthma  [120]  and severe, steroid-dependent 
asthma  [121] . Decreased production of these counter-regu-
latory substances could predispose the host to more severe, 
infl ammatory responses in the lung.  

    Lipoxin A 4  receptors 

   Lipoxins interact with one or more specifi c receptors to sig-
nal their counter-regulatory actions. LXA 4  can serve as a 
high affi  nity ligand for the LXA 4  receptor (ALX)        [122, 123]  
and a receptor-level antagonist for a subclass of LTD 4  recep-
tors (i.e. CysLT1)  [124] . ALX is a seven-transmembrane 
spanning, G-protein coupled protein, binding LXA 4  with 
high affi  nity (K D       	      1.7       nM)  [125] . Th e human, mouse 
and rat ALX amino acid sequences share 74% or greater 
homology with the highest homology found in their sec-
ond intracellular loop (100% identical) and sixth transmem-
brane segments (93% identical)  [126] . ALX receptors are 
expressed in several mammalian cells and tissues including 
human PMNs, monocytes, epithelial cells, and human and 
murine spleen. Interleukin-13 and interferon- γ  dramatically 
induce ALX expression  in vitro  in airway epithelial cells 
 [124] . Cytokine regulation of ALX is also evident  in vivo  
during disease states, as ALX is upregulated in airway epi-
thelial and infl ammatory cells during allergic airway infl am-
mation in a murine model of asthma  [102] . ALX was the 
initial receptor identifi ed that binds to both lipid and pep-
tide ligands  [123] . Of interest for asthma therapy, corticos-
teroids induce expression of annexin 1 that is enzymatically 
cleaved to peptides that can also interact with ALX to initi-
ate anti-infl ammatory circuits  [127] . In PMNs, ALX signals 
for LXs ’  anti-infl ammatory eff ects, in part, by polyisoprenyl 
phosphate remodeling  [107]  and by inhibition of leukocyte-
specifi c protein-1 phosphorylation, a downstream regulator 
of the p38-MAPK cascade  [128] . Targeted expression of 
human LXA 4  receptors to murine leukocytes in transgenic 
mice also dramatically inhibits allergen sensitization, eosi-
nophil traffi  cking, and airway infl ammation  [102] .   

    LEUKOTRIENES AND LIPOXINS IN COPD 

    Leukotrienes and the biology of the 
bronchitic airway 

   Th ere are fewer data concerning the role of leukotrienes in 
the pathogenesis of COPD than are available about this 
class of mediators in asthma. Introduction of leukotrienes 
into the microenvironment of the airway is associated with 
expression of mucus from glands        [129, 130] . Th e receptor 
for LTB 4  has been detected in greater profusion on alveo-
lar macrophages from patients who smoke and have airway 
obstruction than from either normal subjects or patients 
who smoke and do not have airway obstruction  [131] . 

Th e leukotrienes have pleomorphic infl ammatory actions 
that are relevant to the microenvironment of the airway in 
COPD. Although a complete evaluation of these actions is 
beyond the scope of this chapter, there are excellent review 
articles that refl ect this biology              [39, 40, 132–134] . Th ese 
data indicate that if leukotrienes were to become available 
in the microenvironment of the airway that they have the 
potential to contribute to aspects of the bronchotic pheno-
type; at this time, their exact role is not known.  

    Recovery of leukotrienes in COPD 

   Leukotrienes have been recovered in greater quantities from 
the airways of patients with COPD. For example they are 
found in the sputum, BAL fl uid, or exhaled breath conden-
sate of patients with chronic bronchitis at higher levels than 
from similar samples obtained from normal subjects                [135–
140] . In one study the concentration of LTB 4  in sputum was 
closely correlated with the number of polymorphonuclear 
leukocytes recovered in the sputum  [140] . When patients 
with COPD were treated with ibuprofen, the amount of 
LTB 4  recovered in the exhaled breath condensate increased; 
there was no eff ect of rofecoxib on this measure  [141] . 
Sputum obtained from patients in the midst of an infec-
tive exacerbation of chronic bronchitis contained high levels 
of LTB 4 , which fell with treatment  [142] . In these samples 
LTB 4  constituted about one-third of the total chemotactic 
activity at the time of disease presentation, and the impor-
tance of LTB 4  as a chemotactic factor fell with antibiotic 
treatment. Th ese data indicate that leukotrienes, both cystei-
nyl and di-hydroxy moieties, are present and likely active 
in the airway microenvironment in COPD. While limited 
information is currently available on LXs and COPD, LXA 4  
and 15-epi-LXA 4  are both found in increased amounts in 
sputum from subjects with COPD  [118] . 

   Th ere are few data in the archival literature from stud-
ies in which agents active on various components of the 
5-lipoxygenase pathway have been studied on lung function 
in patients with COPD. Small studies, with varying quality 
of controls, show that treatment of patients with leukotriene 
receptor antagonists modifi es a number of outcome indica-
tors in COPD. In most studies the eff ects are salutary, but 
the magnitude of clinical improvement is marginal at best 
             [93, 143–146] . Since these data are not biologically informa-
tive with respect to the role the leukotrienes in COPD, larger 
better-controlled studies are needed to resolve this issue.   

    CONCLUSIONS 

   Th e available data support the following conclusions as to 
the role of leukotrienes and lipoxins in bronchial asthma 
and COPD: 

      ●      Th ey are produced by constitutive cells (mast cells/
macrophages) and infi ltrating cells (eosinophils, 
neutrophils) implicated in asthma and COPD.  

      ●      Th ey are potent bronchoconstrictor agonists.  
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      ●      Th eir administration results in the expression of mucus 
from mucous glands.  

      ●      Laboratory-induced asthma and spontaneous asthma 
or COPD is associated with an enhanced recovery of 
leukotrienes in the urine and exhaled breath condensate 
of subjects with asthma and sputum, BAL or exhaled 
breath condensate leukotrienes in COPD.  

      ●      Asthma control is enhanced (compared with placebo) by 
agents capable of interfering with leukotriene action or 
synthesis. Similar data are not available for COPD.    

●    Th e data indicate that the leukotrienes play an important 
role in the asthmatic response. We are not sure of the 
importance of the pathogenetic role of the leukotrienes 
in COPD.   

●    Lipoxins are generated in respiratory tissues in asthma 
and COPD and can decrease airway infl ammation and 
hyperresponsiveness in laboratory-induced asthma. 

  References  

       1 .         Samuelsson     B  ,   Dahlen     SE  ,   Lindgren     JA  ,   Rouzer     CA  ,   Serhan     CN             . 
 Leukotrienes and lipoxins: Structures, biosynthesis, and biological 
eff ects .         Science         237         :  1171  –       76      ,  1987   .        

       2 .         Dennis     EA             .  Th e growing phospholipase A2 superfamily of signal 
transduction enzymes .         Trends Biochem Sci         22         :  1  –       2      ,  1999   .        

       3 .         Murakami     M  ,   Kudo     I             .  Phospholipase A(2) .         J Biochem         131      ( 3 )       :  285  –       92      , 
 2002   .        

       4 .         DeMarino     V  ,   Gentile     M  ,   Granata     F  ,   Marone     G  ,   Triggiani     M             .  Secretory 
phospholipase A(2): A putative mediator of airway infl ammation .         Int 
Arch Allergy Immunol         118      ( 2–4 )       :  200  –       1      ,  1999   .        

       5 .         Leslie     CC             .  Properties and regulation of cytosolic phospholipase A2 . 
        J Biol Chem         272         :  16069  –       72      ,  1997   .        

       6 .         Dixon     RA  ,   Diehl     RE  ,   Opas     E          et al        .  Requirement of a 5-lipoxygenase-
activating protein for leukotriene synthesis .         Nature         343         :  282  –       84      ,  
1990   .        

       7 .         Reid     GK  ,   Kargman     S  ,   Vickers     PJ          et al        .  Correlation between expression 
of 5-lipoxygenase-activating protein, 5-lipoxygenase, and cellular leu-
kotriene synthesis .         J Biol Chem         265         :  19818  –       23      ,  1990   .        

       8 .         Petersgolden     M  ,   Brock     TG             .  5-lipoxygenase and FLAP .         Prostagland 
Leuk Essent Fatty Acids         69      ( 2–3 )       :  99  –       109      ,  2003   .        

       9 .         Haeggstrom     JZ             .  Leukotriene A(4) hydrolase and the committed step 
in leukotriene B-4 biosynthesis .         Clin Rev Allergy Immunol         17      ( 1–2 )       : 
 111  –       31      ,  1999   .        

      10 .         Serhan     CN             .  Resolution phases of infl ammation: Novel endogenous 
anti-infl ammatory and proresolving lipid mediators and pathways . 
        Annu Rev Immunol                   ,  2006   .        

      11 .         Serhan     CN  ,   Sheppard     KA             .  Lipoxin formation during human neutrophil-
platelet interactions. Evidence for the transformation of leukotriene A4 
by platelet 12- lipoxygenase  in vitro  .         J Clin Invest         85         :  772  –       80      ,  1990   .        

      12 .         Fiore     S  ,   Serhan     CN             .  Formation of lipoxins and leukotrienes during receptor-
mediated interactions of human platelets and recombinant human granu-
locyte/macrophage colony-stimulating factor-primed neutrophils .         J Exp 
Med         172      ( 5 )       :  1451  –       57      ,  1990   .        

      13 .         Lee     TH  ,   Crea     AE  ,   Gant     V          et al        .  Identifi cation of lipoxin A4 and its 
relationship to the sulfi dopeptide leukotrienes C4, D4, and E4 in the 
bronchoalveolar lavage fl uids obtained from patients with selected pul-
monary diseases .         Am Rev Respir Dis         141         :  1453  –       58      ,  1990   .        

      14 .         Serhan     CN             .  Lipoxins and novel aspirin-triggered 15-epi-lipoxins 
(ATL): A jungle of cell–cell interactions or a therapeutic opportunity?  
        Prostaglandins         53      ( 2 )       :  107  –       37      ,  1997   .        

      15 .         Claria     J  ,   Serhan     CN             .  Aspirin triggers previously undescribed bioactive 
eicosanoids by human endothelial cell-leukocyte interactions .         Proc Natl 
Acad Sci USA         92         :  9475  –       79      ,  1995   .        

      16 .         Clish     CB  ,   O’Brien     JA  ,   Gronert     K  ,   Stahl     GL  ,   Petasis     NA  ,   Serhan  
   CN             .  Local and systemic delivery of a stable aspirin-triggered lipoxin 
prevents neutrophil recruitment  in vivo  .         Proc Natl Acad Sci USA         96      ( 14 )       : 
 8247  –       52      ,  1999   .        

      17 .         Claria     J  ,   Lee     MH  ,   Serhan     CN             .  Aspirin-triggered lipoxins (15-epi-LX) 
are generated by the human lung adenocarcinoma cell line (A549)-
neutrophil interactions and are potent inhibitors of cell proliferation . 
        Mol Med         2      ( 5 )       :  583  –       96      ,  1996   .        

      18 .         Serhan     CN  ,   Fiore     S  ,   Brezinski     DA  ,   Lynch     S             .  Lipoxin-A(4) metabolism 
by diff erentiated HL-60 cells and human monocytes – conversion to 
novel 15-oxo and dihydro products .         Biochem         32         :  6313  –       19      ,  1993   .        

      19 .         Guilford     WJ  ,   Parkinson     JF             .  Second-generation beta-oxidation resist-
ant 3-oxa-lipoxin A4 analogs .         Prostaglandins Leukot Essent Fatty Acids        
 73      ( 3–4 )       :  245  –       50      ,  2005   .        

      20 .         Lam     BK  ,   Penrose     JF  ,   Freeman     GJ  ,   Austen     KF             .  Expression cloning of a 
cDNA for human leukotriene C 4  synthase, an integral membrane pro-
tein conjugating reduced glutathione to leukotriene A 4  .         Proc Natl Acad 
Sci USA         91         :  7663  –       67      ,  1994   .        

      21 .         Welsch     DJ  ,   Creely     DP  ,   Hauser     SD  ,   Mathis     KJ  ,   Krivi     GG  ,   Isakson     PC             . 
 Molecular cloning end expression of human leukotriene-C 4  synthase . 
        Proc Natl Acad Sci USA         91         :  9745  –       49      ,  1994   .        

      22 .         Lam     BK             .  Leukotriene C-4 synthase .         Prostagland Leuk Essent Fatty 
Acids         69      ( 2–3 )       :  111  –       16      ,  2003   .        

      23 .         Loe     DW  ,   Almquist     KC  ,   Deely     RG  ,   Coles     SPC             .  Multidrug resistance 
protein (MRP)-mediated transport of leukotriene C4 and chemothera-
peutic agents in membrane vesicles .         J Biol Chem         271         :  9675  –       82      ,  1996   .        

      24 .         Gao     M  ,   Yamazaki     M  ,   Loe     DW          et al        .  Multidrug resistant protein: 
Identifi cation of regions required for active transport of leukotriene 
C4 .         J Biol Chem         273         :  10733  –       40      ,  1998   .        

      25 .         Qian     YM  ,   Qiu     W  ,   Gao     M  ,   Westlake     CJ  ,   Cole     SPC  ,   Deeley     RG             . 
 Characterization of binding of leukotriene C-4 by human multidrug 
resistance protein – Evidence of diff erential interactions with NH2- 
and COOH-proximal halves of the protein .         J Biol Chem         276      ( 42 )       : 
 38636  –       44      ,  2001   .        

      26 .         Bernstrom     K  ,   Orning     L  ,   Hammarstrom     S             .  Gamma-glutamyl transpepti-
dase, a leukotriene metabolizing enzyme .         Methods Enzymol         86         :  38  –       45      , 
 1982   .        

      27 .         Hanigan     MH  ,   Frierson     HF             .  Immunohistochemical detection of 
gamma-glutamyl transpeptidase in normal human tissue .         J Histochem 
Cytochem         44      ( 10 )       :  1101  –       8      ,  1996   .        

      28 .         Han     B  ,   Luo     GY  ,   Shi     ZZ          et al        .  gamma-Glutamyl leukotrienase, a novel 
endothelial membrane protein, is specifi cally responsible for leukotriene 
D-4 formation  in vivo  .         Amer J Pathol         161      ( 2 )       :  481  –       90      ,  2002   .        

      29 .         Lewis     RA  ,   Drazen     JM  ,   Austen     KF  ,   Clark     DA  ,   Corey     EJ             .  Identifi cation 
of the C(6)-S-conjugate of leukotriene A with cysteine as a naturally 
occurring slow reacting substance of anaphylaxis (SRS-A). Importance 
of the 11-cis-geometry for biological activity .         Biochem Biophys Res 
Commun         96         :  271  –       77      ,  1980   .        

      30 .         Parker     CW  ,   Koch     D  ,   Huber     MM  ,   Falkenstein     SF             .  Formation of 
the cysteinyl form of slow-reacting substance of analyphylaxis 
(leukotriene E) on human plasma .         Biochem Biophys Res Commun         97         : 
 1038  –       46      ,  1980   .        

      31 .         Murphy     RC  ,   Wheelan     P             .  Pathways of Leukotriene Metabolism in 
Isolated Cell Models and Human Subjects .                       New York :       Macel Dekker, 
Inc      ,  1998   .        

      32 .         Sala     A  ,   Voelkel     N  ,   Maclouf     J  ,   Murphy     RC             .  Leukotriene E4 elimination 
and metabolism in normal human subjects .         J Biol Chem         265         :  21771  –       78      , 
 1990   .        

      33 .         BandeiraMelo     C  ,   Weller     PF             .  Eosinophils and cysteinyl leukotrienes . 
        Prostagland Leuk Essent Fatty Acids         69      ( 2–3 )       :  135  –       43      ,  2003   .        

      34 .         Boyce     JA             .  Th e role of mast cells in asthma .         Prostagland Leuk Essent 
Fatty Acids         69      ( 2–3 )       :  195  –       205      ,  2003   .        

      35 .         Lynch     KR  ,   O’Neill     GP  ,   Liu     Q          et al        .  Characterization of the human 
cysteinyl leukotriene CysLT 1  receptor .         Nature         399         :  789  –       93      ,  1999   .        



Asthma and COPD: Basic Mechanisms and Clinical Management

290

      36 .         Heise     CE  ,   ODowd     BF  ,   Figueroa     DJ          et al        .  Characterization of the 
human cysteinyl leukotriene 2 receptor .         J Biol Chem         275      ( 39 )       :  30531  –       36      , 
 2000   .        

      37 .         Evans     JF             .  Th e cysteinyl leukotriene receptors .         Prostagland Leuk Essent 
Fatty Acids         69      ( 2–3 )       :  117  –       22      ,  2003   .        

      38 .         Drazen     JM             .  Leukotrienes as mediators of airway obstruction .         Amer 
J Respir Crit Care Med         158      ( 5 )       :  S193  –       S200      ,  1998   .        

      39 .         Petersgolden     M  ,   Canetti     C  ,   Mancuso     P  ,   Coff ey     MJ             .  Leukotrienes: 
Underappreciated mediators of innate immune responses .         J Immunol        
 174      ( 2 )       :  589  –       94      ,  2005   .        

      40 .         Kanaoka     Y  ,   Boyce     JA             .  Cysteinyl leukotrienes and their receptors: 
Cellular distribution and function in immune and infl ammatory 
responses .         J Immunol         173         :  1503  –       10      ,  2004   .        

      41 .         Holroyde     MC  ,   Altounyan     RE  ,   Cole     M  ,   Dixon     M  ,   Elliott     EV             . 
 Bronchoconstriction produced in man by leukotrienes C and D .         Lancet        
 2         :  17  –       18      ,  1981   .        

      42 .         Weiss     JW  ,   Drazen     JM  ,   Coles     N          et al        .  Bronchoconstrictor eff ects of leu-
kotriene C in humans .         Science         216         :  196  –       98      ,  1982   .        

      43 .         Bisgaard     H  ,   Groth     S  ,   Dirksen     H             .  Leukotriene D4 induces bronchoc-
onstriction in man .         Allergy         38         :  441  –       43      ,  1983   .        

      44 .         Weiss     JW  ,   Drazen     JM  ,   McFadden     ER     Jr.          et al        .  Airway constriction 
in normal humans produced by inhalation of leukotriene D. 
Potency, time course, and eff ect of aspirin therapy .         JAMA         249         :  2814  –       17      , 
 1983   .        

      45 .         Barnes     NC  ,   Piper     PJ  ,   Costello     JF             .  Comparative eff ects of inhaled leu-
kotriene C4, leukotriene D4, and histamine in normal human subjects . 
        Th orax         39         :  500  –       4      ,  1984   .        

      46 .         Smith     LJ  ,   Greenberger     PA  ,   Patterson     R  ,   Krell     RD  ,   Bernstein     PR             .  Th e 
eff ect of inhaled leukotriene D4 in humans .         Am Rev Respir Dis         131         : 
 368  –       72      ,  1985   .        

      47 .         Adelroth     E  ,   Morris     MM  ,   Hargreave     FE  ,   O’Byrne     PM             .  Airway 
responsiveness to leukotrienes C4 and D4 and to methacholine in 
patients with asthma and normal controls .         N Engl J Med         315         :  480  –       84      , 
 1986   .        

      48 .         Roberts     JA  ,   Rodger     IW  ,   Th omson     NC             .  Eff ect of verapamil and sodium 
cromoglycate on leukotriene D4 induced bronchoconstriction in 
patients with asthma .         Th orax         41         :  753  –       58      ,  1986   .        

      49 .         Bisgaard     H  ,   Groth     S             .  Bronchial eff ects of leukotriene D4 inhalation in 
normal human lung .         Clin Sci         72         :  585  –       92      ,  1987   .        

      50 .         Davidson     AB  ,   Lee     TH  ,   Scanlon     PD          et al        .  Bronchoconstrictor eff ects 
of leukotriene E4 in normal and asthmatic subjects .         Am Rev Respir Dis        
 135         :  333  –       37      ,  1987   .        

      51 .         Smith     LJ  ,   Geller     S  ,   Ebright     L  ,   Glass     M  ,   Th yrum     PT             .  Inhibition of leu-
kotriene D4-induced bronchoconstriction in normal subjects by the 
oral LTD4 receptor antagonist ICI 204, 219 .         Am Rev Respir Dis         141         : 
 988  –       92      ,  1990   .        

      52 .         Smith     LJ  ,   Kern     R  ,   Patterson     R  ,   Krell     RD  ,   Bernstein     PR             .  Mechanism 
of leukotriene D4-induced bronchoconstriction in normal subject .         
J Allergy Clin Immunol         80         :  340  –       47      ,  1987   .        

      53 .         Griffi  n     M  ,   Weiss     JW  ,   Leitch     AG          et al        .  Eff ects of leukotriene D on the 
airways in asthma .         N Engl J Med         308         :  436  –       39      ,  1983   .        

      54 .         Pichurko     BM  ,   Ingram     RHJ  ,   Sperling     RI          et al        .  Localization of the site 
of the bronchoconstrictor eff ects of leukotriene C4 compared with that 
of histamine in asthmatic subjects .         Am Rev Respir Dis         140         :  334  –       39      , 
 1989   .        

      55 .         Togias     AG  ,   Naclerio     RM  ,   Peters     SP          et al        .  Local generation of sulfi -
dopeptide leukotrienes upon nasal provocation with cold, dry air .         Am 
Rev Respir Dis         133         :  1133  –       37      ,  1986   .        

      56 .         Silber     G  ,   Proud     D  ,   Warner     J          et al        .   In vivo  release of infl ammatory 
mediators by hyperosmolar solutions .         Am Rev Respir Dis         137         :  606  –       12      , 
 1988   .        

      57 .         Lam     S  ,   Chan     H  ,   LeRiche     JC  ,   Chan-Yeung     M  ,   Salari     H             .  Release of 
leukotrienes in patients with bronchial asthma .         J Allergy Clin Immunol        
 81         :  711  –       17      ,  1988   .        

      58 .         Zehr     BB  ,   Casale     TB  ,   Wood     D  ,   Floerchinger     C  ,   Richerson     HB  , 
  Hunninghake     GW             .  Use of segmental airway lavage to obtain relevant 

mediators from the lungs of asthmatic and control subjects .         Chest         95         : 
 1059  –       63      ,  1989   .        

      59 .         Wenzel     SE  ,   Larsen     GL  ,   Johnston     K  ,   Voelkel     NF  ,   Westcott     JY             .  Elevated 
levels of leukotriene C4 in bronchoalveolar lavage fl uid from atopic 
asthmatics after endobronchial allergen challenge .         Am Rev Respir Dis        
 142         :  112  –       19      ,  1990   .        

      60 .         Kane     GC  ,   Tollino     M  ,   Pollice     M          et al        .  Insights into IgE-mediated lung 
infl ammation derived from a study employing a 5-lipoxygenase inhibi-
tor .         Prostaglandins         50      ( 1 )       :  1  –       18      ,  1995   .        

      61 .         Csoma     Z  ,   Kharitonov     SA  ,   Balint     B  ,   Bush     A  ,   Wilson     NM  ,   Barnes     PJ             .  
Increased leukotrienes in exhaled breath condensate in childhood 
asthma .         Amer J Respir Crit Care Med         166      ( 10 )       :  1345  –       49      ,  2002   .        

      62 .         Baraldi     E  ,   Carraro     S  ,   Alinovi     R          et al        .  Cysteinyl leukotrienes and 
8-isoprostane in exhaled breath condensate of children with asthma 
exacerbations .         Th orax         58      ( 6 )       :  505  –       9      ,  2003   .        

      63 .         Carraro     S  ,   Corradi     M  ,   Zanconato     S          et al        .  Exhaled breath condensate 
cysteinyl leukotrienes are increased in children with exercise-induced 
bronchoconstriction .         J Allergy Clin Immunol         115      ( 4 )       :  764  –       70      ,  2005   .        

      64 .         Tagari     P  ,   Ethier     D  ,   Carry     M          et al        .  Measurement of urinary leukotrienes 
by reversed-phase liquid chromatography and radioimmunoassay .         Clin 
Chem         35         :  388  –       91      ,  1989   .        

      65 .         Taylor     GW  ,   Taylor     I  ,   Black     P          et al        .  Urinary leukotriene E4 after 
antigen challenge and in acute asthma and allergic rhinitis .         Lancet         1         : 
 584  –       88      ,  1989   .        

      66 .         Westcott     JY             .  Th e measurement of leukotrienes in human fl uids .         Clin 
Rev Allergy Immunol         17      ( 1–2 )       :  153  –       77      ,  1999   .        

      67 .         Wu     YH  ,   Li     LYT  ,   Henion     JD  ,   Krol     GJ             .  Determination of LTE(4) in 
human urine by liquid chromatography coupled with ionspray tandem 
mass spectrometry .         J Mass Spectrom         31      ( 9 )       :  987  –       93      ,  1996   .        

      68 .         Higashi     N  ,   Taniguchi     M  ,   Mita     H  ,   Osame     M  ,   Akiyama     K             .  A compara-
tive study of eicosanoid concentrations in sputum and urine in patients 
with aspirin-intolerant asthma .         Clin Exp Allergy         32      ( 10 )       :  1484  –       90      , 
 2002   .        

      69 .         Rabinovitch     N  ,   Zhang     L  ,   Gelfand     EW             .  Urine leukotriene E-4 levels 
are associated with decreased pulmonary function in children with 
persistent airway obstruction .         J Allergy Clin Immunol         118      ( 3 )       :  635  –       40      , 
 2006   .        

      70 .         Maltby     NH  ,   Taylor     GW  ,   Ritter     JM  ,   Moore     K  ,   Fuller     RW  ,   Dollery     CT             . 
 Leukotriene C4 elimination and metabolism in man .         J Allergy Clin 
Immunol         85         :  3  –       9      ,  1990   .        

      71 .         Sladek     K  ,   Dworski     R  ,   Fitzgerald     GA          et al        .  Allergen-stimulated release 
of thromboxane A2 and leukotriene E4 in humans Eff ect of indometh-
acin .         Am Rev Respir Dis         141         :  1441  –       45      ,  1990   .        

      72 .         Asano     K  ,   Lilly     CM  ,   Odonnell     WJ          et al        .  Diurnal variation of urinary 
leukotriene E 4  and histamine excretion rates in normal subjects and 
patients with mild-to- moderate asthma .         J Allergy Clin Immunol         96      ( 5 
Part 1 )       :  643  –       51      ,  1995   .        

      73 .         Vachier     I  ,   Kumlin     M  ,   Dahlen     SE  ,   Bousquet     J  ,   Godard     P  ,   Chanez     P             . 
 High levels of urinary leukotriene E-4 excretion in steroid treated 
patients with severe asthma .         Respir Med         97      ( 11 )       :  1225  –       29      ,  2003   .        

      74 .         Capra     V             .  Molecular and functional aspects of human cysteinyl leukot-
riene receptors .         Pharmacol Res         50         :  1  –       11      ,  2004   .        

      75 .         Drazen     JM  ,   Israel     E  ,   Obyrne     PM             .  Treatment of asthma with drugs 
modifying the leukotriene pathway .         N Engl J Med         340      ( 3 )       :  197  –       206      , 
 1999   .        

      76 .         Carter     GW  ,   Young     PR  ,   Albert     DH          et al        .  5-lipoxygenase inhibitory 
activity of zileuton .         J Pharmacol Exp Th er         256         :  929  –       37      ,  1991   .        

      77 .         Depre     M  ,   Friedman     B  ,   Vanhecken     A          et al        .  Pharmacokinetics and phar-
macodynamics of multiple oral doses of MK-0591, a 5-lipoxygenase-
activating protein inhibitor .         Clin Pharmacol Th er         56         :  22  –       30      ,  1994   .        

      78 .         Gardiner     PJ  ,   Cuthbert     NJ  ,   Francis     HP          et al        .  Inhibition of antigen-
induced contraction of guinea-pig airways by a leukotriene synthesis 
inhibitor, BAY x1005 .         Eur J Pharmacol         258         :  95  –       102      ,  1994   .        

      79 .         Israel     E  ,   Cohn     J  ,   Dube     L  ,   Drazen     JM             .  Eff ect of treatment with zileu-
ton, a 5-lipoxygenase inhibitor, in patients with asthma: A randomized 
controlled trial .         JAMA         275      ( 12 )       :  931  –       36      ,  1996   .        



24Leukotrienes and Lipoxins

291

       80 .         Fuller     RW  ,   Black     PN  ,   Dollery     CT             .  Eff ect of the oral leukotriene D4 
antagonist LY171883 on inhaled and intradermal challenge with 
antigen and leukotriene D4 in atopic subjects .         J Allergy Clin Immunol        
 83         :  939  –       44      ,  1989   .        

       81 .         Israel     E  ,   Dermarkarian     R  ,   Rosenberg     M          et al        .  Th e eff ects of a 
5-lipoxygenase inhibitor on asthma induced by cold, dry air .         N Engl J 
Med         323         :  1740  –       44      ,  1990   .        

       82 .         Israel     E  ,   Fischer     AR  ,   Rosenberg     MA          et al        .  Th e pivotal role of 5-lipox-
ygenase products in the reaction of aspirin-sensitive asthmatics to 
aspirin .         Am Rev Respir Dis         148         :  1447  –       51      ,  1993   .        

       83 .         Dahlen     B  ,   Kumlin     M  ,   Margolskee     DJ          et al        .  Th e leukotriene-receptor 
antagonist MK-0679 blocks airway obstruction induced by inhaled 
lysine-aspirin in aspirin-sensitive asthmatics .         Eur Respir J         6         :  1018  –       26      , 
 1993   .        

       84 .         Dahlen     B  ,   Zetterstrom     O  ,   Bjorck     T  ,   Dahlen     SE             .  Th e leukotriene-
antagonist ICI-204,219 inhibits the early airway reaction to cumula-
tive bronchial challenge with allergen in atopic asthmatics .         Eur Respir 
J         7         :  324  –       31      ,  1994   .        

       85 .         Dahlen     SE  ,   Malmstrom     K  ,   Nizankowska     E          et al        .  Improvement of 
asprinin-intolerant asthma by montelukast, a leukotriene antagonist – 
A randomized, double-blink, placebo-controlled trial .         Amer J Respir 
Crit Care Med         165      ( 1 )       :  9  –       14      ,  2002   .        

       86 .         Menendez     R  ,   Venzor     J  ,   Ortiz     G             .  Failure of zafi rlukast to prevent 
ibuprofen-induced anaphylaxis .         Ann Allergy Asthma Immunol         80      ( 3 )       : 
 225  –       26      ,  1998   .        

       87 .         Enrique     E  ,   GarciaOrtega     P  ,   Gaig     P  ,   SanMiguel     MM             .  Failure of monte-
lukast to prevent anaphylaxis to diclofenac .         Allergy         54      ( 5 )       :  529  –       30      ,  1999   .        

       88 .         Barnes     NC             .  Eff ects of antileukotrienes in the treatment of asthma . 
        Amer J Respir Crit Care Med         161      ( 2 )       :  S73  –       76      ,  2000   .        

       89 .         Wenzel     SE             .  Th e role of leukotrienes in asthma .         Prostagland Leuk 
Essent Fatty Acids         69      ( 2–3 )       :  145  –       55      ,  2003   .        

       90 .         Busse     WW  ,   Mcgill     KA  ,   Horwitz     RJ             .  Leukotriene pathway inhibi-
tors in asthma and chronic obstructive pulmonary disease .         Clin Exp 
Allergy         29         :  110  –       15      ,  1999   .        

       91 .         Obyrne     PM  ,   Israel     E  ,   Drazen     JM             .  Antileukotrienes in the treatment 
of asthma .         Ann Intern Med         127      ( 6 )       :  472  –       80      ,  1997   .        

       92 .         Bisgaard     H             .  Leukotriene modifi ers in pediatric asthma management . 
        Pediatrics         107      ( 2 )       :  381  –       90      ,  2001   .        

       93 .         Celik     P  ,   Sakar     A  ,   Havlucu     Y  ,   Yuksel     H  ,   Turkdogan     P  ,   Yorgancioglu     A             . 
 Short-term eff ects of montelukast in stable patients with moderate to 
severe COPD .         Respir Med         99      ( 4 )       :  444  –       50      ,  2005   .        

       94 .         In     KH  ,   Asano     K  ,   Beier     D          et al        .  Naturally occurring mutations in the 
human 5-lipoxygenase gene promoter that modify transcriptio factor 
binding and reporter gene transcription .         J Clin Invest         99         :  1130  –       37      ,  1997   .        

       95 .         Silverman     ES  ,   Du     J  ,   Desanctis     GT          et al        .  Egr-1 and Sp1 interact func-
tionally with the 5-lipoxygenase promoter and its naturally occurring 
mutants .         Amer J Respir Cell Mol Biol         19      ( 2 )       :  316  –       23      ,  1998   .        

       96 .         Sanak     M  ,   Simon     HU  ,   Szczeklik     A             .  Leukotriene C4 synthase pro-
moter polymorphism and risk of aspirin-induced asthma .         Lancet         350         : 
 1599  –       600      ,  1997   .        

       97 .         Asano     K  ,   Shiomi     T  ,   Hasegawa     N          et al        .  Leukotriene C4 synthase gene 
A(–444)C polymorphism and clinical response to a CYS-LT1 antag-
onist, in Japanese patients with moderate asthma .         Pharmacogenetics         12         : 
 1  –       6      ,  2002   .        

       98 .         Sayers     I  ,   Barton     S  ,   Rorke     S          et al        .  Promoter polymorphism in the 
5-lipoxygenase (ALOX5) and 5-lipoxygenase-activating protein 
(ALOX5AP) genes and asthma susceptibility in a Caucasian popula-
tion .         Clin Exp Allergy         33      ( 8 )       :  1103  –       10      ,  2003   .        

       99 .         Lima     JJ  ,   Zhang     S  ,   Grant     A          et al        .  Infl uence of leukotriene pathway 
polymorphisms on response to montelukast in asthma .         Am J Respir 
Crit Care Med         173      ( 4 )       :  379  –       85      ,  2006   .        

      100 .         Drazen     JM  ,   Yandava     C  ,   Dube     L          et al        .  Pharmacogenetic association 
between ALOX5 promoter genotype and the response to anti-asthma 
treatment .         Nat Gen         22         :  170  –       72      ,  1999   .        

      101 .         Levy     BD             .  Lipoxins and lipoxin analogs in asthma .         Prostaglandins 
Leukot Essent Fatty Acids         73      ( 3–4 )       :  231  –       37      ,  2005   .        

      102 .         Levy     BD  ,   Desanctis     GT  ,   Devchand     PR          et al        .  Multi-pronged inhibi-
tion of airway hyper-responsiveness and infl ammation by lipoxin 
A(4) .         Nat Med         8      ( 9 )       :  1018  –       23      ,  2002   .        

      103 .         Ariel     A  ,   Chiang     N  ,   Arita     M  ,   Petasis     NA  ,   Serhan     CN             .  Aspirin-
triggered lipoxin A4 and B4 analogs block extracellular signal-regulated 
kinase-dependent TNF-alpha secretion from human T cells . 
        J Immunol         170      ( 12 )       :  6266  –       72      ,  2003   .        

      104 .         Colgan     SP  ,   Serhan     CN  ,   Parkos     CA  ,   Delp-Archer     C  ,   Madara     JL             . 
 Lipoxin A4 modulates transmigration of human neutrophils across 
intestinal epithelial monolayers .         J Clin Invest         92      ( 1 )       :  75  –       82      ,  1993   .        

      105 .         Serhan     CN  ,   Maddox     JF  ,   Petasis     NA          et al        .  Design of lipoxin A4 stable 
analogs that block transmigration and adhesion of human neutrophils . 
        Biochemistry         34      ( 44 )       :  14609  –       15      ,  1995   .        

      106 .         Takano     T  ,   Fiore     S  ,   Maddox     JF  ,   Brady     HR  ,   Petasis     NA  ,   Serhan     CN             . 
 Aspirin-triggered 15-epi-lipoxin A4 (LXA4) and LXA4 stable ana-
logues are potent inhibitors of acute infl ammation: Evidence for anti-
infl ammatory receptors .         J Exp Med         185      ( 9 )       :  1693  –       704      ,  1997   .        

      107 .         Levy     BD  ,   Fokin     VV  ,   Clark     JM  ,   Wakelam     MJ  ,   Petasis     NA  ,   Serhan     CN             .  
Polyisoprenyl phosphate (PIPP) signaling regulates phospholipase D 
activity: A  ‘ stop ’  signaling switch for aspirin-triggered lipoxin A4 . 
        FASEB J         13      ( 8 )       :  903  –       11      ,  1999   .        

      108 .         Maddox     JF  ,   Serhan     CN             .  Lipoxin A4 and B4 are potent stimuli for 
human monocyte migration and adhesion: Selective inactivation by 
dehydrogenation and reduction .         J Exp Med         183      ( 1 )       :  137  –       46      ,  1996   .        

      109 .         Godson     C  ,   Mitchell     S  ,   Harvey     K  ,   Petasis     NA  ,   Hogg     N  ,   Brady     HR             . 
 Cutting edge: Lipoxins rapidly stimulate nonphlogistic phagocy-
tosis of apoptotic neutrophils by monocyte-derived macrophages . 
        J Immunol         164      ( 4 )       :  1663  –       67      ,  2000   .        

      110 .         Aliberti     J  ,   Hieny     S  ,   Reis     eSousa  ,   Serhan     CN  ,   Sher     A             .  Lipoxin-mediated 
inhibition of IL-12 production by DCs: A mechanism for regulation 
of microbial immunity .         Nat Immunol         3      ( 1 )       :  76  –       82      ,  2002   .        

      111 .         Ramstedt     U  ,   Ng     J  ,   Wigzell     H  ,   Serhan     CN  ,   Samuelsson     B             .  Action 
of novel eicosanoids lipoxin A and B on human natural killer cell 
cytotoxicity: Eff ects on intracellular cAMP and target cell binding . 
        J Immunol         135      ( 5 )       :  3434  –       38      ,  1985   .        

      112 .         Bonnans     C  ,   Fukunaga     K  ,   Levy     MA  ,   Levy     BD             .  Lipoxin A(4) regulates 
bronchial epithelial cell responses to acid injury .         Am J Pathol         68      ( 4 )       : 
 1064  –       72      ,  2006   .        

      113 .         Gewirtz     AT  ,   Collier-Hyams     LS  ,   Young     AN          et al        .  Lipoxin a4 analogs 
attenuate induction of intestinal epithelial proinfl ammatory gene 
expression and reduce the severity of dextran sodium sulfate-induced 
colitis .         J Immunol         168      ( 10 )       :  5260  –       67      ,  2002   .        

      114 .         Canny     G  ,   Levy     O  ,   Furuta     GT          et al        .  Lipid mediator-induced expres-
sion of bactericidal/permeability-increasing protein (BPI) in human 
mucosal epithelia .         Proc Natl Acad Sci USA         99      ( 6 )       :  3902  –       7      ,  2002   .        

      115 .         Dahlen     SE  ,   Raud     J  ,   Serhan     CN  ,   Bjork     J  ,   Samuelsson     B             .  Biological 
activities of lipoxin A include lung strip contraction and dilation of 
arterioles  in vivo  .         Acta Physiol Scand         130      ( 4 )       :  643  –       47      ,  1987   .        

      116 .         Fukunaga     K  ,   Kohli     P  ,   Bonnans     C  ,   Fredenburgh     LE  ,   Levy     BD             . 
 Cyclooxygenase 2 plays a pivotal role in the resolution of acute lung 
injury .         J Immunol         174      ( 8 )       :  5033  –       39      ,  2005   .        

      117 .         Christie     PE  ,   Spur     BW  ,   Lee     TH             .  Th e eff ects of lipoxin A4 on airway 
responses in asthmatic subjects .         Am Rev Respir Dis         145      ( 6 )       :  1281  –       84      , 
 1992   .        

      118 .         Vachier     I  ,   Bonnans     C  ,   Chavis     C          et al        .  Severe asthma is associated with 
a loss of LX4, an endogenous anti- infl ammatory compound .         J Allergy 
Clin Immunol         115      ( 1 )       :  55  –       60      ,  2005   .        

      119 .         Levy     BD  ,   Clish     CB  ,   Schmidt     B  ,   Gronert     K  ,   Serhan     CN             .  Lipid medi-
ator class switching during acute infl ammation: Signals in resolution . 
        Nat Immunol         2      ( 7 )       :  612  –       19      ,  2001   .        

      120 .         Sanak     M  ,   Levy     BD  ,   Clish     CB          et al        .  Aspirin-tolerant asthmatics gen-
erate more lipoxins than aspirin-intolerant asthmatics .         Eur Respir J        
 16      ( 1 )       :  44  –       49      ,  2000   .        

      121 .         Levy     BD  ,   Bonnans     C  ,   Silverman     ES  ,   Palmer     LJ  ,   Marigowda     G  ,   Israel     E             .  
Diminished lipoxin biosynthesis in severe asthma .         Am J Respir Crit 
Care Med         172      ( 7 )       :  824  –       30      ,  2005   .        



Asthma and COPD: Basic Mechanisms and Clinical Management

292

      122 .         Fiore     S  ,   Romano     M  ,   Reardon     EM  ,   Serhan     CN             .  Induction of functional 
lipoxin A4 receptors in HL-60 cells .         Blood         81      ( 12 )       :  3395  –       403      ,  1993   .        

      123 .         Chiang     N  ,   Fierro     IM  ,   Gronert     K  ,   Serhan     CN             .  Activation of lipoxin 
A(4) receptors by aspirin-triggered lipoxins and select peptides evokes 
ligand-specifi c responses in infl ammation .         J Exp Med         191      ( 7 )       :  1197  –
       208      ,  2000   .        

      124 .         Gronert     K  ,   Martinsson-Niskanen     T  ,   Ravasi     S  ,   Chiang     N  ,   Serhan     CN             . 
 Selectivity of recombinant human leukotriene D(4), leukotriene B(4), 
and lipoxin A(4) receptors with aspirin-triggered 15-epi-LXA(4) 
and regulation of vascular and infl ammatory responses .         Am J Pathol        
 158      ( 1 )       :  3  –       9      ,  2001   .        

      125 .         Fiore     S  ,   Serhan     CN             .  Lipoxin A4 receptor activation is distinct from 
that of the formyl peptide receptor in myeloid cells: Inhibition of 
CD11/18 expression by lipoxin A4-lipoxin A4 receptor interaction . 
        Biochemistry         34      ( 51 )       :  16678  –       86      ,  1995   .        

      126 .         Chiang     N  ,   Serhan     CN  ,   Dahlen     SE          et al        .  Th e lipoxin receptor ALX: 
Potent ligand-specifi c and stereoselective actions  in vivo  .         Pharmacol 
Rev         58      ( 3 )       :  463  –       87      ,  2006   .        

      127 .         Perretti     M  ,   Chiang     N  ,   La     M          et al        .  Endogenous lipid- and peptide-
derived anti-infl ammatory pathways generated with glucocorticoid 
and aspirin treatment activate the lipoxin A4 receptor .         Nat Med         8      ( 11 )       : 
 1296  –       302      ,  2002   .        

      128 .         Ohira     T  ,   Bannenberg     G  ,   Arita     M          et al        .  A stable aspirin-triggered 
lipoxin A4 analog blocks phosphorylation of leukocyte-specifi c pro-
tein 1 in human neutrophils .         J Immunol         173      ( 3 )       :  2091  –       98      ,  2004   .        

      129 .         Coles     SJ  ,   Neill     KH  ,   Reid     LM          et al        .  Eff ects of leukotrienes C4 and D4 
on glycoprotein and lysozyme secretion by human bronchial mucosa . 
        Prostaglandins         25         :  155  –       70      ,  1983   .        

      130 .         Piacentini     GL  ,   Kaliner     MA             .  Th e potential roles of leukotrienes in 
bronchial asthma .         Am Rev Respir Dis         143         :  S96  –       S99      ,  1991   .        

      131 .         Marian     E  ,   Baraldo     S  ,   Visentin     A          et al        .  Up-regulated membrane and 
nuclear leukotriene B4 receptors in COPD .         Chest         129      ( 6 )       :  1523  –       30      ,  2006   .        

      132 .         Peters-Golden     M  ,   Coff ey     M             .  Role of leukotrienes in antimicrobial 
host defense of the lung .         Clin Rev Allergy Immunol         17      ( 1–2 )       :  261  –       69      , 
 1999   .        

      133 .         Hoshino     M             .  Impact of inhaled corticosteroids and leukotriene recep-
tor antagonists on airway remodeling .         Clin Rev Allergy Immunol         27      ( 1 )       : 
 59  –       64      ,  2004   .        

      134 .         Busse     W  ,   Kraft     M             .  Cysteinyl leukotrienes in allergic infl ammation – 
Strategic target for therapy .         Chest         127      ( 4 )       :  1312  –       26      ,  2005   .        

      135 .         Kostikas     K  ,   Gaga     M  ,   Papatheodorou     G  ,   Karamanis     T  ,   Orphanidou     D  ,   
Loukides     S             .  Leukotriene B4 in exhaled breath condensate and spu-
tum supernatant in patients with COPD and asthma .         Chest         27      ( 5 )       : 
 1553  –       59      ,  2005   .        

      136 .         Wardlaw     AJ  ,   Hay     H  ,   Cromwell     O  ,   Collins     JV  ,   Kay     AB             . 
 Leukotrienes, LTC 4  and LTB 4 , in bronchoalveolar lavage in bron-
chial asthma and other respiratory diseases .         J Allergy Clin Immunol         84         : 
 19  –       26      ,  1989   .        

      137 .         Efi mov     W  ,   Blazhko     VI  ,   Voeikova     LS  ,   Karanysheva     SA  ,   Bondar     TN             . 
 Th e leukotriene B4 content of the bronchoalveolar lavage fl uid and 
the function of the prostacyclin-thromboxane system in patients with 
variants of chronic bronchitis .         Terapevticheskii Arkhiv         62      ( 4 )       :  94  –       96      , 
 1990   .        

      138 .         Birring     SS  ,   Parker     D  ,   Brightling     CE  ,   Bradding     P  ,   Wardlaw     AJ  ,   
Pavord     ID             .  Induced sputum infl ammatory mediator concentrations in 
chronic cough .         Am J Respir Crit Care Med         169      ( 1 )       :  15  –       19      ,  2004   .        

      139 .         Montuschi     P             .  Exhaled breath condensate analysis in patients with 
COPD .         Clin Chim Acta         356      ( 1–2 )       :  22  –       34      ,  2005   .        

      140 .         Profi ta     M  ,   Giorgi     RD  ,   Sala     A          et al        .  Muscarinic receptors, leukotriene 
B4 production and neutrophilic infl ammation in COPD patients . 
        Allergy         60      ( 11 )       :  1361  –       69      ,  2005   .        

      141 .         Montuschi     P  ,   Macagno     F  ,   Parente     P          et al        .  Eff ects of cyclo-oxygenase 
inhibition on exhaled eicosanoids in patients with COPD .         Th orax        
 60      ( 10 )       :  827  –       33      ,  2005   .        

      142 .         Crooks     SW  ,   Bayley     DL  ,   Hill     SL  ,   Stockley     RA             .  Bronchial infl amma-
tion in acute bacterial exacerbations of chronic bronchitis: Th e role of 
leukotriene B-4 .         Eur Respir J         15      ( 2 )       :  274  –       80      ,  2000   .        

      143 .         Matsuyama     W  ,   Mitsuyama     H  ,   Watanabe     M          et al        .  Eff ects of omega-3 
polyunsaturated fatty acids on infl ammatory markers in COPD .         Chest        
 128      ( 6 )       :  3817  –       27      ,  2005   .        

      144 .         Rubinstein     I  ,   Kumar     B  ,   Schriever     C             .  Long-term montelukast therapy 
in moderate to severe COPD – a preliminary observation .         Respir Med        
 98      ( 2 )       :  134  –       38      ,  2004   .        

      145 .         Zuhlke     IE  ,   Kanniess     F  ,   Richter     K          et al        .  Montelukast attenuates the 
airway response to hypertonic saline in moderate-to-severe COPD . 
        Eur Respir J         22      ( 6 )       :  926  –       30      ,  2003   .        

      146 .         Nannini     LJ  ,   Flores     DM             .  Bronchodilator eff ect of zafi rlukast in sub-
jects with chronic obstructive pulmonary disease .         Pulm Pharmacol Th er        
 16      ( 5 )       :  307  –       11      ,  2003   .            

    



293

C H A P T E R

                 Reactive Oxygen Species and Antioxidant 

Therapeutic Approaches 

          INTRODUCTION 

   Th e lung is constantly exposed to a high-oxygen 
environment and, owing to its large surface area 
and blood supply, is highly susceptible to injury 
mediated by a phenomenon known as oxidative 
stress. Oxidative stress is described simply as an 
increase in the oxidant to antioxidant ratio in 
the lung. Reactive oxygen species (ROS) such as 
superoxide anion (O 2  

 •  �  ) and the hydroxyl radi-
cal ( • OH) are unstable molecules with unpaired 
electrons, capable of initiating the oxidation of 
various molecules in the airway and airspace 
structures. 

   Biological systems are continuously 
exposed to oxidants that are generated either 
endogenously by metabolic reactions (e.g., from 
mitochondrial electron transport during res-
piration or during activation of phagocytes) or 
exogenously (such as by air pollutants or ciga-
rette smoke). For example, production of ROS 
has been directly linked to oxidation of proteins, 
DNA, and lipids which may cause direct lung 
injury or induce a variety of cellular responses, 
through the generation of secondary metabolic 
reactive species. ROS may result in remod-
eling of extracellular matrix, cause apoptosis 
and mitochondrial respiration, and regulate cell 
proliferation        [1, 2] . Alveolar repair responses 
and immune modulation in the lung may also 
be infl uenced by ROS        [1, 2] . Furthermore, high 
levels of ROS have been implicated in initiating 
infl ammatory responses in the lungs through the 
activation of transcription factors such as nuclear 
factor-  κ  B (NF-  κ  B) and activator protein-1 
(AP-1); their activation leads to signal transduc-
tion and gene expression of pro-infl ammatory 
mediators        [3, 4] . It is proposed that ROS pro-
duced by phagocytes that have been recruited to 

sites of infl ammation are a major cause of the 
cell and tissue damage associated with many 
chronic infl ammatory lung diseases, including 
asthma and chronic obstructive pulmonary dis-
ease (COPD)              [5–9]  ( Fig. 25.1   ). 

   Th e composition of infl ammatory cell 
types that invade tissues varies widely in asthma 
and COPD; this suggests that there are diff er-
ences in the characteristics of the ROS pro-
duced in these diseases          [10–12] . Th is chapter 
reviews the evidence for the role of ROS in the 
pathogenesis of asthma and COPD, and dis-
cusses the molecular mechanisms (cell signaling 
and gene expression) and pathophysiological 
consequences of increased ROS release in these 
conditions. Moreover, it also highlights the anti-
oxidant mechanisms in place to protect against 
the damaging eff ects of ROS. Finally, it goes on 
to explore possible therapeutic approaches that 
involve the use of a variety of antioxidants.  

    CELL-DERIVED ROS 

   A common feature of all infl ammatory lung dis-
eases is the development of an infl ammatory–
immune response, characterized by activation of 
epithelial cells, and resident macrophages, and 
the recruitment and activation of neutrophils, 
eosinophils, monocytes, and lymphocytes. Th e 
degree to which this occurs and the cell types 
involved vary widely in asthma and COPD. 
Infl ammatory cells once recruited in the air-
space become activated and generate ROS in 
response to a suffi  cient stimulus (threshold 
concentration). Th e activation of macrophages, 
neutrophils, and eosinophils generates O 2  

 •  �  , 
which is rapidly converted to H 2 O 2  through 
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the c atalytic action of superoxide dismutase (SOD);   •  OH is 
formed nonenzymatically in the presence of Fe 2 �   as a sec-
ondary reaction. ROS and reactive nitrogen species (RNS) 
can also be generated intracellularly from several sources 
such as mitochondrial respiration, the NADPH oxidase 
system, and xanthine/xanthine oxidase (XO) ( Fig. 25.2   ). 
However, the primary ROS generating system is NADPH 
oxidase, a complex enzyme system that is present in phago-
cytes and epithelial cells. 

   Activation of this enzyme system involves a com-
plex mechanism with the assembly of various cytosolic 
and membrane-associated subunits, resulting in the one-
 electron reduction of oxygen to O 2  

 •  �   using NADPH as the 
electron donor. In addition to NADPH oxidase, phagocytes 
use heme peroxidases such as myeloperoxidase (MPO) or 
eosinophil peroxidase (EPO) to produce ROS. Activation 
of EPO results in the formation of the potent oxidants 
hypochlorous acid (HOCl) and hypobromous acid (HOBr) 
from H 2 O 2  in the presence of chloride (Cl  �  ) and bromide 
(Br  �  ) ions, respectively. It is believed that the oxidant bur-
den produced by eosinophils is substantial because these 
cells possess several times greater capacity to generate O 2  

 •  �   
and H 2 O 2  than do neutrophils, and the content of EPO in 
eosinophils is 3–10 times higher than the amount of MPO 
present in neutrophils          [13–15]  ( Fig. 25.3   ). 

   Th e physiological consequences of EPO-dependent 
formation of brominating oxidants such as HOBr  in vivo  
are unknown. HOBr reacts rapidly with a variety of nucle-
ophilic targets such as thiols, thiol ethers, amines, unsatu-
rated groups, and aromatic compounds  [16] . 
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 FIG. 25.1          Sources of oxidative stress. Oxidative stress derived from either 

environmental or cellular origins results in infl ammation. Cellular-derived 

oxidative stress can be produced through mitochondrial respiration, the 

NADPH oxidase system, or the xanthine oxidase system. Infl ammation itself 

can have a feed-forward eff ect, triggering infl ammatory cells to produce 

yet more oxidative stress, exacerbating and intensifying the infl ammatory 

response. PMNs: polymorphonucleocytes; Eos: eosinophils; AMs: alveolar 

macrophages.    
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 FIG. 25.2          Molecular consequences of oxidative stress. The relatively weak superoxide anion from both cellular and environmental sources can be 

transformed into more damaging and potent reactive oxygen and reactive nitrogen species, such as HOCl, the hydroxyl radical and peroxynitrite, through 

a series of enzymatic and nonenzynmatic steps. Xenobiotic radicals from the environment can be long lived and undergo redox cycling, such as the 

semiquinones, and result in further superoxide anion formation as well as more powerful radical formation in the presence of free metal ions through 

Haber–Weiss and Fenton chemistry. Endogenous antioxidant defenses glutathione transferase, GPx, SOD, and catalase neutralize and remove these ROS and 

RNS. ROS: reactive oxygen species; RNS: reactive nitrogen species; X  �  : xenobiotic radical; O 2   �   •  : superoxide anion; H 2 O 2 : hydrogen peroxide; OH  
•  : hydroxide 

radical; HOCl: hypochlorous acid; NO: nitric oxide; ONOO  �  : peroxynitrite; GSH: reduced glutathione; GSSG: oxidized glutathione dimers.    
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   Several transition metal salts react with H 2 O 2  to form 
  •  OH. Most attention  in vivo  for the generation of   •  OH has 
focused on the role of iron  [17] . Iron is a critical element in 
many oxidative reactions. Free iron in the ferrous form cata-
lyzes the Fenton reaction and the superoxide-driven Haber–
Weiss reaction, which generate the   •  OH, a ROS which 
damages tissues, particularly cell membranes by peroxidation 
of their lipid membranes. MPO- and EPO-derived ROS can 
also interact with nitrite (NO 2  

 �  ) and H 2 O 2  to promote for-
mation of RNS. ROS may also be released by lung epithelial 
cells  [18]  and stimulate infl ammatory cells directly, thereby 
amplifying lung infl ammatory and oxidant events. ROS inter-
act with a variety of molecules and donate electrons in biolog-
ical systems. Reactive oxygen and nitrogen species also act on 
certain amino acids such as methionine, tyrosine, and cysteine 
in proteins (e.g. enzymes, kinases), profoundly altering the 
function of these proteins in infl ammatory lung diseases  [19] .  

    INHALED OXIDANTS AND CIGARETTE SMOKE 

   Cigarette smoking, or inhalation of airborne pollutants 
that may be either oxidant gases [such as ozone, nitrogen 
dioxide (NO 2 ), sulfur dioxide (SO 2 )] or particulate air pol-
lution, results in direct lung damage as well as the activation 
of infl ammatory responses in the lungs. Cigarette smoke 
is a complex mixture of over 4700 chemical compounds, 
including high concentrations of oxidants (10 14  molecules 
per puff )  [20] . Short-lived oxidants such as O 2  

 •  �   and nitric 
oxide (NO) are predominantly found in the gas phase. NO 
and O 2  

 •  �   immediately react to form the highly reactive per-
oxynitrite (ONOO  �  ) molecule. Th e radicals in the tar phase 
of cigarette smoke are organic in nature, such as long-lived 
semiquinone radicals, which can react with O 2  

 •  �   to form 
  •  OH and H 2 O 2   [21] . Th e aqueous phase of cigarette smoke 
condensate may undergo redox recycling for a considerable 
period of time in the epithelial lining fl uid (ELF) of smok-
ers        [22, 23] . Th e tar phase is also an eff ective metal chelator 
and can bind iron to produce tar-semiquinone      �      tar-Fe 2 �  , 
which can generate H 2 O 2  continuously        [22, 23] . 

   Quinone (Q), hydroquinone (QH 2 ), and semiquinone 
(QH  •  ) in the tar phase are present in equilibrium: 

 Q QH H Q .� �� �
2 2 2→ •

     

   Aqueous extracts of cigarette tar contain the quinone 
radical (Q  •  �  ), which can reduce oxygen to form O 2  

 •  �  , which 
may dismutate in the presence of H  �   to form H 2 O 2 : 

 Q O Q O• •→� �� �2 2      

 2 22 2 2 2O H O H O .• →� �� �      

   Furthermore, since both cigarette tar and lung ELF 
contain metal ions, such as iron, Fenton chemistry will 
result in the production of the   •  OH which is a highly reac-
tive and potent ROS. Th us, oxidants and electrophilic 
compounds may be the initiating or triggering factor in 
the underlying infl ammation seen in the pathogenesis of 
COPD as detailed below.  

    ROS AND MEMBRANE LIPID PEROXIDATION 

   Oxygen species such as O 2  
 •  �   and  • OH are highly reactive, 

and when generated close to cell membranes they oxidize 
membrane phospholipids (lipid peroxidation), a proc-
ess which may continue as a chain reaction. Th us, a single 
  •  OH can result in the formation of many molecules of lipid 
hydroperoxides in the cell membrane  [19] . Th e peroxidative 
breakdown of polyunsaturated fatty acids impairs mem-
brane function, inactivates membrane-bound receptors 
and enzymes, and increases tissue permeability. Each of 
these processes has been implicated in the pathogenesis of 
many forms of lung injury. Th ere is increasing evidence that 
aldehydes, generated endogenously during the process of 
lipid peroxidation, are involved in many of the pathophysi-
ological eff ects associated with oxidative stress in cells and 
 tissues  [19] . Compared with free radicals, lipid peroxidation 
aldehydes are generally stable, can diff use within, or even 

O2
•�

O2
•�

Br�

O2

Eosinophil

Epithelium

H2O2

H2O2 NO2
� [NOx]

CO2

HOBr
Bromination

Nitration

NO ONOO

Eosinophil peroxidase

 FIG. 25.3          Generation of reactive nitrogen species. Model of potential pathways used by eosinophils and airway epithelial cells for generation of NO-derived 
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escape from the cell, and attack targets far from the site of 
the original free radical event. In addition to their  cytotoxic 
properties, lipid peroxides are increasingly recognized as 
being important in signal transduction for a number of 
important events in the infl ammatory response  [24] . 

   Many of the eff ects of ROS in airways may be medi-
ated by the secondary release of infl ammatory lipid media-
tors such as 4-hydroxy-2-nonenal (4-HNE). 4-HNE, a 
highly reactive diff usible end-product of lipid peroxidation, 
is known to induce/regulate various cellular events, such as 
proliferation, apoptosis, and activation of signaling path-
ways        [24, 25] . 4-HNE has a high affi  nity toward cysteine, 
histidine, and lysine residues. It forms adducts with pro-
teins, altering their function. Acrolein is another example 
of reactive aldehyde. Both acrolein and 4-HNE have a high 
affi  nity toward cysteine, histidine, and lysine residues. Th ese 
reactive aldehydes can form adducts with both intracellu-
lar proteins, such as histone deacetylase (HDAC) 2  [26]  
and extracellular proteins, such as collagen and fi bronec-
tin  [27]  altering their function which in turn can then 
impact on cell function        [27, 28] . In contrast, the isopros-
tanes, are ROS-catalyzed oxidative products of arachidonic 
acid metabolism and are stable lipid peroxidation products, 
which circulate in plasma and are excreted in the urine 
       [29, 30] . It is because of their relative stability  in vivo  that 
they have been used as markers of oxidative stress in both 
asthma and COPD  [31] . However, one isoprostane mem-
ber, 8-isoprostane, has been shown to possess a very potent 
biological activity. It has been demonstrated that 8-isopros-
tane is a very potent stimulus for smooth muscle contrac-
tion through initiation of transduction at the thromboxane 
A 2  receptor; this could be one of the many causes of small 
airway contraction in asthma and COPD        [32, 33] . ROS-
induced degradation of arachidonate-based phospholipids 
can also produce other bio-active molecules. Th ey are pro-
infl ammatory aff ecting both monocytes and neutrophils 
causing increased endothelial cell interaction  [34]  as well as 
increased cytokine release        [35, 36] , and it is proposed that 
they may play an important role in various chronic infl am-
matory diseases  [34] .  

    ROLE OF ROS IN SIGNAL TRANSDUCTION 

   ROS have been implicated in the activation of transcrip-
tion factors such as NF-  κ  B and AP-1, and in the signal 
transduction and gene expression involved in cellular pro-
infl ammatory actions  [37] . Both environmental and infl am-
matory cell-derived ROS can lead to the activation and 
phosphorylation of the mitogen-activated protein kinase 
(MAPK) family, including extracellular signal regulated 
kinase (ERK), c-Jun  N -terminal kinase ( JNK), p38 kinase, 
and P1-3K, via sensitive cysteine-rich domains; activation 
of the sphingomyelinase–ceramide pathway also occurs 
leading to increased gene transcription          [3, 4, 37] . Activation 
of members of the MAPK family leads to the transactiva-
tion of transcription factors such as c-Jun, activating fac-
tor-2 (ATF2), cyclic AMP response element binding 

proteins (CREB), CREB-binding protein (CBP), and Elk-
1            [37–40] . Th is eventually results in chromatin remodeling 
and expression of genes regulating a battery of distinct 
pro-infl ammatory and antioxidant genes involved in sev-
eral cellular events, including apoptosis, proliferation, trans-
formation, and diff erentiation. Th e intracellular molecular 
mechanisms responsible for these actions of ROS have not 
been completely characterized. 

   Redox-sensitive molecular targets usually contain 
highly conserved cysteine residues; their oxidation,  nitration, 
and the formation of disulfi de links are crucial events in 
oxidant/redox signaling. It is hypothesized that oxidation of 
sulfi de groups in signaling proteins causes structural modi-
fi cations, resulting in the exposure of active sites and con-
sequent protein activation. Such molecular targets include 
transcription factors (NF-  κ  B, AP-1), signaling molecules 
such as ras/rac or JNK, protein tyrosine phosphatases, and 
p21 ras . Th iol molecules such as intracellular glutathione 
(GSH) and thioredoxin are of central importance in regu-
lating such redox signaling pathways, by reducing disulfi de 
bridges or oxidized cysteine residues        [37, 41] . 

   In response to tumor necrosis factor (TNF- α ) and 
lipopolysaccharide (LPS), which are relevant stimuli for the 
infl ammatory response in COPD, airway epithelial cells 
can concurrently produce increased amounts of  intracellular 
ROS and RNS  [18] . Th is intracellular production of oxi-
dants and the subsequent changes in intracellular redox 
status are important in the molecular events controling the 
expression of genes for infl ammatory mediators  [3] . Th e 
signaling pathways and activation of transcription factors in 
response to ROS are the subject of rigorous investigation.  

    ROS IN ASTHMA AND COPD 

   In asthma, the airways are the major site of action, char-
acterized by reversible airfl ow obstruction, airway hyper-
responsiveness and hyperreactivity, chronic infl ammation 
characterized by a predominant infusion of lungs with eosi-
nophils, and the infl ux and activation of infl ammatory cells 
such as macrophages, neutrophils, lymphocytes, and mast 
cells. Airway smooth muscle contraction, increased airway 
reactivity and secretions, increased vascular permeability, 
and increased generation of chemoattractants are the major 
features of an asthmatic response. 

   In COPD, the major site of attack is the alveo-
lar spaces. Infl ammatory cells become compartmental-
ized depending on the cell type. For example, neutrophils 
are mainly located in the airspaces of the lung, and mac-
rophages accumulate in the tissue matrix in COPD. 
Progression of COPD has been strongly associated with the 
accumulation of infl ammatory mucus exudates in the lumen 
of the small airways. In other phenotypes of COPD, oxida-
tive stress occurs in the small airways, lung parenchyma, and 
alveolar regions. Hence the compartmentalization of diff er-
ent infl ammatory cells in the lungs may help distinguish the 
oxidative stress response in asthma and COPD.  
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    OXIDATIVE STRESS IN ASTHMA 

   It has been shown that infl ammation driven by increased 
oxidative stress occurs in the airways of patients with 
asthma  [8] . Recent evidence indicates that increased oxi-
dative stress occurs in the airways of patients with asthma 
 [8] . Infl ammatory and immune cells in the airways, such as 
macrophages, neutrophils, and eosinophils, release increased 
amounts of ROS            [42–45] . ROS can result in lung injury as 
a result of direct oxidative damage to epithelial cells and cell 
shedding        [46, 47] . 

   ROS have been shown to be associated with the 
pathogenesis of asthma by evoking bronchial hyperreactiv-
ity        [48, 49] . Viral infections, ozone, and cigarette smoke, 
potential triggers for asthma, may serve as sources of ROS 
which enhance infl ammation and asthmatic symptoms. 
Animal studies suggest that ROS may contribute to airway 
hyperresponsiveness by increasing vagal tone due to inhi-
bition of  β -adrenergic receptors and by decreasing muco-
ciliary clearance        [50, 51] . Th e actions of ROS can produce 
many of the pathophysiological features of asthma  [51] , 
including changes in the biochemical microenvironment 
with enhanced arachidonic acid release, increased synthesis 
of chemoattractants, glucocorticoid resistance, and impaired 
 β -adrenergic responsiveness. Th ese and other eff ects lead to 
the physiological changes of airway smooth muscle con-
traction, increased airway reactivity and secretions, and 
increased vascular permeability. 

   ROS-mediated injury to the airway epithelium pro-
duces hyperresponsiveness of human peripheral airways, 
suggesting that ROS may play a role in the pathogenesis 
of asthma  [47] . Much of the evidence for this is indirect, 
since there are no specifi c and reliable methods to assess 
oxidative stress  in vivo.  Neutrophils isolated from periph-
eral blood of asthmatic patients generate greater amounts 
of O 2  

 •  �   and H 2 O 2  than do cells from normal subjects, and 
their ability to produce O 2  

 •  �   is related directly to the degree 
of airway hyperresponsiveness to inhaled methacholine        [52, 
53] . Infl ammatory cells obtained from asthmatic patients, 
particularly eosinophils derived from peripheral blood, 
produce increased amounts of ROS and RNS such as NO 
spontaneously and after stimulation  ex vivo                 [42–46, 54] . 
Th is observation suggests that the infl ammatory milieu in 
asthma contains factors that may prime ROS generation. 
Other studies have shown that impaired SOD activity is 
associated with airfl ow obstruction, airway hyperresposive-
ness, and remodeling        [55, 56] . Th is inactivation of SOD in 
asthmatics, which has been reported in other studies        [57, 
58] , was as a result of increased ROS causing tyrosine nitra-
tion of SOD. 

   Eosinophils are thought to play a critical role in the 
infl ammation of asthma. Th ey are present in large numbers 
in bronchoalveolar lavage (BAL) fl uid and blood, and the 
number of cells correlates with bronchial hyperresponsive-
ness        [59, 60] . BAL fl uid eosinophils, alveolar macrophages, 
and neutrophils from asthmatic patients produce more 
ROS (O 2  

 •  �  , H 2 O 2,  hypothalites) than do those from nor-
mal subjects        [61, 62] . ROS cause direct contraction of air-
way smooth muscle preparations, and this eff ect is enhanced 

when the epithelium is injured or removed. Th is observa-
tion might provide a mechanistic link between epithelial 
injury arising from a variety of causes and airway hyper-
responsiveness  [47] . ROS also stimulate histamine release 
from mast cells and mucus secretion from airway epithelial 
cells  [63] . 

   ROS generation is thought to be a nonspecifi c proc-
ess initiated by the concurrent action of numerous infl am-
matory mediators that have been shown to be present in 
increased amounts in asthmatics. Several mediators, includ-
ing lipid mediators, chemokines, adhesion molecules, and 
eosinophil granule proteins (EPO), are potential stimuli or 
promoters of ROS production in the airways of asthmatic 
patients        [64, 65] . 

   Numerous surrogate markers of oxidative stress have 
been measured in exhaled air or breath condensate. Th e con-
centration of H 2 O 2  in exhaled air condensate is increased 
in asthmatics  [66] , and it has been suggested that airway 
infl ammation increases exhaled peroxides. Th e increased 
levels of exhaled H 2 O 2  may be due to decreased dismuta-
tion of O 2  

 •  �   since SOD activity is reduced in lung cells of 
patients with asthma  [57] . Th e signifi cance of elevated lev-
els of various ROS markers to the disease pathogenesis has 
not been studied. 

    The role of EPO-derived ROS 

   A specifi c role for EPO in the generation of oxidants 
by the phagocytes and in protein oxidation has been 
described  [67] . Eosinophil activation (peroxidase – H 2 O 2  
system      �      halides)  in vivo  results in oxidative damage 
to proteins through bromination of tyrosine residues, as 
shown by the formation of 3-bromotyrosine in BAL fl uid 
of patients with asthma  [16] . Th e formation of 3-bromoty-
rosine is a specifi c response to the release of oxidants from 
eosinophils. Neutrophil- and monocyte-derived MPO, 
which are increased in smokers and patients with COPD, 
produce 3-chlorotyrosine  [16] . Th us, distinction between 
these  “ footprints ”  might be useful in assessing the ROS bur-
den in patients with asthma and COPD. A specifi c marker 
of protein modifi cation by reactive brominating species 
3-bromotyrosine has been shown to be markedly increased 
in BAL proteins obtained from asthmatics  [16] . EPO-
generated oxidants can interact with RNS present in asthmat-
ics and promote protein nitration  [15] . Th us, oxidative modi-
fi cation of critical biological targets in asthmatic airways may 
contribute to the pathophysiological features of asthma, such 
as epithelial cell damage, airway hyperreactivity, bronchocon-
striction,  β -adrenergic receptor dysfunction, mucus hyperse-
cretion, microvascular leak, and airway edema        [68, 69] .  

    Interaction between ROS and RNS 

   Th e levels of nitric oxide are elevated in the exhaled air of 
patients with asthma            [70–73] . Increased levels of exhaled 
NO, together with increased exhaled H 2 O 2  in asthmatic 
patients, are associated with a pro-oxidant activity in air-
way walls resulting in lipid peroxidation and nitration of 
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proteins              [15, 16, 70, 74, 75] . Th e fi nding that NO reduces 
the potency of  β -adrenergic signaling pathways may be an 
important deleterious eff ect of elevated RNS in asthma 
 [50] . Th e presence of allergic infl ammation, involving the 
recruitment and activation of eosinophils, may be a contrib-
uting factor in these pro-oxidant eff ects. Eosinophil granule 
proteins may participate in the formation of nitrating oxi-
dants as well as unique molecules such as brominated prod-
ucts, which have been shown to be elevated in patients with 
asthma        [15, 16] . However, the signifi cance of these infl am-
matory ROS in the etiology of asthma is not established. 

   A reaction between NO and O 2  
 •  �   results in the forma-

tion of peroxynitrite anions (ONOO  �  ), a highly reactive oxi-
dant species. ONOO  �   adds a nitro group to the 3-position 
adjacent to the hydroxyl group of tyrosine to produce the 
stable product nitrotyrosine. ONOO  �   induces hyperre-
sponsiveness in airways of guinea pigs, inhibits pulmonary 
surfactant function, induces membrane lipid peroxidation, 
results in tyrosine/MAP kinase activation, and damages 
pulmonary epithelial cells              [73, 75–78] . Th e levels of 3-
nitrotyrosine are elevated in the exhaled breath of asthmatic 
patients  [79] . Furthermore, there is strong immunoreactiv-
ity for nitrotyrosine in the airway epithelium, lung paren-
chyma, and infl ammatory cells in the airways of patients 
with asthma        [79, 80] . 

   It has been postulated that increased levels of HOBr 
production as a result of EPO release from eosinophils 
result in increased peroxynitrite formation by interaction 
of HOBr with NO. NO itself can be stored in cells as s-
nitrosothiols  [81] , and this may regulate cellular apoptosis 
through inactivation of caspases by s-nitrosylation of critical 
cysteine residues  [82] . Consequently, increased ONOO� 
formation could deplete intracellular stores of NO, lib-
erating active caspases that can then induce epithelial cell 
apoptosis. Th is is supported by the evidence showing that s-
nitrosothiol levels in asthmatics are signifi cantly depressed 
       [83, 84] . However, there are other data, which show that 
levels of NO in exhaled breath condensate (EBC) are 
increased in asthmatics, that appear to confl ict with this 
supposition  [71] . Th is may simply refl ect a compartmentali-
zation eff ect in that diff erent mechanisms are operating in 
an intracellular versus extracellular environment. Th e precise 
mechanistic role that SOD inactivation by ONOO� plays 
in asthma is as yet unclear. However, it is postulated that 
SOD inactivation by ONOO� could increase the over-
all redox state by allowing higher levels of H 2 O 2  to persist 
thereby depleting intracellular NO stores through increased 
ONOO� formation and lowering s- nitrosothiol levels  [85] . 
Overall, this clearly shows that oxidant stress occurs in 
asthma which can be refl ected/detected in the lungs both 
systemically and locally.  

    Generation of ROS-mediated lipid 
peroxidation products 

   Th e measurement of aldehydes in exhaled breath has been 
proposed as a means to assess lipid peroxidation  in vivo.  Th e 
levels of lipid peroxidation products (8-isoprostanes), hydro-
carbons (ethane and pentane), and nonspecifi c products of 
lipid peroxidation (thiobarbituric acid reactive substances, 

TBARS) are increased in EBC of patients with asthma 
           [86–89] . Th e levels of 8-isoprostane are also increased in 
BAL fl uid of patients with asthma  [90] . Urinary excretion 
of 15-F 2t -isoprostane (8-isoprostaglandin 2,  family of F 2 -
isoprostanes) was increased in mild atopic asthmatics fol-
lowing inhaled allergen provocation, whereas no increase 
in the urinary excretion of 15-F 2t -isoprostane was observed 
after inhalation of methacholine  [91] . Th e presence of vari-
ous markers of oxidative stress provide evidence that oxida-
tive stress is present in the airspaces in asthma, but do not 
provide defi nitive evidence for a role for oxidative stress in 
the pathogenesis of asthma. 

   Measurement of systemic or exhaled isoprostane 8-iso-
PGF 2 α   levels may provide a useful tool in monitoring clinical 
status in asthma  [92] . Th e level of plasma F 2 -isoprostanes (an 
8-isoPGF 2 α   isomer) is signifi cantly increased in asthmatics 
and is related to disease severity  [92] . Similarly, arachidonic 
acid is increased in airway infl ammatory cells of patients 
with bronchial asthma  [93] . Arachidonic acid may undergo 
oxidation to produce an end-product of lipid peroxidation 
such as 4-HNE        [24, 25] . Th e levels of plasma lipid perox-
ides TBARS have been shown to be elevated in asthma, and 
are negatively correlated with the Forced Expiratory Volume 
in one sec (FEV 1),  suggesting a role for increased oxidative 
stress in the pathogenesis of the airway obstruction of asthma 
       [94, 95] . Further studies are needed to defi ne the source, sig-
nifi cance, and specifi city of these peroxidation products.   

    OXIDATIVE STRESS IN COPD 

   More than 90% of patients with COPD are smokers, but 
not all smokers develop COPD          [96–98] . However, 15–20% 
of cigarette smokers show a rapid decline in FEV 1  over time 
and develop COPD. An increased oxidant burden in smokers 
derives from the fact that cigarette smoke contains an esti-
mated 10 14  oxidants per puff , and many of these are relatively 
long-lived – such as tar-semiquinone that can generate  • OH 
and H 2 O 2  by the Fenton reaction            [20–23] . Other factors that 
may exacerbate COPD, such as air pollutants, infections, and 
occupational dusts, also have the potential to produce oxida-
tive stress        [5, 99] . Th ese include oxidative stress, which has 
important consequences on lung physiology and for the 
pathogenesis of COPD including increased sequestration 
of neutrophils in the pulmonary microvasculature, increased 
oxidative inactivation of antiproteases, mucus hypersecretion, 
alteration in mitochondrial respiration, alveolar epithelial 
injury or permeability, breakdown and remodeling of extra-
cellular matrix, apoptosis of epithelial and endothelial cells, 
skeletal muscle dysfunction fatigue and exercise limitation, 
and glucocorticoid resistance. 

    ROS in the alveolar space 

   Th e oxidant burden in the lungs is enhanced in smokers by 
the release of ROS from macrophages and neutrophils  [5] . 
Oxidants present in cigarette smoke can stimulate alveo-
lar macrophages to produce ROS and to release a host of 
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 mediators, some of which attract neutrophils and other 
infl ammatory cells into the lungs. Both neutrophils and mac-
rophages, which are known to migrate in increased numbers 
into the lungs of cigarette smokers compared with nonsmok-
ers  [5] , can generate ROS via the NADPH oxidase system. 
Moreover, the lungs of smokers with airway obstruction have 
more neutrophils than smokers without airway obstruction 
 [100] . Circulating neutrophils from cigarette smokers and 
patients with exacerbations of COPD release more O 2  

 •  �   
 [95] . Cigarette smoking is associated with increased content 
of MPO in neutrophils, which correlates with the degree of 
pulmonary dysfunction        [101, 102] . MPO activity is nega-
tively correlated with FEV 1  in patients with COPD, sug-
gesting that neutrophil MPO-mediated oxidative stress may 
play a role in the pathogenesis of the airway obstruction in 
COPD  [103] . 

   Alveolar macrophages obtained by BAL fl uid from 
the lungs of smokers release increased amounts of ROS such 
as O 2  

 •  �   and H 2 O 2  in response to stimulation          [5, 104, 105] . 
Exposure to cigarette smoke  in vitro  has also been shown to 
increase the oxidative metabolism of alveolar macrophages 
 [106] . Subpopulations of alveolar macrophages with a higher 
granular density appear to be more prevalent in the lungs of 
smokers and are responsible for the increased O 2  

 •  �   produc-
tion of smoker’s macrophages        [106, 107] . 

   Hydrogen peroxide, measured in exhaled breath, is 
thought to be a direct measurement of oxidant burden in 
the airspaces. Smokers and patients with COPD have 
higher levels of exhaled H 2 O 2  than nonsmokers          [108–110] , 
and levels are even higher during exacerbations of COPD 
 [110] . Th e source of the increased H 2 O 2  is unknown but 
may in part derive from increased release of O 2  

 •  �   from alve-
olar macrophages in smokers  [110] , However, in one study 
smoking did not appear to infl uence the levels of exhaled 
H 2 O 2   [108] ; the levels of exhaled H 2 O 2  in this study corre-
lated with the degree of airfl ow obstruction as measured by 
the FEV 1 . However, the variability of the measurement of 
exhaled H 2 O 2 , along with the presence of other confound-
ing factors, such as cigarette smoking and caff eine intake, 
has led to concerns over the reproducibility of the use of 
exhaled H 2 O 2  as a marker for oxidative stress in smokers 
and in patients with COPD. Th e generation of ROS in 
ELF may be further enhanced by the presence of increased 
amounts of free iron in the airspaces in smokers        [111, 112] . 
Th is is relevant to COPD since the intracellular iron con-
tent of alveolar macrophages is increased in cigarette smok-
ers and is increased further in those who develop chronic 
bronchitis, compared with nonsmokers  [113] . In addition, 
macrophages obtained from smokers release more free iron 
 in vitro  than those from nonsmokers  [114] . 

   In some studies, in both stable bronchitis  [12]  and mild 
exacerbations  [10] , eosinophils have been shown to be promi-
nent in the airways. BAL fl uid from patients with COPD has 
also been shown to contain increased eosinophilic cationic 
protein  [102] . Furthermore, peripheral blood eosinophilia is 
also considered to be a risk factor for the development of air-
way obstruction in patients with chronic bronchitis and is an 
adverse prognostic sign        [115, 116] . However, despite the pres-
ence of an increased number of eosinophils, EPO- mediated 
generation of 3-bromotyrosine has not been detected in 
COPD patients  [16] . Th is does not provide support for a role 

of brominating oxidant in eosinophil-mediated ROS damage 
in COPD. 

   Superoxide anion and H 2 O 2  can be generated by the 
xanthine/XO reaction. XO activity has been shown to be 
increased in cell-free BAL fl uid and plasma from COPD 
patients, compared with normal subjects; and this has been 
associated with increased O 2  

 •  �   and lipid peroxide levels 
         [117–119] .  

    ROS in blood 

   Th e neutrophil appears to be a critical cell in the pathogen-
esis of COPD  [120] . Previous epidemiological studies have 
shown a relationship between circulating neutrophil numbers 
and FEV 1         [121, 122] . A relationship has also been shown 
between the changes in peripheral blood neutrophil count 
and in airfl ow limitation over time  [122] . Similarly, a corre-
lation between O 2  

 •  �   release by peripheral blood neutrophils 
and bronchial hyperreactivity in patients with COPD has 
been shown, suggesting a role for systemic ROS in the 
pathogenesis of the airway abnormalities in COPD  [123] . 
Another study has shown a relationship between peripheral 
blood neutrophil luminol-enhanced chemiluminescence, as a 
measure of the release of ROS, and measurements of airfl ow 
limitation in young cigarette smokers  [124] . 

   Various studies have demonstrated increased produc-
tion of O 2  

 •  �   from peripheral blood neutrophils obtained 
from patients during acute exacerbations of COPD; these 
levels returned to normal when the patients were clinically 
stable          [95, 125, 126] . Other studies have shown that circu-
lating neutrophils from patients with COPD show upregu-
lation of their surface adhesion molecules, which may also 
be an oxidant-mediated eff ect        [95, 127] . Activation may be 
even more pronounced in neutrophils that are sequestered in 
the pulmonary microcirculation in smokers and in patients 
with COPD, since neutrophils sequestered in the pulmonary 
microcirculation in animal models of lung infl ammation 
release more ROS than circulating neutrophils  [128] . Th us, 
neutrophils sequestered in the pulmonary microcirculation 
may be a source of ROS and may have a role in inducing 
endothelial adhesion molecule expression in COPD.  

    Interaction between ROS and RNS 

   Nitric oxide has been used as a marker of airway infl am-
mation and indirectly as a measure of oxidative stress. Th ere 
have been reports of increased levels of NO in exhaled 
breath in patients with COPD, but not so high as the lev-
els reported in asthmatics          [129–131] . One study failed to 
confi rm this result  [132] . Smoking cessation increases NO 
 levels in exhaled air  [133] , and the reaction of NO with 
O 2  

 •  �   limits the usefulness of this marker in COPD, except 
perhaps to diff erentiate from patients with COPD from 
those with asthma ( Table 25.1   ). 

   Cigarette smoking increases the formation of RNS 
and results in nitration and oxidation of plasma proteins. 
Th e levels of nitrated proteins (fi brinogen, transferrin, 
plasminogen, and ceruloplasmin) were higher in s mokers 
than in nonsmokers  [142] . Evidence of enhanced NO and 
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ONOO –  activity in plasma has been shown in cigarette 
smokers  [143] .  In vitro , exposure to gas-phase cigarette 
smoke results in increased lipid peroxidation and protein 
carbonyl formation in plasma  [140] . It is likely that alpha, 
beta-unsaturated aldehydes (acrolein, acetaldehyde, and cro-
tonaldehyde) that are abundantly present in cigarette smoke 
may react with protein-SH and -NH 2  groups leading to the 
formation of a protein-bound aldehyde functional group 
and are capable of converting tyrosine to 3-nitrotyrosine 
and dityrosine  [140] . Nitric oxide and ONOO – -mediated 
formation of 3-nitrotyrosine in plasma and free catalytic 
iron (Fe 2 �  ) levels in ELF are elevated in chronic smokers 
 [144] . Nitration of tyrosine residues or proteins in plasma 
leads to the production of 3-nitrotyrosine  [145] . Th e levels 
of nitrotyrosine and inducible NO synthase (iNOS) were 
higher in airway infl ammatory cells obtained by induced 
sputum from patients with COPD, compared to those with 
asthma  [144] . Th e levels of nitrotyrosine were negatively 
correlated with the percentage predicted FEV 1  in patients 
with COPD. Th ese direct and indirect studies indicate that 
increased RNS- and ROS-mediated protein nitration and 
lipid peroxidation respectively may play a role in the patho-
genesis of COPD.  

    Generation of ROS-mediated lipid 
peroxidation products: Carbonyl stress 

   Formation of protein carbonyls (aldehyde protein adducts) 
in response to cigarette smoke-derived lipid peroxides (alde-
hydes) has been implicated in pathogenesis of COPD. 
Th e levels of lipid peroxides, such as 8-isoprostane, and 

 hydrocarbons, such as ethane and pentane, are increased 
in exhaled air condensate in smokers and in patients with 
COPD          [134–136] . Furthermore, the levels of these lipid 
peroxidation products have been correlated with airway 
obstruction  [136] . Urinary levels of isoprostane F 2 α  -III have 
been shown to be elevated in patients with COPD com-
pared with control subjects and are even more elevated dur-
ing exacerbations of COPD  [30] . Th ese studies indicate that 
there is increased lipid peroxidation in patients with COPD. 
However, it is not known whether the increased level of lipid 
peroxidation products found in these diseases is the result of 
primary lung-associated processes such as alveolar macro-
phage activation, neutrophil activity, or the ongoing lipid per-
oxidative chain reaction in the alveoli, parenchyma, or airways, 
which are induced by inhaled oxidants/cigarette smoke  [141] . 

   Indirect and nonspecifi c measurements of lipid per-
oxidation products, such as TBARS, have also been shown 
to be elevated in breath condensate and in lungs of patients 
with stable COPD          [112, 137, 138] . Th e levels of plasma 
lipid peroxides have been shown to be elevated in COPD 
and negatively correlated with the FEV 1   [94] . Oxidative 
stress, measured as lipid peroxidation products in plasma, 
has also been shown to correlate inversely with the percent-
age predicted FEV 1  in a population study  [146] , suggesting 
that in patients with COPD lipid peroxidation may play a 
role in the progression of the disease. 

   4-HNE is a highly reactive and specifi c diff usible 
end-product of lipid peroxidation. Increased 4-HNE-modi-
fi ed protein levels (protein carbonyls) are present in airway 
and alveolar epithelial cells and endothelial cells, and in 
neutrophils in smokers with airway obstruction compared to 
subjects without airway obstruction  [139] . Th is demonstrates 

 TABLE 25.1          ROS markers in asthma and COPD.  

   Biochemical marker     

 References 

 Asthma  COPD 

   Elevated hydrogen peroxide level in exhaled breath         [66, 75]            [108–110]  

   Release of ROS from peripheral blood neutrophils, eosinophils, and macrophages                   [42–46, 54, 61]              [95, 121, 123, 126]  

   Increased release of ROS from alveolar macrophages, eosinophils, and neutrophils         [60, 62]    [104]  

   Increased MPO and EPO levels   [15]            [101–103]  

   Increased BAL fl uid xanthine/XO activity  –           [117–119]  

   Elevated plasma and exhaled F 2 -isoprostane, ethane, and pentane levels               [86–88, 90, 92]            [134–136]  

   Elevated plasma and exhaled lipid peroxide (TBARS) levels           [89, 94, 95]              [95, 112, 137, 138]  

   Increased formation of 4-hydroxy-2-nonenal-protein adducts in lungs  –   [139]  

   Elevated plasma protein carbonyls  –   [140]  

   Increased exhaled CO   [141]    [141]  

   Increased exhaled NO         [70, 71]              [129–132]  

   Increased 3-nitrotyrosine in plasma, BAL fl uid, and exhaled breath           [74, 79, 80]            [142–144]  

   Increased 3-chlorotyrosine and 3-bromotyrosine         [15, 16]    [16]  
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not only the  presence of 4-HNE but that 4-HNE modi-
fi es proteins in lung cells to a greater extent in patients 
with COPD. Th e increased level of 4-HNE adducts in 
alveolar epithelium, airway endothelium, and neutrophils 
was inversely correlated with FEV 1 , suggesting a role for 4-
HNE in the pathogenesis of COPD. Th e formation of 4-
HNE may have detrimental eff ect on a variety of signaling 
molecules, such as Nrf2, HDAC2, and I  κ  B kinase (NF-  κ  B 
activation). Hence, the carbonyl stress that predominantly 
occurs in response to cigarette smoke may be a diff erentiat-
ing factor in distinguishing the oxidative stress response in 
the airways of asthma and COPD.   

    ALTERATION IN ENDOGENOUS ANTIOXIDANT 
DEFENSES WITHIN THE LUNG 

   To combat and neutralize the deleterious eff ects of ROS, 
various endogenous antioxidant strategies have evolved 
which employ both enzymatic and nonenzymatic mecha-
nisms. Within the lung lining fl uid, several nonenzymatic 
antioxidant species exist which include, glutathione, ascorbic 
acid (vitamin C), uric acid,   α  -tocopherol (vitamin E), and 
albumin. Th e relative abundance of these antioxidants can 
diff er from that observed in blood plasma  [147] . Nevertheless, 
ROS-induced lung injury can increase lung epithelial 
p ermeability  [148]  allowing leakage of plasma constituents, 
which will also contain antioxidants, into the lung lining fl uid 
providing additional antioxidant protection. Similarly, enzy-
matic antioxidant defenses can also diff er in both anatomical 
and subcellular localization based on expression. Th is includes 
enzymes such as SOD, catalase, thioredoxin, glutathione 
peroxidase (GPx), and glutathione-S-transferase. Of these, 
enzymes such as SOD can be found as diff erent isoforms 
expressed either intracellularly or extracellularly. Moreover, 
extracellular-SOD is highly expressed in the lungs mainly 
around blood vessels and airways  [149] . 

    Table 25.2    highlights the level of diff erent nonen-
zymatic antioxidants found in the ELF compared to that 
in plasma. While diff erences are clearly evident, both 
enzymatic and nonenzymatic antioxidant strategies are 
employed within the lung. 

    Depletion of antioxidant enzymes in 
asthma and COPD 

   An important eff ect of oxidative stress and infl amma-
tion is the upregulation of protective antioxidant genes. 
Amongst antioxidants, glutathione (GSH), and its redox 
enzymes have an important protective role in the airspaces 
and intracellularly in lung epithelial cells. Indeed, GSH 
levels are increased in the ELF of both asthmatics and 
chronic cigarette smokers        [150, 151] . GSH is a tripeptide 
( l - γ -glutamyl- l -cysteinyl-glycine) that contains a thiol 
group. It functions as an antioxidant by acting as a sacrifi -
cial target for ROS and other products of lipid peroxida-
tion, such as reactive carbonyls. In so doing, GSH becomes 
oxidized to its dimeric form (glutathione disulfi de, GSSG) 
or forms adducts with reactive carbonyls and other reac-
tive xenobiotics (GS-X). Furthermore, enzymes such as 
GPx and glutathione transferase can facilitate this proc-
ess. GSSG can itself be reduced back to GSH by glutath-
ione reductase using NADPH generated from the pentose 
phosphate pathway. Oxidative stress causes upregulation 
of glutamate cysteine ligase, GCL (formerly known as 
 γ -glutamylcysteine synthetase)        [3, 152] , an important 
enzyme involved in the synthesis of GSH, as an adap-
tive mechanism against subsequent oxidative stress. We 
have shown the increased expression of GCL mRNA in 
lungs of s mokers which is even more pronounced in smok-
ers with COPD  [153] . Th is implies that GSH synthesis is 
upregulated in lungs of smokers with and without COPD. 
Similarly, bronchial epithelial cells of rats exposed to ciga-
rette smoke have shown increased expression of the anti-
oxidant genes such as manganese superoxide dismutase 
(MnSOD), metallothionein, and GPx  [154] . Th is would 
suggest the importance of an adaptive antioxidant gene 
response against the injurious eff ects of cigarette smoke 
 [154] . However, Harju and colleagues have found that 
GCL immunoreactivity was decreased (possibly lead-
ing to decreased GSH levels) in the airways of smok-
ers compared to nonsmokers, suggesting that cigarette 
smoke predisposes lung cells to ongoing oxidant stress 
 [155] . In addition, Neurohr and colleagues showed that 
decreased GSH levels in BAL fl uid cells of chronic smok-
ers were associated with a decreased expression of GCL-
light subunit without a change in GCL-heavy subunit 
expression  [156] . 

   Important protective antioxidant genes such as 
MnSOD, GCL, heme oxygenase-1 (HO-1), GPx, thiore-
doxin reductase, and metallothionein are similarly induced 
by various oxidative stresses including hyperoxia and infl am-
matory mediators, such as TNF- α  and LPS in lung cells 
           [37–40] . Indeed, the transcription factor, Nrf2, is redox sen-
sitive (contains –SH groups) and binds to the antioxidant 
response element (ARE) within DNA regulating a variety 
of antioxidant genes. Th e importance of Nrf2 can be gauged 
from a report by Rangasamy  et al. , where they have shown 
that disruption of the Nrf2 gene in mice lead to an early and 
a more intense emphysema in response to cigarette smoke 
compared to mice with an intact Nrf2 gene  [157] . In the 
same study they have shown that the expression of nearly 
50 antioxidant and cytoprotective genes in the lungs may 

 TABLE 25.2          Antioxidant constituents of plasma and lung epithelial 

lining fl uid (ELF).  

   Antioxidant  Plasma ( μ M)  ELF ( μ M) 

   Ascorbic acid  40  100 

   Glutathione  1.5  100 

   Uric acid  300  90 

   Albumin-SH  500  70 

     α  -tocopherol  25  2.5 

     β  -carotene  0.4  – 



Asthma and COPD: Basic Mechanisms and Clinical Management

302

be transcriptionally controlled by Nrf2 and all genes may 
work in concert to overcome the eff ects of cigarette smoke. 
Moreover, studies examining polymorphisms in these pro-
tective antioxidant genes, such as glutathione transferase 
and HO-1, have suggested a link to onset of COPD and 
emphysema        [158, 159] . Interestingly, Rangasamy and col-
leagues have recently showed that disruption of Nrf2 also 
leads to susceptibility to severe allergen-induced asthma in 
mice. Th ese fi ndings indicate that though Nrf2 is important 
for the control of antioxidant genes, it is not specifi c to one 
infl ammatory disease  [160] . Recent studies showed deple-
tion of various Nrf-2 dependent Phase II antioxidant genes 
in lungs of patients with COPD  [161] . Th e compartmen-
talization and localization of various antioxidant enzymes 
and their functions/alterations in asthma and COPD are 
described in  Table 25.3   .  

    Depletion of antioxidant small 
molecules in asthma and COPD 

   Apart from GSH, several other antioxidants, such as ascor-
bic acid (vitamin C), uric acid,  α -tocopherol (vitamin E), 
and albumin, are present in the lung. Of these, the major 
antioxidants in lung lining fl uid are GSH, ascorbic acid, 
and uric acid  [147] . Like GSH, uric acid can also be found 
intracellularly, although at lower concentrations than that 
seen in plasma. It is a powerful scavenger of both ROS and 
RNS and can protect proteins against nitration  [162]  par-
ticularly from the nitrogen dioxide radical, nitrous oxide, 
found in cigarette smoke  [163] . Oxidation of uric acid by 
ROS or RNS results in the formation of allantoin that 

can then be measured in various body fl uids as a marker of 
oxidative stress  [164] . Th e antioxidant properties of albu-
min, as well as mucins, come from the presence of exposed 
  �SH groups. Th eir protective eff ects are solely extracellu-
lar. However, albumin exists in a high concentration and 
acts as a sacrifi cial substrate able to react quickly with the 
very damaging and potent oxidizing ONOO –  and HOCl 
 [165] . 

   Th e remaining two protective antioxidant molecules, 
ascorbic acid and  α -tocopherol, are derived from the diet. 
Both antioxidants are decreased in chronic cigarette smok-
ers  [5] . Furthermore, the total antioxidant capacity of 
plasma is decreased in smokers, and in patients with asthma 
and COPD  [95] . It is interesting to note that the decrease 
in antioxidant capacity in smokers occurs transiently dur-
ing smoking and resolves rapidly after smoking cessation. 
Depletion of total antioxidant capacity in smokers is asso-
ciated with decreased levels of major plasma antioxidants 
(e.g. ascorbic acid, vitamin E,   β  -carotene, and selenium). 
Th e depletion of antioxidants may thus be a refl ection of 
ongoing oxidative stress due to underlying infl ammation 
in these diseases. Th ere is, however, a limitation of oxida-
tive stress and antioxidant biomarkers at present due to the 
lack of longitudinal studies, correlation with disease sever-
ity or outcome, and the variations observed in the control 
subjects. 

   Ascorbic acid, otherwise known as vitamin C, is water 
soluble. It functions as an antioxidant by accepting free 
radical electrons, thus forming the ascorbyl radical which 
is relatively unreactive. However, the ascorbyl radical will 
undergo a disproportionation reaction to regenerate ascor-
bate and dehydroascorbate, the latter rapidly breaking down 

 TABLE 25.3          Antioxidant enzymes of the lungs, their localization, and functions in asthma and COPD.  

   Enzyme  Lung localization  Function  Expression/Activity 

   Cu, ZnSOD  Bronchial, alveolar epithelium, 

macrophages, fi broblasts, pneumocytes 

 Scavenges O 2   
•  �    Decreased in COPD 

   EC-SOD  Bronchial epithelium, macrophages, 

neutrophils, vascular walls, pneumocytes 

 Scavenges O 2   
•  �    Decreased in COPD 

   MnSOD  Bronchial epithelium, macrophages, 

neutrophils, vascular walls, pneumocytes 

 Scavenges O 2   
•  �    Decreased in Asthma

Decreased in Smokers 

   Catalase  macrophages, fi broblasts, pneumocytes  Hydrogen peroxide to water  Decreased in Asthma 

   Glutathione 

peroxidase 

 ELF cells, epithelium, macrophages, 

other lung cells 

 Organic hydroperoxides to organic 

hydroxides 

 Decreased in COPD

Decreased in Asthma 

   Heme 

oxygenase-1 

 Alveolar, bronchial epithelium, 

macrophages, infl ammatory cells of 

lungs 

 Heme to CO and biliverdin  Decreased in Emphysema

Decreased in COPD 

   Thioredoxin  bronchial epithelium, macrophages  Transcriptional modulation, thiol–

dithiol exchange, Prot-S-S-Prot to 

Prot-SH 

 Decreased in COPD 

   GCL (catalytic 

subunit) 

 Alveolar, bronchial epithelium, 

macrophages 

 Synthesis of glutathione (fi rst rate 

limiting step) 

 Decreased in COPD

Decreased in Smokers 
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to form oxalic acid and  l -threonine  [166] . Ascorbic acid has 
been shown to possess a whole array of antioxidant proper-
ties  in vitro , from scavenging ROS and RNS, preventing 
lipid peroxidation to regenerating other antioxidants, such 
as uric acid and  α -tocopherol. Like uric acid, ascorbic acid 
is also a powerful scavenger of nitrous oxide which is a 
potent promoter of both protein nitration and lipid peroxi-
dation        [167, 168] . Indeed, increases in F 2 -isoprostane lipid 
peroxidation products are decreased in smokers who con-
sume more ascorbate  [169] . Further evidence of asorbate’s 
antioxidant properties  in vivo  is provided by the evidence 
highlighting its depletion in clinical conditions associated 
with a high oxidative stress burden  [170] . Intriguingly, there 
is also a dark side to ascorbic acid in that  in vitro  it can 
reduce Fe 3 �   to Fe 2 �   thereby facilitating OH  •   radical forma-
tion through Fenton chemistry. However, the relevance of 
this  in vivo  is still a subject of investigation.   

    IS THERE A CO-RELATIONSHIP BETWEEN 
OXIDATIVE STRESS, ANTIOXIDANT DEPLETION 
AND DECLINE IN LUNG FUNCTION IN ASTHMA 
AND COPD? 

   Emerging evidence suggests that oxidative stress is directly 
correlated with the decline in lung function in asthma and 
COPD. Epidemiological studies have shown a relation-
ship between circulating increase in neutrophil numbers 
and decline in FEV 1 . Oxidative stress, measured as lipid 
 peroxidation products in plasma, has also been shown to 
correlate inversely with the FEV 1  percentage in a population 
study  [171] . 

   Th ere is an association between dietary intake of anti-
oxidant vitamins and polyphenols and lung function in the 
general population as well as in obstructive airway disease, 
supporting the hypothesis that oxidative stress may have 
a role in decline in lung function, and chronic cough and 
breathlessness (but not chronic phlegm) in COPD            [146, 
172–174] . Th is is substantiated by a study highlighting the 
benefi cial protective eff ect of fruit containing polyphenols 
and vitamin E intake against COPD symptoms in 20-year 
COPD mortality from three European countries consist-
ing of Finnish, Italian, and Dutch cohorts  [175] . It has 
been shown that there is a correlation between increased 
dietary antioxidant intake and improved lung function 
 [146] . Moreover, increased dietary antioxidant status, par-
ticularly vitamin E ( α -tocopherol), correlated with lower 
levels of lipid peroxidation  [176] .  α -Tocopherol is a lipid 
soluble antioxidant and as such is probably one of the most 
important scavengers and inhibitors of lipid peroxidation. 
It largely achieves this by reacting faster with the lipid per-
oxyl radicals than these radicals can react with other lipid 
molecules. Similarly, another study reported that increased 
dietary intake of ascorbic acid led to an improvement in 
lung function in both smokers and asthmatics  [177] . Th ese 
studies support the concept that oxidative stress plays an 
important role in decline in lung function in smokers, and 
possibly in asthma patients with COPD.  

    THERAPEUTIC INTERVENTION WITH 
ANTIOXIDANTS IN ASTHMA AND COPD 

   In view of the evidence implicating oxidative stress in the 
pathogenesis of chronic airway diseases, one rational approach 
would be to consider antioxidant intervention to neutralize the 
increased oxidative stress, and the subsequent infl ammatory 
response. Several small molecular weight compounds that tar-
get oxidant signaling, or quench oxidants/aldehydes/carbonyls 
derived from cigarette smoke or boost antioxidant potential in 
the lung are currently being tested clinically  [178] . Antioxidant 
agents such as thiol molecules (GSH/cysteine and mucolytic 
drugs, such as  N -acetyl- l -cysteine (NAC) and nacystelyn 
(NAL)), dietary polyphenols (curcumin, resveratrol, green tea, 
and quercetin), erdosteine, fudosteine, and carbocysteine lysine 
salt, all have been reported to increase intracellular thiol anti-
oxidant levels and induction of GSH biosynthesis genes. Th e 
various antioxidant strategies used have been divided into six 
categories; dietary, thiols, spin traps, enzyme mimetics, and 
polyphenols as shown in  Table 25.4   .    

    Dietary 

   Reports of clinical benefi t in asthma and COPD for 
increased vitamin C, E, and other dietary antioxidants have 
been varied. Nevertheless, epidemiological studies have 
shown that there are decreased vitamin C, E,  β -c arotene, and 
selenium levels in cigarette smokers          [179–181] . Similarly, 
other studies have reported a link with decreased lung func-
tion  [182]  and the presence and severity of asthma to dietary 
antioxidant intake, such as vitamins C and E,  β -carotene 
and selenium        [183, 184] . One small trial has shown that 
there was a clinical improvement in asthmatic symptoms 
after being given selenium supplementation compared to 
placebo  [185] . In addition, one very early study incorporat-
ing selenium supplementation in smokers demonstrated 
that this resulted in reduced superoxide release from leu-
kocytes  [186] . Moreover, two studies by the same group 
have shown no clinical benefi t of supplemental intake of 
vitamin C or E when compared to current standard thera-
pies for mild-to-moderate asthma        [187, 188] . Th is is in 
contrast with earlier studies, showing decreased lipid per-
oxidation and a corresponding improvement in lung func-
tion with increased vitamin C intake in smokers        [177, 189] . 
Supplementation with either vitamin E or  β -carotene alone 
resulted in no clinical benefi t in COPD  [190] . Moreover, 
 β -carotene supplementation may have a detrimental side 

 TABLE 25.4          Antioxidant therapeutic interventions in asthma and COPD.  

   Antioxidant compounds 

   Thiol compounds- N -acetyl- L -cysteine (NAC), nacystelyn (NAL),

  glutathione esters, thioredoxin, Procysteine, erdosteine, fudosteine,

   carbocysteine, N -isobutyrylcysteine, ebselen

Antioxidant vitamins (vitamin A, E, C),  β -carotene, CoQ 10 

Polyphenols (curcumin, resveratrol, quercetin, and green tea-catechins)

Nitrone spin traps

Enzyme mimetics: SOD and GPx mimetics, porphyrins 
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eff ect in that it may accelerate the onset of lung cancer in cig-
arette smokers  [189] . Hence, dietary antioxidants intake/sup-
plementation may not be so eff ective as therapeutic option to 
control the declining lung function in airway diseases.  

    Thiols 

   In the lung, thiols in the form of GSH constitute one of the 
main antioxidant defenses in both intracellular and extra-
cellular compartments. Attempts to raise GSH levels in 
the lung through administration of GSH itself have been 
tried  [191] . Unfortunately, aerosolization of GSH into the 
lung was characterized by a poor half life  [192]  and led to 
induction of bronchial hyperreactivity  [193] . Intracellular 
antioxidant protection after GSH oral administration was 
also limited, due to its ineffi  cient cellular uptake  [194] . 
Alternative methods of raising GSH levels have involved 
supplementing the GSH precursor cysteine, through the 
use of NAC. Th is approach has met with varying success 
in the past  [195] . A Cochrane systematic review and other 
systematic reviews demonstrated that NAC treatment was 
associated with a signifi cant reduction of 0.79 exacerbations/
patient/year compared with placebo, and a 29% decrease in 
COPD patients              [196–200] . Similarly, randomized, double-
blind, placebo-controlled Phase II trials of a 6-12 month 
oral dose (of 600       mg, twice a day) showed reduction in vari-
ous plasma and BAL fl uid oxidative biomarkers in smok-
ers        [201, 202] . Similarly, two further studies showed a clear 
benefi t of NAC in reducing oxidant burden        [203, 204] . 
While there is a body of evidence that the administration of 
NAC p rovides a potential benefi t for COPD patients, this 
evidence is not clinically directive. For example, in a recently 
conducted Phase III multicenter Bronchitis Randomized 
on NAC Cost-Utility Study (BRONCUS)  [205] , NAC 
(600       mg oral, daily) was ineff ective in halting the decline 
in lung function, but did lead to a reduction in hyperinfl a-
tion in patients with severe COPD and decreased the exac-
erbation rate in patients who were not treated with inhaled 
glucocorticoids  [205]  ( Table 25.5   ). Th e variability in all the 
current studies using NAC at 600       mg, oral, daily may simply 
refl ect the fact that the dose was not high enough. Indeed 
the pharmacokinetics support this explanation. Given orally, 
600       mg of NAC is rapidly absorbed by the gut but has a 
bioavailability of only 10% with a plasma half life of 6.3       h; 
this led to a transient increase in lung GSH levels after daily 
dosing for 2 weeks        [206, 207] . Th ough oral intake of NAC 
(600       mg daily) led to decreased markers of oxidative stress in 
smokers and patients with COPD, perhaps higher doses of 
NAC (1200–1800       mg/day) are needed to observe any clini-
cal benefi t on lung function. 

   An alternative to NAC is the lysine salt of NAC, 
nacystelyn (NAL). It has been used as a mucolytic for cystic 
fi brosis. However, it also possesses antioxidant properties 
and can reduce both ROS levels and ROS-mediated infl am-
matory events  in vitro   [213]  and  in vivo   [214] . NAL has 
several advantages over NAC, fi rstly it can enhance GSH 
levels twice as eff ectively as NAC and secondly it forms a 
neutral pH when in solution, unlike NAC which is acidic 
 [215] . Th is has meant that when delivered directly into the 
lung by aerosol in healthy volunteers, it did not cause any 
irritation or other side eff ects  [216] . Th erefore NAL may be 

more promising than NAC in reducing the oxidant burden 
in the lung in chronic airways disease. 

   Th e potential of other thiols as antioxidants are also 
being explored. Th ese include erdosteine, fudosteine, and 
carbocysteine, which have mucoactive properties as well as 
reduce bacterial adhesiveness. In the  “ Equalife ”  randomized 
placebo controlled trial, erdosteine was dosed orally 300       mg 
b.i.d. for a period of 8 months  [217] . Patients receiving 
erdosteine had signifi cantly fewer exacerbations and spent 
few days in hospital than the placebo group. Moreover, 
patients receiving erdosteine showed no reduction in lung 
function over this period and showed a signifi cant improve-
ment in health-related quality of life. Similarly, fudosteine 
has shown to possess promising potential in treatment of 
patients with COPD. A   clinical trial on the combination of 
steroids and erdosteine/fudosteine/carbosyteine in patients 
with COPD is needed.   A recent study has shown that 
long-term use of carbocysteine reduced the rate of exacer-
bations in patients with COPD, but there was no diff er-
ence in exacerbation rate between the carbocysteine group 
and placebo group at an early treatment (3 months) [218]. 
However, 1-year treatment of carbocysteine (1,500 mg/day) 
was eff ective in COPD patients in terms of reductions in 
numbers of exacerbations and improvements in quality of 
life. Hence, it was suggested that longer use of carbocisteine 
is more eff ective for preventing exacerbations of COPD.

    Spin traps 

   Spin traps are based around a nitrone or nitroxide contain-
ing molecule such as isoindole-based nitrones  [219]  and 
azulenyl-based nitrones  [220] . One such azulenyl nitrone, 
STANZ, may prove promising for  in vivo  use as it exhib-
its very potent antioxidant activity. Surprisingly, no studies 
have been performed in asthma and COPD, looking at the 
impact of spin traps on clinical endpoints, such as FEV 1 . A 
phenyl-based nitrone   spin trap developed by AstraZeneca, 
NXY-059, is due to enter Phase III clinical trials for use 
in acute ischemic stroke. Th e utility of this compound in 
SAINTII trial was unsuccessul though the drugh was safe. 
Nevertheless, it remains to be seen whether such com-
pounds could be developed for more long-term use in 
asthma and COPD.  

    Enzyme mimetics 

   Enzyme mimetics are generally small compounds that possess 
catalytic activity that mimics the activity of larger enzyme-
based molecules. In the case of antioxidants, this includes the 
SOD, catalase, and GPx-like activities. A number of SOD 
mimetics based around organo–manganese complexes have 
been developed which retain their antioxidant properties 
 in vivo . Th ese include a series of manganese-based mac-
rocyclic ligands, such as M40401, M40403, and M40419 
         [221–223] . Th e second class of SOD mimetics are the 
manganese–metalloporphyrin based compounds as exem-
plifi ed by AEOL-10113 and AEOL-10150        [224, 225] . Th e 
third class of manganese-based SOD mimetic are the  “ Salens. ”  
Th ese are generally aromatic substituted ethylene–diamine 
metal complexes  [226] , such as EUK134        [227, 228] . Th e 
 “ Salens ”  also possess some catalytic activity and can therefore 
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 TABLE 25.5          Clinical trials conducted for the effi  cacy of antioxidants in asthma and COPD.  

   Trial name  Antioxidant used  Aim of study 

 Disease/

Condition  Outcome  References 

   BRONCUS   N -acetyl- L -cysteine  Eff ect of NAC 

on FEV 1  

 COPD  30% reduction in COPD 

hospitalization obtained without 

change on decline in FEV 1.  

  [205]  

   Systematic Cochrane 

review of 23 

randomized controlled 

trails 

  N -acetyl- L -cysteine 

(2 months of oral NAC 

therapy) 

 Eff ect of NAC and 

antibiotics on number 

of days of disability 

 COPD  Signifi cant reduction in days 

of disability (0.65 day/patient/

month) and 29% reduction in 

exacerbations.

No diff erence in lung function 

        [197, 198]  

   A Cochrane systematic 

review of randomized, 

controlled trials of 11 of 

39 retrieved trials 

  N -acetyl- L -cysteine  Used a validated score 

to evaluate the quality 

of each study 

 COPD  9 trials showed prevention of 

exacerbation and 5 of which 

addressed improvement of 

symptoms compared with 34.6% 

of patients receiving placebo 

  [199]  

   A meta-analysis of 

published trials 

  N -acetyl- L -cysteine  To assess the possible 

prophylactic benefi t of 

prolonged treatment 

 COPD  23% decrease in number of acute 

exacerbations 

  [200]  

      N -acetyl- L -cysteine 

(600       mg once a day for 

12 months) 

 Eff ect of NAC on H 2 O 2  

and TBARS in EBC 

 COPD  No change in TBARS reduce H 2 O 2  

levels 

          [202–204]  

      β -carotene (20       mg/day) 

and  α -tocopherol 

(50       mg/day) 

 Eff ect on the symptoms 

(chronic cough, 

phlegm, or dyspnea) 

 COPD  No benefi t on symptoms   [208]  

      β -carotene (20       mg daily 

for 4 weeks) 

 Eff ect on lipid peroxides

Levels in exhaled breath 

 Smokers  Reduce lipid peroxidation (pentane 

levels) in exhaled breath 

          [190, 209, 

210]  

   The MORGEN 

study 

 Diet rich in 

polyphenols/

biofl avonoids (catechin, 

fl avonol, and fl avone) 

(58       mg/day) 

 Eff ect on FEV 1 , chronic 

cough, breathlessness, 

and chronic phlegm 

 COPD  Positively associated with decline 

in FEV 1  and inversely associated 

with chronic cough and 

breathlessness, but not chronic 

phlegm 

  [174]  

   European countries 

(Finnish, Italian, and 

Dutch cohorts) 

 Diet rich in fruits, 

vegetables and fi sh 

intake 

 Eff ect on 20-year COPD 

mortality 

 COPD  A 24% lower COPD mortality risk   [175]  

     Vitamin C (500       mg daily 

for 4 weeks) 

 Eff ect on lipid peroxides

Levels in breath and 

plasma 

 Smokers  No change in lung function

No change in lipid peroxidation 

(breath pentane and plasma MDA 

levels) 

  [209]  

     Vitamin C (600       mg) 

Vitamin E (400       IU)

 β -carotene (30       mg) 

 Eff ect on lipid 

peroxidation 

 Smokers  Reduced lipid peroxidation         [211, 212]  

     Vitamin E (400       IU b.i.d. 

For 3 weeks) 

 Eff ect on breath ethane 

levels 

 Smokers  No eff ect on breath ethane levels   [208]  

     Vitamin C and E, 

 β -carotene, selenium 

 Eff ect on lung function 

and oxidative stress 

biomarkers 

 Asthmatics  50% reduction in asthma 

prevalence and clinical 

improvement whereas other 

studies showed no clinical 

improvement 

            [185–188]  

Peace study Carbocysteine 

(Carbocisteine)

Eff ect on rate of  

exacerbations in COPD

COPD Long-term (one year) use of 

carbocysteine (1,500 mg/day) 

produced  reduction in numbers 

of  exacerbations in patients with 

COPD

[218]

  BONCUS: Bronchitis randomized on NAC cost utility study.  
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also scavenge hydrogen peroxide, a product of SOD activity. 
Moreover, they are also able to decompose peroxynitrite  [229] . 

   Within the various classes of SOD mimetic, only 
the metalloporphyrin-based compounds AEOL-10150 
and AEOL-10113 (iron-containing porphyrin complexes 
that decomposes ONOO –  into innocuous nitrate) have 
been studied in models of airway infl ammation  [230] . In 
one study, AEOL-10113 was shown to inhibit both airway 
infl ammation and bronchial hyperreactivity in an ovalbu-
min challenge model of airway infl ammation  [224] . Th is 
highlighted an important therapeutic benefi t in asthma. In 
another study, AEOL-10150 was demonstrated to inhibit 
cigarette smoke-induced lung infl ammation  [225]  suggest-
ing a potential therapeutic benefi t in COPD. 

   Another type of catalytic antioxidant is the GPx 
mimetic ebselen. Th is is a selenium-based organic com-
plex and has been shown to be a very powerful antioxidant 
against the highly reactive and destructive ONOO–  [231] . 
It is able to prevent both NF-  κ  B/AP-1 activation and pro-
infl ammatory gene expression in human leukocytes exposed 
to ONOO–. Other studies have shown that ebselen is also 
active  in vivo  in preventing LPS-induced airway infl amma-
tion        [23, 232] . However, no studies have been reported so 
far on the protective eff ects of ebselen in cigarette smoke-
induced lung infl ammation. In contrast, the GPx mimetic 
BXT-51072 (Oxis, USA) and the lipid peroxidation inhibi-
tor BO-653 (Chugai Pharma, Japan) are either currently in 
Phase I or pre-clinical trials in patients with COPD. A more 
detailed review of the development and properties of these 
catalytic antioxidants is described elsewhere  [233] .  

    Polyphenols 

   Several epidemiological studies have been undertaken, which 
have established a benefi cial link between polyphenol intake 
and lower disease risk with many of the clinical benefi ts 
being attributed to both the antioxidant and anti-infl amma-
tory properties of polyphenols  [234] . In one Finnish study 
with over 10,000 participants, a signifi cant inverse correla-
tion was observed between polyphenol intake and the inci-
dence of asthma  [235] . Similar b enefi cial associations were 
also observed for COPD in a study encompassing over 
13,000 adults. Th is study reported that increased polyphenol 
intake correlated with improved symptoms, as assessed by 
cough, phlegm production, and breathlessness and improved 
lung function as measured by FEV 1   [174] . Two further 
studies appeared to corroborate these fi ndings. Th e fi rst 
study showed a benefi cial protective eff ect against COPD 
symptoms for increased fruit intake, high in polyphenol and 
vitamin E content  [175] . In the second more recent study, 
a standardized polyphenol extract administered orally was 
shown to be eff ective in reducing oxidant stress and increas-
ing PaO 2 , as well as improvements in FEV 1  between the 
enrollment and the end of the study  [236] . 

   While the above studies would appear to demonstrate 
an epidemiological link between polyphenol intake and clin-
ical benefi t in asthma and COPD, other studies have tried to 
show a direct impact of specifi c polyphenolic compounds on 
infl ammation  in vitro  and  in vivo . For example, the fl avonoid 
resveratrol, a constituent of red wine, inhibits infl ammatory 
cytokine release from macrophages isolated from COPD 

patients  [237] . Moreover, Birrell and colleagues have showed 
that  in vivo , resveratrol can inhibit infl ammatory cytokine 
expression in response to LPS challenge in rat lungs  [238] . 
Furthermore, in both monocytic U937 and alveolar epithe-
lial A549 cells, resveratrol inhibits NF-  κ  B and AP-1 activa-
tion        [239, 240] . However, the clinical utility of resveratrol in 
patients with asthma and COPD is not known. 

   Another well-studied polyphenol is curcumin. It is 
the active constituent of  Curcuma longa , commonly known 
as turmeric. Like resveratrol, it has also been reported 
to inhibit NF-  κ  B activation, along with IL-8 release, 
Cyclooxygenase-2 expression, and neutrophil recruitment in 
the lungs  [241] . Interestingly, one study postulates that cur-
cumin prevents cigarette smoke-induced NF-  κ  B activation 
through the inhibition of I  κ  B α  kinase in human lung epi-
thelial cells  [242] . Recently, we have observed that curcumin 
can inhibit infl ammation and restore glucocorticoid effi  cacy 
in response to oxidative stress, through the upregulation/
restoration of HDAC2 activity in macrophages (U937 and 
MonoMac6 cells) [243]. Th is would facilitate steroid-medi-
ated HDAC2 recruitment in attenuating NF-  κ  B-mediated 
chromatin acetylation and subsequent pro-infl ammatory 
gene expression. As glucocorticoids are the main thrust of 
anti-infl ammatory treatment, any therapeutics that can 
be used as an add-on to improve steroid responsiveness in 
COPD and severe asthma would be of signifi cant clini-
cal benefi t. Clearly clinical trials by using a combination 
approach of a steroid with polyphenols are warranted.    

    SUMMARY 

   Th ere is now increasing evidence that ROS generation plays 
a major pathophysiological role in asthma and COPD, and 
it is important for the severity of these conditions. ROS 
generation through endogenous mechanisms or exogenous 
cigarette smoke/environmental oxidants is critical to the 
infl ammatory response through activation of redox-sensitive 
transcription factors and pro-infl ammatory signaling path-
ways. At the same time, endogenous antioxidant  mechanisms 
are present to attenuate this redox-mediated infl ammatory 
response. It is when these two opposing mechanisms are 
out of balance that a chronic and more severe infl amma-
tory state becomes apparent. Th e use of antioxidants or other 
pharmacological agents to boost the endogenous antioxidant 
system could be used to redress this imbalance. In so doing, 
this would provide therapeutic benefi t in damping down and 
curtailing the severity and chronicity of the infl ammatory 
response in asthma and COPD patients. 

   A variety of oxidants, free radicals, and aldehydes are 
implicated in the pathogenesis of COPD, therefore it is pos-
sible that the therapeutic administration of multiple antioxi-
dants will be eff ective in the treatment of COPD. An eff ective 
wide spectrum antioxidant therapy that has good bioavailabil-
ity and potency is needed to control the localized oxidative 
and infl ammatory processes that occur in the pathogenesis 
of asthma and COPD. Furthermore, human clinical trials of 
newly developed small molecular antioxidants (alone or in 
combination with anti-infl ammatory agents), or higher doses 
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of NAC, are urgently needed to validate these compounds as 
clinical therapies and to provide the proof of concept that oxi-
dative stress is involved in the pathogenesis of COPD. 

   Clearly, further studies are required to understand the 
eff ect of ROS on basic cellular functions and the diff erential 
responses seen in diff erent cell types and how this in turn 
impacts on the pathology of diff erent infl ammatory disease 
states. At the same time, endeavors into identifying new and 
more effi  cacious antioxidants, radical quenchers, inhibitors 
of lipid peroxidation, and agents that can reverse protein 
carbonyl protein damage as a therapeutic strategy should 
continue. Indeed, elucidating the mechanism of action for 
some of the naturally occurring antioxidants, such as the 
potent enzyme mimetics and polyphenols, may lead to 
new therapeutic targets that can be antagonized/agonized 
through more conventional pharmacological approaches.   
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             Chemokines

     Tissue infection or injury induces a local infl am-
matory response in which the accumulation of 
white blood cells from the blood is an essen-
tial feature. Th e type of infection or injury 
determines the types of leukocyte which are 
recruited as appropriate for the necessary local 
host defense and repair response. Infl ammatory 
diseases can result from an inappropriate or 
overzealous infl ammatory response. Such 
infl ammation, when it occurs in the lung, can 
seriously compromise the normal function of the 
organ and can be life-threatening. Th us, there is 
considerable interest in the mechanisms under-
lying leukocyte recruitment and the endog-
enous molecules regulating the process, with an 
ultimate aim of designing targeted therapy to 
attenuate the traffi  cking of specifi c cell types. 
Leukocyte recruitment represents a refi ne-
ment of a fundamental property of a motile cell 
to detect a chemical gradient, orient itself, and 
move along the gradient. 

   Th is process, known as chemotaxis, has 
been elegantly described and analyzed in primi-
tive single-celled organisms and is an essential 
property of cells at diff erent stages of their life 
history in multicellular organisms. In higher 
animals, this property has been adapted to trap 
specifi c leukocyte types on the inner surface 
of small blood vessels and induce migration 
through the vessel wall into the tissues. Pivotal 
to the process of chemoattraction of leukocytes 
are the chemokines, a large family of chemo-
tactic proteins, typically of 10       kDa; see Rot and 
Von Andrian  [1]  for a review. Th ese proteins 
act upon specifi c G-protein-coupled receptors 
(GPCRs) found on the surface of cells and have 
a prominent role in the immune system, where 
they are essential for both the localization of 
diff erent types of leukocytes in tissue compart-
ments under basal conditions and the rapid 

recruitment of these cells to sites of injury or 
infection  . 

   Th e chemokine gradient, which the cells 
follow, is produced constitutively in specialized 
locations, or upregulated at sites of infl amma-
tion, such as in asthma or chronic obstructive 
pulmonary disease (COPD). Th e chemokines 
produced locally stimulate integrins on the leu-
kocyte to attach to complementary receptors on 
the microvascular endothelium and cytoskeletal 
changes necessary for attachment and migration 
through the barrier. Similar processes mediate 
the movement of the cell in the tissue toward 
the infl ammatory focus and elsewhere if appro-
priate (e.g. to lymph nodes). 

   Until recently, little was known about 
how the immune system organizes its geogra-
phy under basal conditions or how specifi c cell 
types can be recruited to sites of infl ammation  . 
Chemoattractants, such as complement-derived 
C5a, leukotriene B4, and platelet activity factor, 
had been discovered to be chemotactic  in vitro  
in Boyden chamber chemotaxis assays, but none 
had the specifi city necessary for many of the 
migratory responses seen in the body. Th is situ-
ation changed dramatically with the discovery 
of the fi rst chemokines in the late 1980s and 
the growing number of family members that 
have been discovered over the last decade. 

    CHEMOKINES 

   Chemokines have multiple roles in the organi-
zation of the immune system under basal condi-
tions and during infection, and are also involved 
in angiogenesis. A crucial role of chemokines is 
the recruitment of diff erent types of leukocytes 
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from the blood to the sites of infl ammation. Selective cell 
recruitment is achieved by means of locally produced chem-
okines, the particular chemokine secreted depends on the 
type of stimulus and the tissue involved. Specifi city is pro-
vided by the expression of diff erent types of receptor on dif-
ferent leukocyte types. 

   Most of the known chemokines ( Table 26.1   ) belong 
to two major families defi ned by the position of four con-
served cysteine residues ( Fig. 26.1   ). Th e largest family is the 
CC chemokine family (28 in number) which possess two 
adjacent cysteines in the vicinity of the N-terminus of the 
mature peptide. Th e CXC family (16 members) have two 
cysteine residues in this same region, but with an inter-
posed amino acid. In both families, the fi rst cysteine forms 
a disulfi de bond with the third, and the second with the 
fourth cysteine. CXC chemokines are characteristically 
chemotactic for neutrophils and lymphocytes, whereas CC 
chemokines act upon the majority of leukocytes, but gen-
erally have little activity on neutrophils. CXC chemokines 
can be further subdivided into those possessing a gluta-
mate–leucine–arginine (ELR) motif immediately before the 
fi rst cysteine, and those lacking the ELR motif. Members 
of the former, such as CXCL1, CXCL8, and CXCL7, are 
associated with angiogenic properties, while those lacking 
the ELR motif are typically inducible by IFN- γ  and are 
angiostatic, such as CXCL9, CXCL10, and CXCL11  [2] . 
Th ere are some nonconforming chemokines: lymphotactin 

 TABLE 26.1          CXC Chemokines, and their receptors.  

   Chemokine  Original name  Chemokine receptor(s)    Chemokine  Original name  Chemokine receptor(s) 

   CXCL1  GRO- α /MGSA- α   CXCR2  �  CXCR1    CCL8  MCP-2  CCR3 

   CXCL2  GRO- β /MGSA- β   CXCR2    (CCL9/10)  Unknown  Unknown 

   CXCL3  GRO- γ /MGSA- γ   CXCR2    CCL11  Eotaxin  CCR3 

   CXCL4  PF4  Unknown    (CCL12)  Unknown  Unknown 

   CXCL5  ENA-78  CXCR2    CCL13  MCP-4  CCR2, CCR3 

   CXCL6  GCP-2  CXCR1, CXCR2    CCL14  HCC-1  CCR1 

   CXCL7  NAP-2  CXCR2    CCL15  HCC-2/Lkn-1/MIP-1δ  CCR1, CCR3 

   CXCL8  IL-8  CXCR1, CXCR2    CCL16  HCC-4/LEC  CCR1 

   CXCL9  Mig  CXCR3    CCL17  TARC  CCR4 

   CXCL10  IP-10  CXCR3    CCL18  DC-CK1/PARC AMAC-1  Unknown 

   CXCL11  I-TAC  CXCR3    CCL19  MIP-3 β /ELC/exodus-3  CCL7 

   CXCL12  SDF-1 α / β   CXCR4    CCL20  MIP-3 α /LARC/exodus-1  CCR6 

   CXCL13  BLC/BCA-1  CXCR5    CCL21  6Ckine/SLC/exodus-2  CCR7 

   CXCL14  BRAK/bolekine  Unknown    CCL22  MDC/STCP-1  CCR4 

   (CXCL15)  Unknown  Unknown    CCL23  MPIF-1  CCR1 

   CXCL16  SexCkine  CXCR6    CCL24  MPIF-2/eotaxin-2  CCR3 

The systematic names, together with the colloquial names and agoinst activity of known receptors ae shown. Some chemokines appear to be missing from the list, e.g. CCL6. In 

these cases please note that whilst a chemokinase of that name has been identifi ed in the mouse, no human orthologue has been documented.

has only one pair of cysteines and a single disulfi de bond  [3]  
and fractalkine has a CXXXC motif at the N-terminus  [4] . 
Fractalkine is also unusual in that it is produced attached 
to a cell-bound mucin stalk, a property shared by the 
CXC chemokine CXCL16  [5] . Th is allows them to also 
function as adhesion molecules, tethering cells expressing 
the cognate receptor. 

   Chemokines are thought to bind to presenting mol-
ecules on the luminal surface of the venular endothelium, 
such as glycosaminoglycans, where the chemokines engage 
their receptors on the leukocyte surface. Leukocytes typi-
cally roll on the endothelium through low affi  nity intermo-
lecular interactions mediated by selectins. Stimulation of 
chemokine receptors induces the upregulation of adhesion 
molecules on the leukocyte surface and cytoskeletal changes 
necessary for fi rm attachment, followed by emigration. 

   Chemokines bind to and transduce their actions via 
specifi c GPCRs        [7, 8] . To date, 6 CXC and 10 CC chem-
okine receptors have been characterized, with single recep-
tors identifi ed for fractalkine and for lymphotactin. Th e 
majority of receptors bind and signal in response to several 
chemokine ligands, but such promiscuity is generally class-
restricted, with CC chemokines binding only to CC chem-
okine receptors. One exception to this is the Duff y antigen 
receptor for chemokines (DARC) which can bind chemok-
ines of both classes and has a role in clearance of chemok-
ines. Th is receptor is present on erythrocytes and endothelial 
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cells, whereas a second receptor, D6 is located primarily on 
the lymphatic endothelium and is involved in the selective 
uptake of infl ammatory chemokines  [9] . 

   Th e chemokines and their receptors have now been 
given a nomenclature to alleviate some of the problems 

associated with multiple colloquial names for the same 
ligands. Chemokine receptors are designated as CXCRn, 
CCRn, CX3CR1, and XCR1 with the chemokine ligands 
that stimulate these receptors now designated CXCLn, 
CCLn, CX3CLn, and XCLn, respectively ( Table 26.1 ).  

    CHEMOKINES IN COPD 

   Neutrophils have been strongly implicated in the patho-
genesis of COPD and are found in high numbers in lung 
tissue and sputum  [10] . It is believed that activation of 
these cells to release activated oxygen species and proteases, 
such as elastase, is important in the specifi c pattern of lung 
damage and chronic dysfunction that characterize COPD. 
Consequently, there is considerable interest in the mecha-
nisms involved in the recruitment of these cells to the lung 
with the aim of identifying opportunities for potential ther-
apeutic intervention (Fig. 26.2). 

   CXCL8/IL-8 is a CXC chemokine that is a potent 
chemoattractant for neutrophils and was amongst the 
fi rst of the chemokines to be discovered and characterized          
[11–13] . Early studies showed that this chemokine was 
present in the infl ammatory exudate induced in a model of 
microbial infection  in vivo         [14, 15]  and its production was 
often preceded by a phase of appearance of the complement 
fragment, C5a, which is also a potent neutrophil attract-
ant but is generated in tissue fl uid rather than as a secretory 
product of a cell  [16] . Neutrophils themselves have been 
shown to produce CXCL8 during phagocytosis        [17, 18] , 
these eff ects can be blocked by antibodies to integrins and 
platelet-activating factor antagonists  [19] . A similar pattern 
of chemoattractant production, C5a followed by CXCL8, 
has also been observed in response to myocardial ischemia, 
and interestingly the CXCL8 production is dependent on 
the presence of neutrophils in the heart – implying that 
neutrophils are the source of the chemokine  [20] . In a lung 
model of ischemia, neutralization of CXCL8 by an antibody 

 FIG. 26.1          (A) Linear representations of the major chemokine classes. 

(B) Primary structure of the human homolog of CCL11/Eotaxin showing 

disulfi de bridges. (C) The secondary structure of human CCL11 is 

represented as a ribbon model, modeled from the coordinates given in 

Crump  et al . using the Pymol software  [6] .        
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suppresses tissue damage, thus providing a link between 
neutrophils and injury to lung tissues  [21] . 

   CXCL8 was fi rst discovered as a secretory product of 
stimulated macrophages and other cells  [11] . It stimulates 
neutrophils via two diff erent receptors namely CXCR1 and 
CXCR2        [22, 23] ; another related chemokine, CXCL6/
GCP-2 can stimulate both receptors        [24, 25] . Th ere are 
several other chemokines that can stimulate CXCR2 only 
(e.g. CXCL1/GRO- α , CXCL2/GRO- β , CXCL3/GRO- γ , 
and CXCL7/NAP-2). CXCL8 appears to be an important 
mediator of neutrophil accumulation in COPD. Elevated 
levels of CXCL8 have been detected in the bronchoalveo-
lar lavage (BAL) fl uid, induced sputum, and in the circu-
lation of patients with the disease compared with smoking 
and nonsmoking controls            [26–29]  with the levels of 
CXCL8 correlating with neutrophil accumulation          [30–32] . 
Increases in CXCL8 levels in the sputum from COPD 
patients have also been documented during disease exacer-
bation        [33, 34]  although there appears to be some debate 
as to whether there is correlation with acute infl ammation 
and viral/bacterial airway infections. Likewise, elevated lev-
els of CXCL1  [35]  and CXCL5  [36]  have been detected 
in the sputum and BAL fl uid of COPD patients com-
pared with smoking and nonsmoking controls, although 
levels of the latter chemokine were not signifi cantly dif-
ferent in normal smokers versus patients with emphysema 
 [36] . Th e source of CXCL1 in COPD patients appears to 
be predominantly bronchial epithelial cells under the infl u-
ence of TNF- α   [37] . Th e chemotactic activity of CXCL1 
for monocytes in addition to neutrophils, may explain in 
part the marked increase in alveolar macrophage numbers 
observed in COPD patients compared with normal con-
trols  [38] . Th e upregulation of MCP-1/CCL2 in the spu-
tum and BAL of patients with COPD        [35, 39]  may also 
play a role in this process as it too is a potent recruiter of 
monocytes  [40] . Since the engagement of chemokines with 
their cognate receptor usually leads to receptor endocytosis, 
this is the likely explanation for the fi nding that, compared 
with control subjects, the cell surface expression of CXCR2 
on peripheral blood neutrophils is lower in patients with 
COPD than healthy controls  [41] . Enhanced chemotaxis 
of monocytes from COPD patients in response to the 
CXC chemokines CXCL1/GRO- α  and NAP-2/CXCL7, 
compared with monocytes from smoking and nonsmoking 
control subjects has also been reported, although this was 
apparently not due to diff erences in expression of either 
CXCR1 or CXCR2 on the cell surface  [42] . 

   In addition to the neutrophil infl ux observed in the 
lungs of COPD patients, increased numbers of CD8  �   
T-cells have also been reported  [43] . Th ese cells are a major 
source of IFN- γ  which itself, when expressed as a lung-
targeted transgene in mice, can induce emphysema with 
classical symptoms of alveolar enlargement, enhanced lung 
volumes, enhanced pulmonary compliance, and an infl am-
matory infi ltrate rich in both macrophages and neutrophils 
 [44] . Th is suggests a primary role for CD8� T-cells in the 
orchestration of leukocyte recruitment and subsequent 
pathology. Supportive of this, a recent study showed that 
CD8  �   T-cell-defi cient mice had a blunted infl ammatory 
response and did not develop emphysema when exposed 
to long-term cigarette smoke  [45] . Increased expression 

of CXCR3 by peripheral blood CD8  �   T-cells has been 
reported to be increased in smokers with COPD compared 
to controls  [46] . Similarly, increased numbers of CXCR3  �   
CD8  �   T-cells have been reported within the epithelium 
and submucosa of lung biopsies from smokers with COPD, 
compared with nonsmoking control subjects  [47] . Th is sug-
gests that this receptor and its ligands may play a role in 
their recruitment to the lung. Since the CXCR3 ligands 
CXCL9, CXCL10, and CXCL11   are all induced by IFN- γ  
and CD8  �   T-cells are themselves a source of IFN- γ , there 
is a great potential for positive feedback. A more recent 
study examining 11 diff erent chemokine receptors, found 
that in addition to CXCR3, CCR5, and CXCR6 expression 
by lung CD8  �   T-cells was also increased in COPD patients 
and the levels of expression correlated with COPD severity 
 [48] , the cells displaying a Tc1, CD45RA  �   eff ector memory 
phenotype. Since the LTB4 receptor BLT1 has also been 
shown to be expressed by this subset  [49] , an additional role 
for leukotrienes in cell recruitment may be likely.  

    CHEMOKINES IN ASTHMA 

   Considerable evidence underpins the link between the infi l-
tration of infl ammatory cells in the lung and the progressive 
changes in lung pathophysiology that characterize asthma. 
For example, the late asthmatic response to allergen expo-
sure is associated with activation of Th 2-lymphocytes that are 
believed to regulate the massive eosinophil infl ux that occurs. 
Eosinophils are thought to make an important contribution to 
lung damage and dysfunction by releasing their toxic granular 
contents which directly induce tissue damage and also by the 
release of cytokines, such as TGF- β , which plays an impor-
tant role in tissue remodeling  [50] . Th e recent generation of 
mice defi cient in eosinophils has allowed the role of the cell 
to be probed. Data from allergen-challenge models with these 
mice implicate the eosinophil in both airways remodeling and 
airway hyperresposiveness          [51–53] , although this is the sub-
ject of controversy  [54] . For this reason, there is considerable 
interest in the endogenous chemoattractants involved in the 
recruitment of eosinophils to the lung. Since eosinophils are 
believed to have evolved in host defense to parasitic worms, 
these cells are an attractive therapeutic target in the Western 
world. In contrast, neutrophils present diffi  culties as a target, 
as they are essential for survival against microbial infection.  

    EOSINOPHIL CHEMOATTRACTION 

   Th e selective recruitment of eosinophils during the late 
response to allergen in sensitized individuals implies the 
existence of endogenous selective eosinophil chemoattract-
ants (Fig. 26.3). A protein was purifi ed from BAL fl uid of 
allergen-challenged, sensitized guinea pigs that had this prop-
erty  [55] . Th is protein was sequenced and named  “ Eotaxin ”  
as it was found to exhibit high specifi cally in recruiting eosi-
nophils when intradermally injected into naïve recipients    [55] . 
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Eotaxin/CCL11 is expressed by many cells                          [56–66]  and 
its generation within the lung appears to be dependent upon 
the presence of T-cells  [67] . CCL11 orthologs have been 
discovered in several species, including human, mouse, rat, 
and macaque              [68–72] . CCL11 is a highly potent chemoat-
tractant for eosinophils acting via a single chemokine recep-
tor, CCR3, that is highly expressed on eosinophils  [72] , but 
also on Th 2 cells  [73] , basophils  [74] , and mast cells        [75, 76] , 
supportive of a critical role for this molecule in the process of 
allergic infl ammation. Two additional functional homologs, 
with low sequence similarity but closely related biological 
properties, have been described in the human and are named 
CCL24/Eotaxin-2 and CCL26/Eotaxin-3        [77–81] . Despite 
sharing the same colloquial name, both CCL24 and CCL26 
are only distantly related to CCL11, being encoded in diff er-
ent chromosomal locations and sharing only low identity at 
the amino acid level. In terms of their ability to recruit eosi-
nophils in assays of chemotaxis  in vitro , CCL11 and CCL24 
exhibit similar potencies, whilst CCL26 has been reported to 
be an order of magnitude less potent  [77] . All three signal 
specifi cally via CCR3. Animal studies have highlighted the 
production of both CCL11 mRNA and CCL11 protein in 
the lung during the early response to allergen exposure            [55, 
82–84] . In humans, increased expression of CCL11 and 
CCL24 at both the mRNA and the protein level has been 
observed in the allergic lung of both atopic and nonatopic 
asthmatics            [56, 59, 60, 85]  and the proteins are also found in 
induced sputum        [60, 86] . In both animal and human studies 
of allergic airways disease, airway epithelium, microvascular 
endothelium, tissue macrophages, and infi ltrating infl amma-
tory cells have been shown to express eotaxins            [56, 57, 59, 
60] . CCL11 has also been shown to act in concert with the 
important eosinophil survival factor IL-5, promoting eosi-
nophil recruitment from the microcirculation  [87]  and eosi-
nophil mobilization from the bone marrow          [84, 88, 89] . Th us, 
CCL11 along with other cytokines may further contribute 
to eosinophilia. Indeed, the number of eosinophils in the 
blood appears to be an important determinant of the number 

that can be recruited to a site of allergic infl ammation  [87] . 
In addition to the eotaxins, an increasing number of CC 
chemokines, have been found to activate CCR3 with vary-
ing potency, including CCL5/RANTES and members of the 
monocyte chemotactic proteins such as CCL2, CCL7, and 
CCL13, but as these chemokines also activate other chemok-
ine receptors, they are relatively nonselective ( Table 26.2   )  . 

   Diff erent approaches have been made to determine 
the role of particular chemokines in eosinophil recruitment 
 in vivo,  including the use of neutralizing antibodies against 
both CCR3 and CCL11 which inhibited the migration of 
eosinophils  in vivo         [90, 91] . Studies with mice harboring a 
disrupted gene for CCL11 have shown confl icting results; 
BALB/c mice defi cient in CCL11 showed a reduction in 
ovalbumin-induced lung eosinophilia  [92]  whilst, in contrast, 
CCL11-defi cient mice of the outbred ICR strain exhibited 
no diff erence in allergen-induced eosinophil recruitment. 

   Use of CCR3-defi cient mice has also been informa-
tive. Reduced eosinophil numbers in the airways of 
intraperitoneal-sensitized, aerosol-challenged CCR3-
defi cient mice have been reported by Humbles  et al. , with 
the eosinophils trapped within the vasculature, unable 
to migrate into the lung parenchyma  [93] . Intriguingly, 
CCR3-defi cient mice also exhibited elevated airway hyper-
responsiveness (AHR) to methacholine upon ovalbu-
min challenge which was attributed to increased numbers 
of intraepithelial mast cells within the trachea. Th e routes 
of immunization used for allergen sensitization appear 
to make an important contribution, as intradermal sen-
sitization of mice with ovalbumin led to reduced AHR 
responses in CCR3-defi cient mice following methacholine 
and ovalbumin challenge  [94] . More recently, a study using 
 Aspergillus  as the challenge, rather than ovalbumin, found 
reduced numbers of perivascular and peribronchial eosi-
nophils in both CCR3-defi cient mice and double knockout 
CCL11/CCL24-defi cient mice  [52] . Deletion of the genes 
for CCL11 and the Th 2 cytokine IL-5 in double knock-
out mice appears to be particularly eff ective in suppressing 
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airway eosinophilia and hyperresponsiveness  [95] ; interest-
ingly, IL-13 levels were markedly reduced in these animals.  

    CHEMOATTRACTION OF DENDRITIC CELLS 

   Dendritic cells (DCs) are important sentinels of the immune 
system, and their migration to lymph nodes following acti-
vation and encounter with antigens is crucial to the adaptive 
immune response. In the context of allergic lung infl ammation, 
CCR6 has been shown to be expressed by lung-derived DCs 

 [96]  allowing them to be recruited by the chemokine CCL20, 
produced by lymphocytes and monocytes and markedly 
upregulated by tumor necrosis factor or lipopolysaccharide 
       [97, 98] . Th is receptor is downregulated during maturation 
and is replaced by CCR7, allowing the cells to respond to 
the chemokines CCL19        [99, 100]  and CCL21 produced in 
the lymphatic system  [101] . Th is maturation is accompanied 
by the production of chemokines, such as CCL22, which 
can recruit activated T-cells expressing CCR4  [102] . Th e 
importance of CCR7 in animal models of allergy has been 
demonstrated by the fi nding that mAb-mediated neutrali-
zation of CCR7 in a Severe Combined Immunodefi ciency 

 TABLE 26.2          Cellular specifi city of chemokines.  

   Systematic 

name  Colloquial name 

 Receptor 

usage 

 Principle cells 

recruited 

 Systematic 

name  Colloquial name 

 Receptor 

usage 

 Principle cells 

recruited 

   CCL1  I-309  CCR8  Mo, T, NK  CXCL1  GRO- α /MGSA- α   CXCR2  No, Mo 

   CCL2  MCP-1/MCAF  CCR2  Mo, DC, T, Bs  CXCL2  GRO- β /MGSA- β   CXCR2  No, Mo 

   CCL3  MIP-1 α /LD78  α   CCR1, 5  Mo, DC, Eo, Bs, T, No, NK  CXCL3  GRO- γ /MGSA- γ   CXCR2  No, Mo 

   CCL3L1  LD78 β   CCR1, 5  Mo, No, DC, Eo, Bs, T, NK  CXCL4  PF-4  Unknown  T, No, Mo 

   CCL4  MIP-1 β   CCR5  Mo, DC, T  CXCL5  ENA-78  CXCR2  No, Mo 

   CCL4L1  LAG-1  CCR5  Mo, DC, T  CXCL6  GCP-2  CXCR1, 2  No, Mo 

   CCL5  RANTES  CCR1, 3, 5  Mo, DC, Eo, Bs, T, No, NK  CXCL7  NAP-2  CXCR2  No, Mo 

   CCL7  MCP-3  CCR1, 2, 3  Mo, DC, Eo, Bs, T, No, NK  CXCL8  IL-8  CXCR1, 2  No, Mo 

   CCL8  MCP-2  CCR3  Eo, T, Bs, Mc  CXCL9  Mig  CXCR3  T, B 

   CCL11  Eotaxin  CCR3  Eo, Bs, T  CXCL10  IP-10  CXCR3  T, B 

   CCL13  MCP-4  CCR2, 3  Eo, T, Bs, Mc Mo, DC,  CXCL11  I-TAC  CXCR3  T, B 

   CCL14  HCC-1  CCR1  Mo, DC, Eo, Bs, T, No, NK  CXCL12  SDF-1 α / β   CXCR4  T, B, DC, Mo 

   CCL15  HCC-2/Lkn-

1/MIP-1 δ /MIP-5 

 CCR1, 3  Eo, T, Bs, Mc  CXCL13  BLC/BCA-1  CXCR5  T, B 

   CCL16  HCC-4/LEC  CCR1  Mo, DC, Eo, Bs, T, No, NK  CXCL14  BRAK/bolekine  unknown   
   CCL17  TARC  CCR4  DC, T, Bs, NK  CXCL16  SR-PSOX  CXCR6  T 

   CCL18  DC-CK 1/AMAC-

1/MIP-5/PARC 

 unknown  T         

   CCL19  MIP-3 β /ELC/  CCR7  DC, T, B, NK  XCL1  Lymphotactin/ SCM-1 α /ATAC  XCR1  T, NK 

   CCL20  MIP-3 α /LARC  CCR6  DC, T  XCL2  SCM-1 β   XCR1  T, NK 

   CCL21  SLC/6Ckine  CCR7  DC, T, B, NK         
   CCL22  MDC/STCP-1  CCR4  DC, T, Bs, NK  CX3CL1  Fractalkine, neurotactin  CX3CR1  T, NK, DC, Mo 

   CCL23  MPIF-1  CCR1  Mo, DC, Eo, Bs, T, No, NK         
   CCL24  MPIF-2/eotaxin-2  CCR3  Eo, Bs, T         
   CCL25  TECK  CCR9  T         
   CCL26  Eotaxin-3  CCR3  Eo, Bs, T         
   CCL27  CTACK/ALP/ILC/

ESkine 

 CCR10  T         

   CCL28  MEC  CCR10, 3  Eo, T, Bs, Mc         

    B: B-lymphocyte; Bs: basophil; DC: dendritic cell: Eo, eosinophil; Mc: mast cell; Mo: monocyte; NK: natural killer cell; No: neutrophil; T: T-lymphocyte.  
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  mouse reconstituted with Peripheral blood mononu-
clear cells   from allergic humans, impaired DC homing to 
lymph nodes following antigen challenge, accompanied by a 
decrease in both Th 2 cytokine production and T-cell recruit-
ment  [103] . Likewise, mice defi cient in the transcription 
factor Runx3, which have enhanced expression of CCR7 on 
alveolar DCs, have an accumulation of activated DCs within 
the lymph nodes which is associated with features character-
istic of allergic asthma, such as increased serum IgE levels and 
AHR to methacholine  [104] .  

    CHEMOATTRACTION OF T-LYMPHOCYTES 

   T-cell depletion has been shown to prevent allergen-
induced CCL11 generation and eosinophil accumulation in 
the lungs of sensitized mice, emphasizing the pivotal role 
for T-cells in allergic disease  [67] . A link between Th 2 cells 
and eosinophil recruitment is well established, with the Th 2 
cytokines, IL-4, and IL-13 stimulating CCL11 and CCL26 
production by other cells  in vitro               [58, 63, 105–107] . In 
addition, expression of CXCR4  [108]  by naïve T-cells can 
be upregulated by IL-4  [109] . In murine models of allergic 
airway disease, neutralizing mAbs to CXCR4 and its with 
ligand CXCL12 were reported to reduce lung eosinophilia 
and airway hyperresponsiveness  [110] . Likewise, treatment 
of allergic mice with the CXCR4 antagonist AMD3100 
resulted in signifi cant reduction in airway hyperresponsive-
ness, eosinophilia, and the production of Th 2 associated 
cytokines such as IL-4, IL-5, CCL17, and CCL22  [111]  
supportive of a role for the CXCR4:CXCL12 axis in allergic 
airways disease. Th 2 cells polarized  in vitro  express the 
chemokine receptors CCR3, CCR4, and CCR8          [73, 112, 
113] . Such polarization has also been observed  in vivo , 
with T-cells recovered from the allergic airways of humans 
shown to preferentially express CCR3, CCR4, and CCR8 
         [114–116] . Consistent with this, the CCR4 ligands CCL22 
and CCL17 are upregulated in the human lung following 
allergen challenge        [117, 118] . 

   In mice, mAb-mediated neutralization of CCL11 and 
CCL22 has been shown to impede the early recruitment of 
Th 2 cells to the allergic lung with CCL22 responsible for 
Th 2 cell recruitment following repeated antigen stimulation 
 [119] . Studies using mice defi cient in CCR4 and CCR8 
have failed to conclusively prove a requirement for either 
receptor in allergic airways disease          [120–122]  and likewise, 
mAb-mediated neutralization of CCR4 in guinea pigs or 
CCL1 in mice had little eff ect upon T helper cell recruit-
ment following allergen challenge        [123, 124] . 

    Regulatory T-cells 

   An inbalance or defect in the activity of regulatory 
CD4  �  CD25  �   T-cells may result in allergic disease        [125, 
126] . CCR4 and CCR8 are also reported to be co-expressed 
by CD4  �  CD25  �   regulatory T-cells, in both murine and 
human systems. In the former, these cells have been reported 
to suppress the diff erentiation of murine CD4  �   T-cells 

toward Th 2 cells via a contact-dependent mechanism  [127] . 
Similarly in the human, CD4  �  CD25  �   regulatory T-cells 
purifi ed from peripheral blood have been reported to express 
CCR4 and CCR8 which is likely to facilitate their migration 
toward antigen-presenting cells (APCs) and activated T-cells, 
enabling them to inhibit APC function or suppress respond-
ing T-cells respectively  [128] . T-cell polarization may also be 
amplifi ed by chemokines acting as antagonists for example, 
CXCL9, CXCL10, and CXCL11, ligands for the Th 1 asso-
ciated receptor CXCR3, can also act as antagonists of CCR3 
both  in vitro   [129]  and  in vivo   [130] .   

    CHEMOATTRACTION OF BASOPHILS 

   Basophils are the least common granulocyte in peripheral 
blood, but they accumulate in signifi cant numbers in certain 
types of infl ammatory responses  [131] . Basophils contribute 
to the cellular infi ltrate in asthmatic lung and are promi-
nent in late-phase cutaneous allergic reactions. Although, 
relative to eosinophils and neutrophils, basophils contain 
small amounts of cytotoxic proteins and proteases, they are 
able to release mediators, such as histamine, in response to 
cross-linking of their Fc � R1 receptors by allergens. Further, 
basophils are thought to contribute large amounts of the 
Th 2 cytokines, IL-4 and IL-13  [132] . 

   A major observation was that basophils express the 
CCR3 receptor and CCL11 is highly chemotactic for these 
cells        [74, 133] . However, the preferential recruitment of 
basophils in certain types of infl ammatory response (e.g. the 
cutaneous response to ectoparasitic ticks) suggests that more 
selective basophil chemoattractant molecules exist. Despite 
this, no such molecule has been identifi ed. One possibility 
is that two or more chemokines acting in combination con-
trol basophil recruitment  in vivo.  Using a system for meas-
uring shape change in basophils with fl ow cytometry, some 
evidence has been provided for this  [134] . Combinations of 
ligands acting via CCR2 and CCR3 were the most eff ective 
in this system. Alternatively, nonchemokine molecules may 
have potent stimulatory eff ects on basophils. In this context, 
an extract of nasal polyps was found to have potent stim-
ulatory eff ects on basophils. Th is activity was found to be 
due to insulin-like growth factor-1 and -2 (IGF-1 and -2) 
 [135] . Th e IGFs induce increase random migration 
(i.e. chemokinesis). Th is action, not observed with eosi-
nophils, had a marked potentiating eff ect on chemotaxis 
along a gradient induced by CCL11.  

    CHEMOATTRACTION OF MAST CELLS 

   Mast cells pose a particular challenge in the identifi cation 
of chemoattractant mechanisms as recruitment is from a 
small circulating pool of progenitors in the blood. Recently, 
it has been found that mast cell progenitors express the 
high affi  nity BLT1 receptor  [136] . As the ligand for this 
receptor, LTB4, is secreted by activated mature mast cells, 
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this may explain part of the mechanism underlying local 
mast cell hyperplasia associated with allergic reactions. Th e 
cells mature and proliferate in the tissue under the infl uence 
of local factors, such as stem cell factor. During maturation, 
the BTL1 receptor is downregulated  [136] , and it is likely 
that other chemoattractants and their receptors are involved 
in moving the cells along local tissue gradients to mediate 
the localization of the long-lived tissue-resident mature 
cells. Several chemokine receptors have been identifi ed on 
mast cells          [76, 137, 138] , and their ligands may be impor-
tant in this localization in the tissues. Of particular inter-
est is the fi nding that mast cells move into airway smooth 
muscle layers in asthmatic patients  [139] . Th ese mast cells 
have been found to express CXCR3 and one of its ligands, 
CCL10, is produced by asthmatic smooth muscle cells 
 [140] . Th ese observations may indicate an important mech-
anism underlying lung dysfunction in asthmatic patients.  

    CHEMOKINES AND THEIR RECEPTORS AS 
THERAPEUTIC TARGETS 

   Th e observations outlined above provide the basis for the 
development of low-molecular-weight compounds aimed at 
selectively preventing the recruitment of a particular leuko-
cyte type to a site of infl ammation and thus suppressing the 
pathogenesis associated with that cell type. High through-
put screening of vast libraries comprising several millions 
of small molecules have identifi ed many molecules that can 
modify the interaction between GPCRs and their ligands; 
such compounds, either agonists or antagonists, provide 
a large proportion of the drugs currently prescribed  [141] . 

A selection of prototypic chemokine receptor antagonists of 
relevance to this chapter are shown in  Fig. 26.4   . 

   Th e fi rst low-molecular-weight compound to be 
developed against a chemokine receptor was a CXCR2 
antagonist  [142] . Th is compound, SB225002, is a potent 
antagonist that blocks CXCL8 binding and inhibits neu-
trophil chemotaxis  in vitro  and neutrophil accumulation 
 in vivo .  It is therefore plausible that CXCR2 antagonists 
could be developed to prevent neutrophil accumulation as 
observed in the lung of COPD patients. However, such 
eff ects would have to be monitored carefully because neu-
trophils are essential for host defense against microbial 
pathogens, as previously discussed. Th e SB225002 com-
pound has shown effi  cacy in several animal models of dis-
ease including bronchopulmonary dysplasia  [143]  and 
arthritis  [144]  although some of this effi  cacy may be due to 
 “ off -target ”  eff ects as recent profi ling of the compound sug-
gests it has potency at several additional targets, including 
histamine and prostanoid receptors  [145] . 

   Because of its prominence on cells associated with 
Th 2 cell-driven allergic reactions, CCR3 has become a 
prime target for the development of antagonists. Th e fi rst 
publication of such an antagonist described the eff ects of 
a low-molecular-weight compound (UCB 35625, a struc-
ture based on a compound produced by Banyu, Japan) that 
antagonizes CCR3  [146] . Th is compound also antagonizes 
CCR1, a receptor for CCL3 and CCL5. Such a bispecifi c 
compound may be advantageous as around 15–20% of indi-
viduals also express CCR1 at high levels on their eosinophils 
       [147, 148] . UCB 35625 is unusual amongst chemokine 
receptor antagonists as, although it blocks the activation 
of chemokine receptors at nanomolar concentrations, it 
does not readily displace chemokine from the receptor. It 
appears that the antagonist binding site is located within 
the transmembrane helices of the receptor  [149] , whilst 

Br

NH NH

OH

NO2
O

SB 225002(A)

N�

HN O

O

ClCl

I-

UCB 35625(B)

N

N

O

A-122058(C)

Cl

N N
H

N

NH2
H

O

O

O

Cl

GW-766994(D)

 FIG. 26.4          Chemical structures of the 

CXCR2 antagonist (A) the bispecifi c CCR1 

and CCR3 antagonist UCB 35625 (B), and 

the CCR3 antagonists A-122058 (C) and 

GW-701897B (D)  .          



26Chemokines

321

the ligand binding sites are located extracellularly  [150] . 
Despite several publications describing the  in vitro  effi  cacy 
of CCR3 specifi c antagonists            [151–154] , descriptions of 
their effi  cacy  in vivo  lag well behind, as the molecules gen-
erally have poor cross-reactivity with the rodent ortholog 
receptors. Th e small molecule CCR3 antagonist A-122058 
(Abbott Laboratories) has been reported to be effi  cacious in 
reducing the number of eosinophils in a mouse peritoneal 
model of eosinophil recruitment following injection with 
CCL11  [155] . Likewise, the Yamanouchi Pharmaceutical 
Company have recently described compounds with effi  cacy 
in a murine model of cutaneous infl ammation  [156]  and in 
a macaque model of eosinophil recruitment to the lung fol-
lowing bronchoprovocation with CCL11  [151] . 

   To date, the only small molecule antagonist reported 
to have entered Phase II trails is the compound GW-
766994 from GlaxoSmithKline, with little apparent effi  cacy 
in an allergic rhinitis study  [157] . Th is follows on from the 
recent reports of the effi  cacy of the GlaxoSmithKline com-
pound GW-701897B in reducing vagally mediated bron-
choconstriction in antigen-challenged guinea pigs  [158] . In 
an alternative approach, neutralization of CCL11 has been 
achieved by the generation of a human single-chain frag-
ment variable antibody named CAT-213, isolated by phage 
display methodologies  [159] . CAT-213 is selective for 
CCL11 over closely related chemokines, such as CCL2, with 
sub-nanomolar IC 50  values. In a Phase I single-dose clini-
cal study, CAT-213 was reported to be well tolerated, and 
long-lived, remaining in an active form in serum for over 2 
months, following intravenous administration  [160] . In sub-
sequent Phase II studies, administration of CAT-213 prior 
to the allergen challenge of rhinitic subjects was observed to 
reduce the mucosal eosinophil infi ltration        [161, 162] .  

    CONCLUSION 

   A combination of clinical observations,  in vitro  cell biol-
ogy and  in vivo  animal modeling has delineated potentially 
important mechanisms underlying lung infl ammation in 
COPD and asthma. Th ese extensive studies support the 
hypothesis that chemokines have a fundamental role in reg-
ulating leukocyte traffi  cking in infl ammatory disease. Th e 
chemokine receptors represent novel targets for treatment 
and therapeutic compounds have been described with effi  -
cacy  in vitro  and  in vivo . Clinical trials will ultimately pro-
vide the crucial information that will defi ne the chemokine 
receptors that can be blocked to provide future therapy in 
these diseases.   
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     Cytokines 

    INTRODUCTION 

   Cytokines are signaling proteins, usually less 
than 80       kDa in size, which regulate a wide range 
of biological functions including innate and 
acquired immunity, hematopoiesis, infl amma-
tion and repair, and proliferation through mostly 
extracellular signaling. Th ey are secreted by many 
cell types at local high concentrations and are 
involved in cell-to-cell interactions, have an eff ect 
on closely adjacent cells, and therefore func-
tion in a predominantly paracrine fashion. Th ey 
may also act at a distance by secretion of soluble 
products into the circulation (endocrine or sys-
temic eff ect) and may have eff ects on the cell of 
origin itself (autocrine eff ect). Th e fi rst group of 
cytokines described was immune-response factors, 
labeled as lymphokines that were soluble products 
released from activated lymphocytes in response 
to specifi c or polyclonal antigen. Other groups of 
cytokines were named according to their actions 
such as the colony stimulating factors (e.g., granu-
locyte colony stimulating factor, G-CSF or gran-
ulocyte-macrophage colony stimulating factor, 
GM-CSF), the chemoattractants now grouped 
under chemokines with a special nomenclature 
(e.g., CCL11/eotaxin or CXCL1/MIP-1 α ), or 
the growth factors that mediate proliferation, dif-
ferentiation, and survival of cells (e.g. transform-
ing growth factor- β , TGF- β ). However, the eff ect 
of a particular cytokine is not restricted to only 
one set of biological functions but often has more 
than one function extending beyond the function 
that may be implied in its name. Th e wide pleiot-
ropy and element of redundancy in the cytokine 
family, with each cytokine having many overlap-
ping functions, and with each function potentially 
mediated by more than one cytokine make the 
classifi cation of cytokines a diffi  cult task. In the 

context of airways disease, nevertheless, a broad 
functional classifi cation remains helpful ( Table 
27.1   ). Th e major classes of cytokines include: pro- 
and anti-infl ammatory cytokines, cytokines of 
neutrophil and eosinophil recruitment and acti-
vation, cytokines derived from T-helper (Th ) and 
T-regulatory (Tregs) cells, and cytokines of T-cell 
recruitment and growth factors. 

   Th e receptors for many cytokines have been 
grouped into superfamilies based on the pres-
ence of common homology regions ( Table 27.2   ). 
Cytokine receptors are linked to multiple signal-
ing pathways in the cytoplasm and nucleus, lead-
ing to transcriptional and post-transcriptional 
activation of many factors including cytokines. 
Some cytokines may stimulate their own produc-
tion in an autocrine manner while others stimu-
late the synthesis of diff erent cytokines that have 
a stimulatory feedback eff ect on the fi rst cytokine. 
Cytokines may also induce the expression of 
receptors which may change the responsiveness 
of both source and target cells. Th is complexity of 
cytokine interactions is referred to as the  “ cytokine 
network ” , the overall eff ect of which will depend 
on the type of cytokines and cytokine receptors 
involved and the general milieu and context of the 
response. 

   Th e potential contribution of cytokines 
to disease has been explored in studies using 
cytokines as agonists (mainly in cell-based stud-
ies), by blocking the eff ects of specifi c cytokines 
mainly in animal models, by conditional overex-
pression and deletion of cytokines in transgenic 
mice, and by genetic studies. In humans, impli-
cation for particular cytokines in disease has 
rested on the ability to detect their expression 
in the tissue of interest, and rarely on the eff ect 
of selective inhibition of specifi c cytokines. Th e 
sources and eff ects of cytokines are summarized 
in  Table 27.2 . In this chapter, the cytokines will 
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 TABLE 27.1          Classifi cation of cytokines and cytokine receptors.  

   Cytokines     

   Proinfl ammatory cytokines  IL-1 α / β , TNF- α / β , IL-6, IL-11, IL-18, IFN- γ  

   Anti-infl ammatory cytokines  IL-10, TGF β , IL-1ra 

   Cytokines of neutrophil recruitment and activation  CXCL8/IL-8, IL-1 α / β , TNF- α / β , G-CSF, IL-17A, IL-17F 

   Cytokines of eosinophil recruitment and activation  IL-2, IL-3, IL-4, IL-5, GM-CSF, CCL5/RANTES, CCL11/eotaxin, CCL7/MCP-3, 

CCL13/MCP-4 

   Cytokines from T-helper (Th) cells   Th1 : IFN- γ , IL-2, IL-12, GM-CSF, TNF- α , TNF- β , IL-18 

      Th2 : IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-25 (IL-17E) 

   Cytokines from T-regulatory cells (Tregs)  IL-10, TGF β  

   Cytokines of T-cell recruitment  IL-16, CCL5/RANTES, CCL3/MIP-1 α , CCL4/MIP-1 β , TSLP, CCL17/TARC, CCL22/MDC 

   Growth factors  PDGF, VEGF, TGF- β , FGF, EGF, SCF 

   Cytokine receptor superfamilies   
   Cytokine receptor superfamily  IL-2R  β  and  γ  chains, IL-4R, IL-3R  α  and  β  chains, IL-5  α  and  β  chains, IL-6R, gp130, 

IL-12R, GM-CSFR Soluble forms by alternative splicing (e.g. IL-4R) 

   Immunoglobulin superfamily  IL-1R, IL-6R, PDGFR, M-CSFR 

   Protein kinase receptor superfamily  PDGFR, EGFR, FGFR 

   Interferon receptor superfamily  IFN- α / β  receptor, IFN- γ  receptor, IL-10 receptor 

   Nerve growth factor superfamily  NGFR, TNFR-I (p55), TNFR-II (p75) 

   Seven-transmembrane G-protein-coupled receptor superfamily  Chemokine receptors: CXCR1 to CXCR7, CCR1 to CCR10, CX 3 CR1 

  EGF  	   epidermal growth factor; FGF  	   fi broblast growth factor; GM-CSF  	   granulocyte–macrophage colony stimulating factor; IFN  	   interferon; IL  	   interleukin; MCP  	   

monocyte chemotactic protein; MDC  	   macrophage-derived chemokine; MIP  	   macrophage infl ammatory protein; NGFR  	   nerve growth factor receptor; PDGF  	   platelet-

derived growth factor; R  	   receptor; RANTES  	   regulated on activation, normal T-cell expressed, and secreted; SCF  	   stem cell factor; TARC  	   thymus and activation regulated 

chemokine; TGF  	   transforming growth factor; TNF  	   tumor necrosis factor; TSLP  	   thymic stromal lymphopoietin; VEGF  	   vascular endothelial growth factor.  

 TABLE 27.2          Sources and eff ects of cytokines.  

   Cytokine  Sources  Important cellular and mediator eff ects 

   Th2 cytokines 

   IL-3  Th2 cell 

 Mast cells 

 Eosinophils 

        ●       Eosinophilia  in vivo   

      ●       Pluripotential hematopoietic factor    

   IL-4  Th2 cell 

 Mast cells 

 Basophils 

 Eosinophils 

        ●        ↑  Eosinophil growth  

      ●        ↑  Th2;  ↓  Th1  

      ●        ↑  IgE  

      ●        ↑  Mucin expression and goblet cells    

   IL-5  Th2 cell 

 Mast cells 

 Eosinophils 

        ●       Eosinophil maturation  

      ●        ↓  Apoptosis  

      ●        ↓  Th2 cells  

      ●       BHR    

   IL-9  Th2 cells 

 Eosinophils 

        ●        ↑  Activated T-cells and IgE from B-cells  

      ●        ↑  Mast cell growth and diff erentiation  

      ●        ↑  Mucin expression and goblet cells  

      ●       Causes eosinophilic infl ammation and BHR    

(Continued)
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 TABLE 27.2         (Continued) 

   Cytokine  Sources  Important cellular and mediator eff ects 

   IL-13  Th2 cells 

 Basophils 

 Eosinophils 

 Natural killer cells 

        ●       Activates eosinophils  

      ●        ↓  Apoptosis  

      ●        ↑  IgE  

      ●        ↑  Mucin expression and goblet cells    

   IL-15  T-cells 

 Lung fi broblasts 

Monocytes

        ●       As for IL-2  

      ●       Growth and diff erentiation of T-cells    

   IL-23  Antigen presenting cells         ●       Induces IL-17A from activated memory CD4  �   or CD8  �   T-cells  

      ●       Induces secretion of IL-17F, IL-6, TNF α  in Th17 cells    

   IL-25 (IL-17E)  Th2 cells 

 Mast cells 

        ●       Limits Th1-induced infl ammation  

      ●       Causes eosinophilic infl ammation and bbronhicl hyperresponsiveness  

      ●       Increases IL-5, IL-13, CXCL5/ENA-78, CCL11/eotaxin expression  

      ●       Increases mucus secretion    

   Th1 cytokines 

   IFN- γ   Th1 cells 

 Natural killer cells 

        ●        ↓  Eosinophil infl ux after allergen  

      ●        ↓  Th2 cells  

      ●       Activates endothelial cells, epithelial cells, alveolar macrophages/monocytes  

      ●        ↓  IgE  

      ●        ↓  BHR    

   IL-2  Th0  &  Th1 cells 

 Eosinophils 

 Airway epithelial cells 

        ●       Eosinophilia  in vivo   

      ●       Growth and diff erentiation of T-cells    

   IL-12  B-cells 

 Monocytes/macrophages 

 Dendritic cells 

 Eosinophils 

        ●       Regulates Th1 cell diff erentiation  

      ●        ↓  Expansion of Th2 cells  

      ●        ↓  IL-4-induced IgE synthesis  

      ●       Stimulates NK cells and T-cells to produce IFN- γ     

   IL-18  Th1 cells 

 Airway epithelium 

        ●       Induces IFN- γ  release from mitogen-stimulated blood mononuclear cells  

      ●       Induces Th1 cell development together with IL-12  

      ●       Causes release of CXCL8/IL-8, CCL1/MIP1 α  and CCL2/MCP-1 from mononuclear cells    

   Proinfl ammatory 

   IL-1  Monocytes/macrophages 

 Fibroblasts 

 B-cells 

 Th1 and Th2 cells 

 Neutrophils 

 Endothelial cells 

 Airway epithelial cells 

 Airway smooth muscle cells 

        ●        ↑  Adhesion to vascular endothelium; eosinophil accumulation  in vivo   

      ●       Growth factor for Th2 cells  

      ●       B-cell growth factor; neutrophil chemoattractant; T-cell and epithelial activation  

      ●       BHR    

   TNF- α   Macrophages 

 T-cells 

 Mast cells 

 Airway epithelial cells 

        ●       Activates epithelium, endothelium, antigen-presenting cells, monocytes/macrophages  

      ●       BHR  

      ●        ↑  CXCL8/IL-8 from epithelial cells  

      ●        ↑  Matrix metalloproteinases from macrophages    

   IL-6  Monocytes/macrophages 

 T-cells 

 B-cells 

 Fibroblasts 

 Airway epithelial cells 

        ●       T-cell growth factor  

      ●       B-cell growth factor  

      ●        ↑  IgE    

(Continued)
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 TABLE 27.2         (Continued) 

   Cytokine  Sources  Important cellular and mediator eff ects 

   CXCL-8/IL-8  Monocytes/macrophages 

 Airway epithelial cells 

 Airway smooth muscle cells 

 Eosinophils 

        ●       Neutrophil chemoattractant and activator  

      ●       Chemotactic for CD8  �   T-cells  

      ●       Activates 5-lipoxygenase in neutrophils  

      ●       Induces release of histamine and cys-leukotrienes from basophils    

   IL-11  Airway epithelial cells 

 Airway smooth muscle cells 

 Fibroblasts 

 Eosinophils 

        ●       B-cell growth factor  

      ●       Activates fi broblast  

      ●       BHR    

   IL-16  CD8  �   T-cells 

 Epithelial cells 

 Eosinophils 

 Mast cells 

        ●       Eosinophil migration  

      ●       Growth factor and chemotaxis of CD4  �   T-cells    

   IL-17A  Activated CD4  �   and CD8  �   memory 

T-cells 

 Neutrophils 

 Monocytes 

        ●       Activates epithelial and endothelial cells, and fi broblasts  

      ●       Induces release of IL-6, CXCL5 (ENA-78), CXCL8 (IL-8), CCL1 (GRO α ) and GM-CSF  

      ●       Neutrophil chemoattractant and activator 

         ●       Induces mucins, Muc5Ac and 5B from epithelial cells       

   GM-CSF  T-cells 

 Macrophages 

 Eosinophils 

 Fibroblasts 

 Endothelial cells 

 Airway smooth muscle cells 

 Airway epithelial cells 

        ●       Eosinophil apoptosis and activation; induces release of leukotrienes  

      ●       Proliferation and maturation of hematopoietic cells  

      ●       Endothelial cell migration  

      ●       BHR    

   SCF  Bone marrow stromal cells 

 Fibroblasts 

 Epithelial cells 

        ●        ↑  VCAM-1 on eosinophils  

      ●       Growth factor for mast cells    

   Chemokines 

   CXCL1/GRO α   Macrophages/monocytes 

 Neutrophils 

 Airway smooth muscle cells 

        ●       Neutrophil chemoattractant through CXCR2 receptor  

      ●       Angiogenesis    

   CXCL10/IP10  Epithelial cells 

 Monocytes 

 Endothelial cells 

 Fibroblasts 

        ●       Chemoattractant for CXCR3-bearing cells including Th1 cells  

      ●       Chemoattractant for mast cells and monocytes  

      ●       Promotes T-cell adhesion to endothelial cells  

      ●       Inhibits angiogenesis    

   CCL2/MCP-1  Monocytes/macrophages 

 Vascular and airway smooth muscle 

        ●       Activates CCR2 and CCR5 receptors  

      ●       Monocyte chemoattractant  

      ●       Induces MMP seceretion from macrophages  

      ●       Recruits NK T-cells    

   CCL5/

RANTES 

 Epithelial cells 

 Fibroblasts 

 CD8  �   T-cells 

 Airway smooth muscle cells 

        ●       Activates CCR3 receptors, and also CCR1, CCR4 and CCR5  

      ●       Chemoattractant for eosinophil, basophils, memory T-cells, NK T-cells and monocytes    

   CCL11/

eotaxin 

 Epithelial cells 

 Fibroblasts 

 Vascular endothelium 

        ●       Activates CCR3 and CCR5 receptors  

      ●       Eosinophils and monocytes  

      ●       Mobilises eosinophils and its precursors from bone marrow  

      ●       Eosinophil chemoattractant  

      ●       Adhesion of eosinophils to endothelium    

(Continued)
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 TABLE 27.2         (Continued) 

   Cytokine  Sources  Important cellular and mediator eff ects 

   Inhibitory cytokines 

   IL-10  Th2 cells 

 Tregs (CD4  �  ) 

 CD8  �   T-cells 

 Monocytes/macrophages 

        ●        ↓  Eosinophil survival  

      ●        ↓  Th1 and Th2  

      ●        ↓  Monocyte/macrophage activation;  ↑  B-cell;  ↓  Mast cell growth and release of 

p ro-infl ammatory cytokines  

      ●       Suppresses allergen-specifi c IgE; induces allergen-specifi c IgG4  

      ●        ↓  BHR    

   IL-1ra 

    
 Monocytes/macrophages 

  
        ●        ↓  Th2 proliferation  

        ●        ↓  BHR  

   IL-18  Dendritic cells 

 Monocytes 

 NK cells 

        ●       Enhances Th1 cells via IFN- γ  release  

      ●       Releases IFN- γ  from Th1 cells  

      ●       Activates NK cells, monocytes  

      ●        ↓  IgE    

   Growth factors 

   PDGF  Macrophages 

 Airway epithelium 

 Fibroblasts 

        ●       Fibroblast and airway smooth muscle proliferation  

      ●       Release of collagen    

   TGF- β   Macrophages 

 Eosinophils 

 Airway epithelium 

 Tregs 

        ●        ↓  allergen-specifi c IgE, and Th1 and Th2 cells  

      ●       Blocks IL-2 eff ects  

      ●       Down-regulates FceRI expression and co-stimulatory ligand expression  

      ●       Fibroblast proliferation  

      ●       Chemoattractant for monocytes, fi broblasts, mast cells  

      ●        ↓  ASM proliferation    

   VEGF  Macrophages 

 Airway epithelium 

 Airway and vascular smooth muscle 

 Mesenchymal cells 

 Neutrophils 

 Eosinophils 

        ●       Angiogenic factor  

      ●       Increases vascular permeability  

      ●       Eosinophil chemotaxis  

      ●       Apoptosis of lung parenchymal cells    

  ASM  	   airway smooth muscle; BHR  	   bronchial hyperresponsiveness; GM-CSF  	   granulocyte–macrophage colony stimulating factor; IgE  	   immunoglobulin E; 

IFN  	   interferon; IL  	   interleukin; IL-1ra  	   interleukin-1 receptor antagonist; MCP  	   monocyte chemoattractant protein; MIP  	   macrophage infl ammatory factor; NK  	   natural 

killer; TNF  	   tumor necrosis factor; Treg  	   CD4  �  CD25  �   regulatory T-cells; VCAM  	   vascular adhesion molecule.  

be considered separately in terms of asthma and chronic 
obstructive pulmonary disease (COPD), although there is 
often a clear overlap in the role of many cytokines in the 
context of these two airway diseases.  

    INFLAMMATION AND CYTOKINES IN ASTHMA 

    T-cell-derived cytokine expression 

   Th e chronic airway infl ammation of asthma is character-
ized by an infi ltration of T-cells, eosinophils, macrophages/
monocytes, and mast cells, and sometimes neutrophils; the 
latter are a possible marker of severity. Acute-on-chronic 
infl ammation may be observed with acute exacerbations of 

the disease, with an increase in eosinophils and neutrophils 
in the airway submucosa and release of mediators such as 
histamine and cysteinyl leukotrienes from eosinophils and 
mast cells to induce bronchoconstriction, airway edema, and 
mucus secretion. Airway wall remodeling changes include 
increase in the thickness of the airway smooth muscle 
(ASM) layer result from both hypertrophy and hyperplasia 
and thickening of the lamina reticularis with increased col-
lagen and tenascin deposition, in blood vessels and goblet 
cell numbers in the airway epithelium  [1] . 

   Cytokines play an integral role in the coordination and 
persistence of the chronic allergic infl ammatory process in 
asthma ( Fig. 27.1   ). Particular subsets of CD4  �   T-cells may 
be induced as a result of microenvironmental events resulting 
the preferential secretion of defi ned patterns of cytokines, 
leading to initiation and propagation of distinct immune 
eff ector mechanisms. Studies in mouse CD4  �   T-cell clones, 
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and later in human CD4  �   T-cells, indicate the presence of 
two basic functional polarized subsets, termed T-helpers 
(Th 1 and Th 2). Th e Th 2-associated cytokines are one of the 
more important classes of cytokines identifi ed in the airway 
mucosa of patients with asthma. By using  in situ  hybridiza-
tion techniques, increased proportions of cells in bronchial 
biopsies and in bronchoalveolar lavage (BAL) fl uid from 
patients with atopic asthma express mRNA for IL-3, IL-4, 
IL-5, IL-13, and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) that is the Th 2 gene cluster, when com-
pared with those of nonatopic control subjects          [2–4] . In 
a model of inhalational allergen challenge, an increase in 
mRNA for these Th 2 cytokines, but not for IFN- γ , has been 
demonstrated in bronchial biopsies and BAL cells of atopic 

asthmatics  [5] . Th us, lung T-cells are activated and express 
and release high levels of Th 2-type cytokines. 

   A subset of CD4  �   T-cells expressing CD25, termed 
T-regulatory cells (Tregs), are capable of suppressing both 
Th 1 and Th 2-mediated adaptive immune responses, and 
these cells may mediate their suppressive actions through 
release of TGF- β  or IL-10  [6] . An imbalance between aller-
gen-specifi c Tregs and eff ector Th 2 cells has been shown in 
allergic diseases  [7] . 

   Recruitment of Th 2 cells to the airways may occur 
through certain chemokines such as CCL17/TARC and 
CCL22/MDC which are ligands for CCR4 expressed on Th 2 
T-cells. Increased expression of these chemokines in the bron-
chial mucosa of asthma patients has been reported, together 

 FIG. 27.1          Interactions of cells and cytokines in airway infl ammation of asthma. Antigen presentation by dendritic cells to T-cells with the subsequent 

polarization to Th2 cells appears to be important initial process. The roles of other cells are also crucial, such as airway epithelium, eosinophils, neutrophils, 

macrophages, and ASM cells. Arrows shown in red with dashed lines indicate potential interactions of allergens through high-affi  nity IgE receptors with 

macrophages and mast cells. GM-CSF: granulocyte-macrophage colony stimulating factors; IFN  	   interferon; IgE  	   immunoglobulin E; IL  	   interleukin; 

MCP-1 	  monocyte chemoattractant protein-1; PDGF  	   platelet-derived growth factor; RANTES  	   regulated on activation, normal T-cell expressed, and 

secreted; TCR  	   T-cell receptor; Th2  	   T-cell helper type 2; Th17  	   T-cell helper producing IL-17; Treg  	   CD4  �   regulatory T-cell; TGF  	   transforming 

growth factor; TNF  	   tumor necrosis factor.    
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with the expression of thymic stromal lymphopoietin that can 
increase the expression of these Th 2 chemoattractants  [8] . 

   Although CD4  �   T-cells appear to be the main cell 
expressing these Th 2 cytokine transcripts, mast cells and eosi-
nophils also express IL-4 and IL-5       mRNA          [9–11] . Mast cells in 
mucosal biopsies from atopic asthmatics were positive for IL-3, 
IL-4, IL-5, IL-6, and tumor necrosis factor- α  (TNF- α ) by 
immunohistochemistry, while immunoreactive IL-5 and GM-
CSF in eosinophils have been detected after endobronchial 
allergen challenge in asthmatics  [10] . Alveolar macrophages 
from patients with asthma release more proinfl ammatory 
cytokines (i.e. IL-1 β , TNF- α , GM-CSF, and MIP-1 α ) than 
do macrophages from normal subjects        [12, 13] .  

    Antigen presentation and 
release of cytokines 

   Th e primary signals that activate Th 2 cells are related to the 
presentation of a restricted panel of antigens in the presence 
of appropriate cytokines. Allergens are taken up and proc-
essed by specialized cells within the mucosa, such as dendritic 
cells (antigen presenting cells, APC), followed by presentation 
of peptide fragments to naive T-cells. Th e activation of naive 
T-cells occurs fi rstly via the T-cell receptor on CD4  �   cells 
through the APC-bound antigen to major histocompatibility 
complex (MHC)-II complex and, secondly, via the costimula-
tory pathway linked by the B7 family and T-cell-bound CD28 
 [14] . CD28 itself has two major ligands: B7.1 that inhibits Th 2 
cell activation and development, and B7.2 which induces T-cell 
activation and Th 2 cell proliferation. Under the infl uence of 
IL-12 and IFN- γ , Th  cells are polarised toward Th 1 which pre-
dominantly secrete interleukin (IL-2), interferon (IFN- γ ), and 
tumor necrosis factor (TNF), triggering both cell-mediated 
immunity and production of opsonizing antibodies. Th 2 cells 
secrete IL-4, IL-5, IL-10, and IL-13, responsible for IgE and 
IgG 4  antibody production, and activation of mast cells and 
eosinophils  [15] . A third subset of T-helper cells, Th 0, shows 
a composite profi le producing both Th 1- and Th 2-associated 
cytokines. Th ese soluble factors can also be expressed by mac-
rophages, epithelial cells, and mast cells and may take part in 
more general infl ammatory processes. 

   Cytokines may play an important role in antigen presen-
tation. Airway macrophages are usually poor at antigen presen-
tation and suppress T-cell proliferative responses (possibly via 
release of cytokines such as IL-1 receptor antagonist), but in 
asthma there is reduced suppression after exposure to allergen 
 [16] . Both GM-CSF and IFN- γ  increase the ability of mac-
rophages to present allergen and express HLA-DR  [17] . IL-1 
is important in activating T lymphocytes and is an important 
costimulator of the expansion of Th 2 cells after antigen pres-
entation  [18] . 

   Airway macrophages may also be an important source 
of  “ fi rst wave ”  cytokines, such as IL-1, TNF- α , and IL-6, 
which may be released on exposure to inhaled allergens via 
transduction mediated by Fc � RI receptors. Th ese cytokines 
may then act on epithelial cells to cause release of a  “ second 
wave ”  of cytokines, including GM-CSF, CCL11/eotaxin, 
and CCL5/RANTES, which then leads to infl ux of second-
ary cells, such as eosinophils, which themselves may release 
multiple cytokines.  

    The immunoglobulin-E response and 
mast cells 

   IL-4 is the most important cytokine mediating IgE synthesis 
through isotype switching by B-cells, but IL-13 is also capable 
of a similar action on B-cells  [19] . IL-4 also activates B-cells 
through increasing the expression of class II MHC molecules, 
as well as enhancing the expression of CD23, the low-affi  nity 
IgE (Fc � RII) receptor. CD40 antigen is expressed on B-cells 
after antigen recognition. IL-4 together with the engage-
ment of CD40 antigen with its ligand, CD40-L on activated 
T-cells, promotes IgE class switching and B-cell growth. 
Because IL-4 can also be produced by basophils, mast cells, and 
eosinophils and also have surface CD40-L, these cells may con-
tribute to the amplifi cation of IgE responses. IL-4 and IL-13 
share the  α -chain of the IL-4 receptor (IL-4R α ). On engage-
ment of the ligand with IL-4R α , signal transducer and activa-
tor of transcription 6 (STAT 6) translocates to the nucleus, and 
germline  �  mRNA transcription is initiated together with  � -
class switching of immunoglobulin genes. Individuals with gain 
of function mutations in both the extracytoplasmic and intra-
cellular domains of IL-4R α  show an enhanced IgE response 
and predisposition to atopic disease  [20] . 

   IgE produced in asthmatic airways binds to Fc � RI 
receptors ( “ high affi  nity ”  IgE receptors) on mast cells and 
basophils, priming them for activation by antigen. Cross-
linking of Fc � RI receptors upregulates its own expression and 
leads to mast cell degranulation, with the release of mediators 
such as histamine and cysteinyl leukotrienes. Th e importance 
of IgE in asthmatic infl ammation has been emphasized by 
the demonstration that a humanized monoclonal antibody to 
IgE inhibits eosinophilic infl ammation and reduced CD4  �   
T-cells, IL-4  �   staining cells and B-cells in the airway mucosa 
of asthmatic patients  [21] . 

   Th e maturation and expansion of mast cells from bone 
marrow cells involves growth factors and cytokines such as 
stem cell factor (SCF) and IL-3 derived from structural cells. 
Bronchoalveolar mast cells from asthmatics show enhanced 
release of mediators such as histamine. Mast cells also elabo-
rate IL-4 and IL-5  [9] . IL-4 also increases the expression 
of an inducible form of the low-affi  nity receptor for IgE 
(Fc � RII or CD23) on B lymphocytes and macrophages  [22] . 
IL-4 drives the diff erentiation of CD4  �   T-helper precursors 
into Th 2-like cells.  

    Eosinophil-associated cytokines 

   Th e diff erentiation, migration, and pathobiological eff ects 
of eosinophils may occur through the actions of GM-CSF, 
IL-3, IL-5, and certain chemokines such as CCL11/eotaxin 
         [23–25] . IL-5 infl uences the production, maturation, and 
activation of eosinophils, acting predominantly at the later 
stages of eosinophil maturation and activation, and can also 
prolong the survival of eosinophils. IL-5 causes eosinophils 
to be released from the bone marrow, while the local release 
of an eosinophil chemoattractant such as eotaxin may be 
necessary for the tissue localization of eosinophils  [26] . 
Mature eosinophils may show increased survival in bron-
chial tissue, secondary to the eff ects of GM-CSF, IL-3, and 
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IL-5  [27] . Eosinophils themselves may also generate other 
cytokines such as IL-3, IL-5, and GM-CSF  [11] . 

   Cytokines such as IL-4 may also exert an important 
regulatory eff ect on the expression of adhesion molecules 
such as VCAM-1, both on endothelial cells of bronchial 
blood vessels and on airway epithelial cells. IL-1 and TNF- α  
increase the expression of intercellular adhesion molecule 1 
(ICAM-1) in both vascular endothelium and airway epi-
thelium  [28] . An anti-IL5 monoclonal antibody adminis-
tered to mild allergic asthmatics has been shown to suppress 
allergen-induced blood and sputum eosinophilia, without 
aff ecting the degree of the late-phase response  [29] , indi-
cating that IL-5 may not be the only cytokine involved in 
allergen-induced late-phase responses. Eotaxin is a chem-
oattractant cytokine (chemokine) selective for eosinophils 
and acts through the chemokine receptor CCR3 present on 
eosinophils, basophils, and T-cells. Cooperation between 
IL-5 and eotaxin appears necessary for the mobilization of 
eosinophils from the bone marrow during allergic reactions 
and for the local release of chemokines to induce homing 
and migration into tissues.  

    Th17 cytokines: IL-17 family 

   A separate lineage of eff ector T-helper cells termed Th -17 
cells produced by the action of IL-15 or IL-23 on CD4 or 
CD8  �   memory T-cells has been described. Several members 
of the IL-17 family have been described, with the founder 
member, IL-17 or IL-17A, originally reported from CD4  �   
memory T-cells. Together with IL-17F, these two members 
are the most studied and have overlapping functions par-
ticularly mediating neutrophil mobilization through activa-
tion of T-cells (Th 17). IL-17A activates neutrophils to cause 
release of neutrophil elastase and myeloperoxidase activity and 
regulate the recruitment of neutrophils in response to aller-
gen, while attenuating allergen-induced increase in IL-5 and 
eosinophils  [30] . IL-17A may be necessary for the prolifera-
tion of CD4  �   T-cells for the production of IL4 and IL5 and 
for bronchial hyperresponsiveness  [31] . IL-17A induces the 
release of CXCL1/GRO α , CXCL8/IL-8 and G-CSF, and 
GM-CSF from the airway epithelium, which may be a mech-
anism for neutrophilic chemotaxis and activation, as is found 
in patients with severe asthma. IL-17A induces the expres-
sion of the mucins, MUC-5AC and MUC-5B, in bronchial 
epithelial cells. An increase in the expression of IL-17A in 
eosinophils has been shown in patients with asthma  [32] . 

   Unlike IL-17A and IL-17F, IL-17E, also known as 
IL-25, is a Th 2-like cytokine produced by Th 2 cells and 
mast cells. IL-17E induces overproduction of Th 2 cytokines, 
IL-4 and IL-13, production of IgA and IgE, mucus, epithe-
lial cell hyperplasia, and eosinophilia. IL-17E  �   cells, prob-
ably eosinophils, were detected in the bronchial submucosa 
of patients with asthma  [33] .  

    Airway wall remodeling cytokines 

   Experimental approaches made possible by genetically 
modifi ed mice have highlighted the potential role of various 
T-cell-derived cytokines in aspects of airway wall remodeling. 

Overexpression of these cytokines in the airway epithelium 
causes various features of airway wall remodeling. A CC10-
driven overexpression of IL-13 in the lungs caused eosinophilic 
and mononuclear infl ammation with goblet cell hyperplasia, 
subepithelial fi brosis, airway obstruction, and airway hyper-
responsiveness  [34] . IL-4, IL-5, and IL-9 overexpression lead 
to substantial mucus metaplasia, while IL-9 and IL-5 overex-
pression also caused subepithelial fi brosis and airways hyper-
responsiveness          [35–37] . ASM hyperplasia occurs following 
IL-11 overexpression  [38] . IL-5 and IL-13 have been associ-
ated with the production of TGF- β  in asthma        [39, 40] . 

   Proliferation of myofi broblasts and the hyperplasia of 
ASM may also occur through the action of several growth 
factors, such as platelet-derived growth factor (PDGF) and 
TGF- β . Th ey may be released from infl ammatory cells in 
the airways, such as macrophages and eosinophils, but also 
by structural cells such as airway epithelium, endothelial 
cells, and fi broblasts. Th ese growth factors may stimulate 
fi brogenesis by recruiting and activating fi broblasts or trans-
forming myofi broblasts  [41] . Epithelial cells may release 
growth factors, since collagen deposition occurs underneath 
the basement membrane of the airway epithelium  [42] . 

   Growth factors may also stimulate the proliferation 
and growth of ASM cells. PDGF, TGF- β , and epidermal 
growth factor (EGF) are potent stimulants of human ASM 
proliferation        [43, 44] . Pro-angiogenic factors such as ang-
iogenin, vascular endothelial growth factor (VEGF), and 
CCL2/MCP-1 may be involved in angiogenesis of chronic 
asthma  [45] . Th ere is greater expression of airway mucosal 
eosinophils expressing TGF- β  mRNA and protein, corre-
lating with the severity of asthma and the degree of sub-
epithelial fi brosis  [46] . Increased expression of TGF- β  is 
also observed in epithelial cells and airway smooth cells of 
patients with asthma  [47] . EGF expression is increased in 
bronchial epithelium, smooth muscle, and the bronchial 
submucosa of asthmatic patients        [48, 49] .  

    Airway smooth muscle-associated cytokines 

   Airway smooth muscle (ASM) cells have the capacity to 
elaborate a range of cytokines, including IL-4, IL-5, GM-
CSF, CXCL8/IL-8, CCL5/RANTES, CCL11/eotaxin, 
CCL2/MCP-1, and TGF- β  and therefore may play a role 
in the induction of local infl ammatory and remodeling 
responses  [50] . In addition, these cytokines may provide 
the mechanisms for interacting with cells within the ASM 
bundle of asthmatic patients, such as mast cells  [51] . Th us, 
increased production of CXCL10/IP-10 from ASM cells 
of asthmatics could be the cause for enhanced chemotactic 
activity of lung mast cells toward ASM cells in asthma  [52] .   

    INFLAMMATION AND CYTOKINES IN COPD 

    Cytokine profi le in COPD 

   Th e characteristic pathology of stable COPD includes chronic 
infl ammation of the small bronchi and bronchioles less than 
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2       mm diameter, together with structural changes to all the air-
ways and lungs with alveolar wall destruction or emphysema. 
Th e infl ammation is characterized by an accumulation of 
neutrophils, macrophages, B-cells, lymphoid aggregates, and 
CD8  �   T-cells particularly in the small airways and is pro-
portionate to the severity of disease  [53] . Chronic bronchitis 
characterized by glandular hypertrophy and hyperplasia with 
dilated ducts of 2–4       mm internal diameter may be present 
with mucus plugging, goblet cell hyperplasia, increased 
ASM mass, and distortion due to fi brosis of bronchioles. 
Neutrophils are localized particularly to the bronchial epithe-
lium, the bronchial glands  [54] , and also in close apposition to 
ASM bundles  [55] . Some patients with COPD have a pre-
ponderance of eosinophils in sputum, which has been associ-
ated with improvement of FEV 1  with corticosteroid therapy 
 [56] . CD8 �  T-cells expressing IFN- γ  and CXCR3, prob-
ably of the type 1 cytotoxic (Tc1) T-cells  [57] , are increased 
throughout the airways and in lung parenchyma  [58] . 

   In COPD the basic abnormality is thought to be the 
response of airway cells, particularly epithelial cells and mac-
rophages to toxic gases and particulates in cigarette smoke, 
which generate an infl ammatory and immune response with 
the release of proinfl ammatory cytokines, chemokines, growth 
factors, cathepsins, and serine and matrix metalloproteinase 

(MMP) proteases. In COPD, as contrasted to healthy smok-
ers also exposed to cigarette smoke, the release of cytokines 
may be amplifi ed by the eff ect of oxidative stress, perhaps 
viruses and by unknown genetic factors ( Fig. 27.2   ). 

   Cytokines in COPD may be classifi ed as (i) proin-
fl ammatory cytokines including chemokines involved in 
the recruitment of neutrophils, macrophages, T-cells, and 
B-cells (ii) cytokines of airway wall remodeling, including 
goblet cell, ASM hyperplasia (iii) cyokines of emphysema 
(iv) systemic cytokines, that is extrapulmonary source of 
cytokines involved in systemic infl ammatory responses.  

    Proinfl ammatory cytokines and 
chemokines 

   Increased levels of IL-6, IL-1 β , TNF- α , CXCL8/IL-8, and 
CCL2/MCP-1 have been observed in induced sputum of 
patients with stable COPD        [59, 60] . Increased release of 
proinfl ammatory cytokines CXCL8/IL-8, CCL1/GRO α , 
CXCL5/ENA-78, IL-1, TNF- α  and of the anti-infl am-
matory cytokine, IL-10 from alveolar macrophages of cig-
arette smokers and of COPD patients have been reported 
       [61, 62] . Levels of TNF- α , IL-1 β , IL-6, CXCL8/IL-8, and 
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 FIG. 27.2          Interaction of cells and cytokines in airway infl ammation of COPD. The initiating factors include cigarette smoke with macrophages and airway 

epithelium, inducing the release of chemotactic factors for neutrophils, which in turn are important eff ector cells for infl ammation, tissue damage, and repair. 

Potential amplifi cation factors include viruses, oxidative stress, and genetic factors. EGF  	   epidermal growth factor; IL  	   interleukin; IP-10  	   IFN- γ -induced 
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CCL2/MCP-1 were increased in BAL fl uid of chronic 
smokers compared to non-smokers  [63] , and of CXCL8/
IL-8 and GM-CSF levels in COPD patients        [64, 65] . In 
general, the expression of cytokines from COPD patients is 
higher than of asymptomatic smokers. Sputum neutrophil 
counts and level of CXCL8/IL-8 and circulating levels of 
TNF- α  and C-reactive protein (CRP) have been reported 
to be the best markers for distinguishing the various levels 
of severity of COPD  [66] . 

   Cigarette smoke increases CXCL8/IL-8 gene expres-
sion and release by bronchial epithelial cells, and TNF- α  
and IL-6 by alveolar macrophages        [67, 68] , through oxidant 
mechanisms that include activation of the transcription fac-
tor, nuclear factor- κ B (NF- κ B)  [69] . Exposure of lung epi-
thelial cells to smoke extract causes the release of neutrophil 
and monocytic chemotactic activities with CXCL8/IL-8 
and G-CSF accounting for the neutrophilic activity and 
CCL-2/MCP-1 for the monocytic activity  [70] . 

   A higher expression of CCL2/MCP-1, TGF- β 1 
and CXCL8/IL-8       mRNA and protein has been observed 
in bronchiolar epithelium in macrophages of smokers with 
COPD compared with those smokers without COPD  [71] ; 
a similar diff erence has been found for CCR2  . Since CCL2/
MCP-1 binds to CCR2 and can induce T-cell and mono-
cytic migration, CCL2  [72]  may contribute to the recruit-
ment of these cells in COPD. 

   Diff erent chemokines in induced sputum from COPD 
patients have been found to be involved in the chemotaxis of 
monocytes. Th us, there is increased chemotaxis of monocytes 
in COPD for CCL1/GRO α  or CXCL7/NAP2 but not for 
CXCL8/IL-8 or CXCL5/ENA-78, possibly due to diff er-
ential regulation of CXCR2 receptors in COPD  [73] . CD8 
T-cells expressing IFN- γ  infi ltrate the peripheral airways of 
smokers with COPD and have an increased expression of the 
chemokine receptor, CXCR3, which is paralleled by a strong 
epithelial expression of its ligand, CXCL10/IP-10  [57] , a che-
moattractant for Th 1 cells. Th e chemokine ligand 20, CCL20, 
is the most potent known chemoattractant for dendritic cells 
and is upregulated in lung and in induced sputum of patients 
with COPD  [74] . Th is could account for increased number 
of dendritic cells observed in the small airways of COPD as 
these cells express CCR6 which is the receptor for CCL20. 
Microarray analysis of lung tissues from COPD patients 
revealed the expression of CX3CL1/fractalkine  [75] .  

    Th2 cytokines 

   Expression of Th 2 cytokines is less prominent in COPD as 
compared to asthma. IL-5 expression is absent in COPD 
airways associated with eosinophilia, but other eosinophil 
chemoattractants such as eotaxin or RANTES may be 
implicated, particularly during exacerbations  [76] . Increased 
IL-4  �   cells in mucus secreting cells and associated plasma 
cells of the airway mucosa of chronic bronchitis patients 
have been reported  [77] . 

   Overexpression of the Th 2 cytokine, IL-13, in lungs of 
adult mice induces emphysema, mucus goblet cell  hyperplasia, 
and airway infl ammation with macrophages, lymphocytes, 
and eosinophils, and increased MMPs, which are many of 
the f eatures associated with COPD  [78] . Th e induction of 

emphysema in these mice was related to the release of m etallo- 
and cysteine-proteases  [78] . Interestingly, the proinfl am-
matory cytokine, IL-18, can induce lung infl ammation and 
emphysema through the production of IL-13 but not through 
IFN- γ   [79] , despite IFN- γ ’s capability of inducing emphy-
sema  [80] . Although IL-18 expression appears to be increased 
in pulmonary macrophages of COPD patients, IL-13 expres-
sion is decreased in emphysema lung  [81] . IL-9-mRNA is 
overexpressed in CD3 �  T-cells in patients with COPD  [82] .  

    Systemic cytokines 

   Evidence of systemic infl ammatory processes in COPD can 
be judged from increased circulating levels of cytokines such as 
IL-6, CXCL8/IL-8, TNF- α , and TNF receptors 55 and 75, 
together with CRP levels  [83] . Th e source of these circulating 
cytokines may represent a spill-over from pulmonary sources 
but may also originate from other sources such as circulating 
blood monocytes  [84] , striated muscle or from concomitant 
atherosclerotic lesions. In stable COPD patients with respira-
tory muscle impairment, increased TNF- α  and IL-6 gene and 
protein expression in muscle has been reported  [85] .  

    Exacerbations of COPD 

   Increases in plasma levels of IL-6, CXCL8/IL-8, and LTB4 
but not of  TNF- α  have been reported during COPD exacer-
bations severe enough to require the patient to be hospitalized 
 [86] . During exacerbations of COPD associated with neu-
trophilia requiring mechanical ventilatory support, gene expres-
sion for CXCL5/ENA78, CXCL8/IL-8, and the receptor 
CXCR2 is increased in tissue, particularly in the bronchiolar 
epithelium  [87] . Both CXCL5/ENA-78 and CXCL8/IL-8 
bind to CXCR2 and are neutrophil chemoattractants. 

   In acute exacerbations of COPD, eosinophils may be 
prominent among the cells recovered in sputum or in bron-
chial biopsies, but there is no increased expression of IL-5 pro-
tein in tissues  [88] . Higher levels of IL-6 and CXCL8/IL-8 
in induced sputum of patients with recurrent exacerbations of 
COPD ( � 3 per year) have been reported  [89] . In patients with 
stable COPD, lymphomononuclear cells expressing eotaxin 
mRNA was increased compared to healthy non-smokers. In 
patients with an exacerbation of chronic bronchitis, RANTES 
mRNA expression was upregulated and strongly expressed on 
the surface epithelium and subepithelial lympho-mononuclear 
cells, together with increased number of eosinophils  [76] . 
CCL11/eotaxin and its receptor, CCR3, are upregulated dur-
ing exacerbations of chronic bronchitis, with CCR3 colocal-
ized mainly to eosinophils  [90] . Th e increased expression of 
CCL11/eotaxin and CCL5/RANTES may underlie the eosi-
nophilia sometimes observed during exacerbations of COPD.  

    Properties of some specifi c 
cytokines in COPD 

    TNF- α  

   TNF- α  is produced by many cells including macrophages, 
T-cells, mast cells, and epithelial cells, but the principal 
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source is the macrophage. Th e secretion of TNF- α  by 
monocytes/macrophages is greatly enhanced by other 
cytokines such as IL-1, GM-CSF, and IFN- γ . TNF- α  
activates NF κ B that switches on the transcription of the 
CXCL8/IL-8 gene and increases CXCL8/IL-8 release from 
the airway epithelium and neutrophils. Bacteria and bacterial 
products such as lipopolysaccharide can induce CXCL8/IL-8 
expression, probably as a result of initial TNF- α  production 
       [91, 92] . TNF- α  may be important in inducing the expres-
sion of CXCL2/MIP-2 and CCL2/MCP-1, and in connec-
tive tissue breakdown following cigarette smoke exposure 
 [93] . TNF- α  through the activation of EGF receptor leads to 
the expression of mucin genes, in particular MUC5AC  [94] . 

   TNF- α  increases the expression of ICAM-1, which 
is increased in serum of COPD patients  [95] . TNF- α  may 
activate macrophages to produce MMPs. Th is eff ect is inhib-
ited by the anti-infl ammatory cytokine, IL-10, which also 
enhances the release of tissue inhibitor of metalloproteinases 
(TIMP) in macrophages from normal volunteers. In smok-
ers IL-10 increases TIMP-1 release, without modifying 
MMP-9 release, from alveolar macrophages  [61] . TNF- α  
also stimulates bronchial epithelial cells to produce tenascin, 
an extracellular matrix glycoprotein that may contribute to 
airway remodeling  . In animal models, MMP-12 induces the 
release of TNF- α  from lung macrophages exposed to ciga-
rette smoke, causing endothelial activation and neutrophil 
infl ux  [96] . 

   Increased serum concentrations of TNF- α  have been 
measured in patients with COPD with weight loss        [97, 
98] , and increased TNF- α  production has been noted by 
peripheral blood monocytes from COPD patients during 
the catabolic phase of their illness leading to weight loss 
 [99] . TNF- α  has direct eff ects on skeletal muscle cells and 
reduces adult myosin heavy chain content and induces apop-
tosis of skeletal muscle via several signaling pathways        [100, 
101] . Given the potential role for TNF- α  in the infl amma-
tion of COPD, the eff ect of TNF- α  blockers in this disease 
is of therapeutic interest. However, a multicenter randomized 
trial of an anti-TNF- α  antibody, infl iximab, found no treat-
ment benefi t in terms of quality of life, lung function, and 
the 6-min walking test    [102] .  

    IL-1 β  

   IL-1 β  induces leukocytosis by the release of neutrophils 
from the bone marrow and induces the release of many 
other cytokines such as IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, 
CXCL8/IL-8, CCL5/RANTES, GM-CSF, IFN- γ , TNF, 
and PDGF from a variety of cells. It induces fi broblasts to 
proliferate, and increases prostaglandin secretion, and the 
synthesis of fi bronectin and collagen. Together with TNF- α , 
IL-1 β  induces ICAM-1 expression on endothelial cells. IL-1 β  
can induce attenuation of  β -adrenergic receptor-induced 
airway relaxation through reduction of  β -adrenoreceptors, 
an increase in the G-protein, Gi α  subunit, and a defect in 
adenylate cyclase activity  [103] .  

    CXCL8/IL-8 

   CXCL8/IL-8 is a neutrophil chemoattractant and activa-
tor that induces a transient shape change, rise in intracellu-
lar calcium, exocytosis with release of enzymes and proteins 

from intracellular storage organelles, and respiratory burst. 
It also upregulates the expression of two integrins (CD11b/
CD18 and CD11c/CD18) during exocytosis of specifi c 
granules. CXCL8/IL-8 activates neutrophil 5-lipoxygenase 
with the formation of LTB 4  and 5-hydroxy-eicosanotetrae-
noic acid (5-HETE) and together with LTB 4  contributes to 
the neutrophil chemotactic activity of sputum from COPD 
patients        [104, 105] . CXCL8/IL-8 also has chemoattractant 
properties for T-cells. Bacteria for example due to a soluble 
cytoplasmic factor of nontypeable Haemophilus Infl uenzae 
can induce CXCL8/IL-8 expression in epithelial cells  [106] . 
Th e increased levels of CXCL8/IL-8 found in sputum sam-
ples of COPD patients correlate with airway bacterial load 
and with myeloperoxidase released from activated neu-
trophils. Elastase released from neutrophils may also stimu-
late epithelial cells to produce more CXCL8/IL-8  [107] . A 
study of a blocking anti-IL-8 antibody in moderate COPD 
patients showed a small eff ect in improving dyspnea  [108] .  

    TGF- β  

   TGF- β  is a multifunctional growth factor with biological 
eff ects on fi broblast proliferation, deposition of extracellular 
matrix, epithelial repair, chemotactic activities, and also as 
an immune suppressor. TGF- β  is secreted as latent TGF- β  
that is sequestered by many binding proteins including 
decorin, biglycan, fi bronectin, and elastin. TGF- β  can be 
activated  in vivo  by mechanisms including thrombospondin, 
acid pH, reactive oxygen species, and nitric oxide nitrosyla-
tion. TGF- β  regulates epithelial repair by inhibiting pro-
liferation but increasing epithelial cell migration  [109] . 
TGF- β 1 is involved in the transformation of fi broblasts to 
myofi broblasts, and enhancing myofi broblast survival. In 
addition, TGF- β 1 and TGF- β 2 can convert myofi broblasts 
into smooth muscle cells  [110] . TGF- β  induces hypertro-
phy and hyperplasia of ASM cells        [47, 111] . TGF- β  induces 
collagen production in human lung fi broblasts  [112]  and 
ASM cells  [113] . Th erefore, TGF- β  is involved in remod-
eling of the airway wall in both asthma and COPD. 

   Increased expression of a number of related growth 
factors, CTGF, TGF- β 1, and PDGFRA in the lungs using 
gene microarray analysis of lungs from smoking COPD 
patients compared to healthy smokers has been reported 
 [75] . Expression of TGF- β  in the bronchiolar and alveolar 
epithelium and submucosal cells of patients with COPD has 
been reported          [114–116] . In addition, increased release of 
TGF- β  and of fi bronectin from alveolar macrophages from 
patients with chronic bronchitis has been observed  [117] .  

    VEGF 

   Increased levels of VEGF have been observed in sputum of 
patients with COPD  [118] , and its augmented expression 
appears to be localized to pulmonary arteries  [119] . Inhibition 
of VEGF receptor activation in mice led to the induction of 
enlargement of air spaces, and induced alveolar septal cell 
apoptosis, indicating that VEGF receptor signaling is required 
for maintenance of alveolar structures  [120] . Oxidative stress 
and apoptosis may be the down-stream eff ects of VEGF 
receptor activation  [121] . Th e fi nding that VEGF levels are 
increased in patients with COPD reinforces a potential non-
proteolytic mechanism for emphysema through VEGF.    
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    CONCLUSION 

   Because there has been little direct comparison of tissues 
between asthma and COPD patients, it is not possible to 
state categorically the degree of overlap of cytokine profi les 
or networks that exist between the two diseases. However, 
analysis of cytokine expression in asthma and COPD from 
the published literature reveals many similarities in terms 
of increased expression of many cytokines ( Table 27.3   ) 

that may refl ect similarities in established disease but not 
necessarily during the initial phase of these diseases. For 
example, severe asthma may resemble more closely COPD 
with a neutrophilic infl ammatory response, and remodeling 
aspects of the airways may be similar despite being diff er-
ently localized in the airways in terms of the cytokines and 
growth factors involved. Further analysis of cytokine expres-
sion in asthma and COPD may help determine whether 
these conditions have common mechanisms or similar pre-
disposing factors. Analysis of cytokine expression may help 
determine which ones may be useful to target for therapeu-
tic eff ects, although the limited experience so far has been 
disappointing.   

  References  

       1.          Bousquet     J  ,   Jeff ery     PK  ,   Busse     WW  ,   Johnson     M  ,   Vignola     AM             .  Asthma. 
From bronchoconstriction to airways infl ammation and remodeling . 
        Am J Respir Crit Care Med         161      ( 5 )       :  1720  –       45      ,  2000   .        

       2.          Hamid     Q  ,   Azzawi     M  ,   Ying     S  ,   Moqbel     R  ,   Wardlaw     AJ  ,   Corrigan     CJ          
et al        .  Expression of mRNA for interleukins in mucosal bronchial biop-
sies from asthma .         J Clin Invest         87         :  1541  –       46      ,  1991   .        

       3.          Broide     DH  ,   Lotz     M  ,   Cuomo     AJ  ,   Coburn     DA  ,   Federman     EC  , 
  Wasserman     SI             .  Cytokines in symptomatic asthmatic airways .         J Allergy 
Clin Immunol         89         :  958  –       67      ,  1992   .        

       4.          Humbert     M  ,   Durham     SR  ,   Kimmitt     P  ,   Powell     N  ,   Assoufi      B  ,   Pfi ster     R          
et al        .  Elevated expression of messenger ribonucleic acid encoding IL-13 
in the bronchial mucosa of atopic and nonatopic subjects with asthma . 
        J Allergy Clin Immunol         99      ( 5 )       :  657  –       65      ,  1997   .        

       5.          Robinson     DS  ,   Hamid     Q  ,   Ying     S  ,   Tsigopoulos     A  ,   Barkans     T  ,   Bentley  
   AM          et al        .  Predominant Th 2-type bronchoalveolar lavage T-lymphocyte 
population in atopic asthma .         New Engl J Med         326         :  298  –       304      ,  1992   .        

       6.          Taylor     A  ,   Verhagen     J  ,   Blaser     K  ,   Akdis     M  ,   Akdis     CA             .  Mechanisms 
of immune suppression by interleukin-10 and transforming growth 
f actor-beta: Th e role of T regulatory cells .         Immunology         117      ( 4 )       :  433  –       42      , 
 2006   .        

       7.          Ling     EM  ,   Smith     T  ,   Nguyen     XD  ,   Pridgeon     C  ,   Dallman     M  ,   Arbery     J          
et al        .  Relation of CD4  �  CD25  �   regulatory T-cell suppression of 
allergen-driven T-cell activation to atopic status and expression of 
allergic disease .         Lancet         363      ( 9409 )       :  608  –       15      ,  2004   .        

       8.          Ying     S  ,   O’Connor     B  ,   Ratoff      J  ,   Meng     Q  ,   Mallett     K  ,   Cousins     D          et al        . 
 Th ymic stromal lymphopoietin expression is increased in asthmatic air-
ways and correlates with expression of Th 2-attracting chemokines and 
disease severity .         J Immunol         174      ( 12 )       :  8183  –       90      ,  2005   .        

       9.          Bradding     P  ,   Roberts     JA  ,   Britten     KM  ,   Montefort     S  ,   Djukanovic     R  , 
  Mueller     R          et al        .  Interleukin-4, -5 and -6 and tumor necrosts factor- α  
in normal and asthmatic airways: Evidence for the human mast cell as 
a source of these cytokines .         Am J Respir Cell Mol Biol         10         :  471  –       80      ,  1994   .        

      10.          Broide     D  ,   Paine     MM  ,   Firestein     GS             .  Eosinophils express interleukin S 
and granulocyte-macrophage colony-stimulating factor mRNA at sites 
of allergic infl ammation in asthmatics .         J Clin Invest         90         :  1414  –       24      ,  1992   .        

      11.          Moqbel     R  ,   Hamid     Q  ,   Ying     S  ,   Barkans     J  ,   Hartnell     A  ,   Tsicopoulos     A          
et al        .  Expression of mRNA and immunoreactivity for the granulocyte/
macrophage colony-stimulating factor in activated human eosinophils . 
        J Exp Med         174         :  749  –       52      ,  1991   .        

      12.          John     M  ,   Lim     S  ,   Seybold     J  ,   Jose     P  ,   Robichaud     A  ,   O’Connor     B          et al        .  Inhaled 
corticosteroids increase interleukin-10 but reduce macrophage infl amma-
tory protein-1alpha, granulocyte-macrophage colony-s timulating factor, 
and interferon-gamma release from alveolar macrophages in asthma .         Am J 
Respir Crit Care Med         157      ( 1 )       :  256  –       62      ,  1998   .        

      13.          Hallsworth     MP  ,   Soh     CPC  ,   Lane     SJ  ,   Arm     JP  ,   Lee     TH             .  Selective 
enhancement of GM-CSF, TNF- α , IL-1 β  and IL-8 production by 
monocytes and macrophages of asthmatic subjects .         Eur Respir J         7         :  1096  –
       102      ,  1994   .        

 TABLE 27.3          Expression of cytokines in asthma and COPD a .  

     Asthma  COPD 

   IL-3   �   ? 

   IL-4   �   �    �  

   IL-5   �   �   – 

   IL-9   �    �  

   IL-10   �  or –   �  

   IL-13   �    �  

   IL-17A   �   ? 

   IL-25 (IL-17E)   �   ? 

   IFN γ   –   �  

   CCL2/MCP-1   �    �  

   CCL5/RANTES   �    � * 

   CCL11/Eotaxin   �    � * 

   CCL17/TARC   �   ? 

   CCL20  ?   �  

   CCL22/MDC   �   ? 

   CXCL1/GRO α   ?   �  

   CXCL8/IL-8   �    �   �  

   CXCL10/IP10   �    �  

   IL-1 β    �    �  

   TNF- α    �    �  

   TGF- β 1   �    �  

   CTGF  ?   �  

   GM-CSF   �    �  

   EGF   �    �  

   VEGF   �    �  

  a  From review of literature: expression is reported as gene or protein in airway cells or 

tissues, in addition to measurement of protein release in airway fl uids. The degree of 

expression has been arbitrarily assessed as: –      	      reduced;  �  or  �   �       	      increased; ?      	    

  not known or uncertain; *      	      associated with exacerbations.  



27Cytokines

339

      14.          Green     JM             .  Th e B7/CD28/CTLA4 T-cell activation pathway. 
Implications for infl ammatory lung disease .         Am J Respir Cell Mol Biol        
 22      ( 3 )       :  261  –       64      ,  2000   .        

      15.          Mossman     TR  ,   Coff man     RL             .  TH1 and TH2 cells : Diff erent patterns 
of lymphokine secretion lead to diff erent functional properties .         Ann 
Rev Immunol         7         :  145  –       73      ,  1989   .        

      16.          Spiteri     M  ,   Knight     RA  ,   Jeremy     JY  ,   Barnes     PJ  ,   Chung     KF             .  Alveolar 
m acrophage-induced suppression of T-cell hyperresponsiveness in 
bronchial asthma is reversed by allergen exposure .         Eur Respir J         7         :  1431  –
       38      ,  1994   .        

      17.          Fischer     HG  ,   Frosch     S  ,   Reske     K  ,   Reske-Kunz     AB             .  Granulocyte-
m acrophage colony-stimulating factor activates macrophages derived 
from bone marrow cultures to synthesis of MHC class II molecules 
and to augmented antigen presentation function .         J Immunol         141         :  3882  –
       88      ,  1988   .        

      18.          Chang     TL  ,   Shea     CH  ,   Urioste     S  ,   Th ompson     RC  ,   Boom     WH  ,   Abbas     AK             . 
 Heterogeneity of helper/inducer T lymphocytes: Lymphokine produc-
tion and lymphokine responsiveness .         J Immunol         145         :  2803  –       8      ,  1990   .        

      19.          Minty     A  ,   Chalon     P  ,   Derocq     J-M  ,   Dumont     X  ,   Guillemot     J-C  ,   Kaghad     M          
et al        .  Interleukin-13 is a new human lymphokine regulating infl amma-
tory and immune responses .         Nature         362         :  248  –       50      ,  1993   .        

      20.          Khuruna Hershey     GK  ,   Friedrich     MF  ,   Esswein     LA  ,   Th omas     ML  , 
  Chatila     TA             .  Th e association of atopy with a gain-of-function mutation in 
the  α -subunit of the IL-4 receptor .         New Eng J Med         337         :  1720  –       25      ,  1997   .        

      21.          Djukanovic     R  ,   Wilson     SJ  ,   Kraft     M  ,   Jarjour     NN  ,   Steel     M  ,   Chung     KF          
et al        .  Eff ects of treatment with anti-immunoglobulin E antibody oma-
lizumab on airway infl ammation in allergic asthma .         Am J Respir Crit 
Care Med         170      ( 6 )       :  583  –       93      ,  2004   .        

      22.          Vercelli     D  ,   Jabara     HH  ,   Lee     BW  ,   Woodland     N  ,   Geha     RS  ,   Leung     DY             . 
 Human recombinant interleukin-4 induces FC4RII/CD23 on normal 
human monocytes .         J Exp Med         167         :  1406  –       16      ,  1988   .        

      23.          Sanderson     CJ  ,   Warren     DJ  ,   Strath     M             .  Identifi cation of a lumphokine 
that stimulates eosinophil diff erentiation  in vitro . Its relationship to 
interleukin 3, and functional properties of eosinophils produced in 
c ultures .         J Exp Med         162         :  60  –       74      ,  1985   .        

      24.          Jose     PJ  ,   Griffi  ths-Johnson     DA  ,   Collins     PD  ,   Walsh     DT  ,   Moqbel     R  , 
  Totty     NF          et al        .  Eotaxin: A potent eosinophil chemoattractant cytokine 
detected in a guinea pig model of allergic airways infl ammation .         J Exp 
Med         179         :  881  –       87      ,  1994   .        

      25.          Ponath     PD  ,   Qin     S  ,   Post     TW  ,   Wang     J  ,   Wu     L  ,   Gerard     N          et al        .  Molecular 
cloning and characterization of a human eotaxin receptor expressed 
selectively on eosinophils .         J Exp Med         183         :  2437  –       48      ,  1996   .        

      26.          Collins     PD  ,   Griffi  ths-Johnson     DA  ,   Jose     PJ  ,   Williams     TJ  ,   Marleau     S             . 
 Co-operation between interleukin-5 and the chemokine, eotaxin, to 
induce eosinophil accumulation  in vivo  .         J Exp Med         182         :  1169  –       74      ,  1995   .        

      27.          Rothenberg     ME  ,   Owen     WFJ  ,   Siberstein     DS             .  Human eosinophils have 
prolonged survival, enhanced functional properties and become hypodense 
when exposed to human interleukin .         J Clin Invest         81         :  1986  –       92      ,  1988   .        

      28.          Tosi     MF  ,   Stark     JM  ,   Smith     WC  ,   Hamedani     A  ,   Gruenert     DC  ,  
 Infeld     MD             .  Induction of ICAM-1 expression on human airway epi-
thelial cells by infl ammatory cytokines: Eff ects on neutrophil-epithelial 
cell adhesion .         Am J Respir Cell Mol Biol         7         :  214  –       21      ,  1992   .        

      29.          Leckie     MJ  ,   ten     BA  ,   Khan     J  ,   Diamant     Z  ,   O’Connor     BJ  ,   Walls     CM          et al        . 
 Eff ects of an interleukin-5 blocking monoclonal antibody on eosi-
nophils, airway hyper-responsiveness, and the late asthmatic response . 
        Lancet         356      ( 9248 )       :  2144  –       48      ,  2000.         

      30.          Hellings     PW  ,   Kasran     A  ,   Liu     Z  ,   Vandekerckhove     P  ,   Wuyts     A  , 
  Overbergh     L          et al        .  Interleukin-17 orchestrates the granulocyte infl ux 
into airways after allergen inhalation in a mouse model of allergic 
asthma .         Am J Respir Cell Mol Biol         28      ( 1 )       :  42  –       50      ,  2003   .        

      31.          Nakae     S  ,   Komiyama     Y  ,   Nambu     A  ,   Sudo     K  ,   Iwase     M  ,   Homma     I          et al        . 
 Antigen-specifi c T cell sensitization is impaired in IL-17-defi cient mice, 
causing suppression of allergic cellular and humoral responses .         Immunity        
 17      ( 3 )       :  375  –       87      ,  2002   .        

      32.          Molet     S  ,   Hamid     Q  ,   Davoine     F  ,   Nutku     E  ,   Taha     R  ,   Page     N          et al        .  IL-17 is 
increased in asthmatic airways and induces human bronchial fi broblasts 
to produce cytokines .         J Allergy Clin Immunol         108      ( 3 )       :  430  –       38      ,  2001   .        

      33.          Letuve     S  ,   Lajoie-Kadoch     S  ,   Audusseau     S  ,   Rothenberg     ME  ,   Fiset     PO  , 
  Ludwig     MS          et al        .  IL-17E upregulates the expression of proinfl amma-
tory cytokines in lung fi broblasts .         J Allergy Clin Immunol         117      ( 3 )       :  590  –
       96      ,  2006   .        

      34.          Zhu     Z  ,   Homer     RJ  ,   Wang     Z  ,   Chen     Q  ,   Geba     GP  ,   Wang     J          et al        . 
 Pulmonary expression of interleukin-13 causes infl ammation, mucus 
hypersecretion, subepithelial fi brosis, physiologic abnormalities, and 
eotaxin production .         J Clin Invest         103      ( 6 )       :  779  –       88      ,  1999   .        

      35.          Temann     UA  ,   Geba     GP  ,   Rankin     JA  ,   Flavell     RA             .  Expression of interleukin 
9 in the lungs of transgenic mice causes airway infl ammation, mast cell 
hyperplasia, and bronchial hyperresponsiveness .         J Exp Med         188         :  1307  –       20      , 
 1998   .        

      36.          Rankin     JA  ,   Picarella     DE  ,   Geba     GP  ,   Temann     UA  ,   Prasad     B  ,   DiCosmo     B          
et al        .  Phenotypic and physiologic characterization of transgenic mice 
expressing interleukin 4 in the lung: Lymphocytic and eosinophilic 
infl ammation without airway hyperreactivity .         Proc Natl Acad Sci USA        
 93      ( 15 )       :  7821  –       25      ,  1996   .        

      37.          Lee     JJ  ,   McGarry     MP  ,   Farmer     SC  ,   Denzler     KL  ,   Larson     KA  ,   Carrigan     PE         
et al        .  Interleukin-5 expression in the lung epithelium of transgenic 
mice leads to pulmonary changes pathognomonic of asthma .         J Exp 
Med         185      ( 12 )       :  2143  –       56      ,  1997   .        

      38.          Einarsson     O  ,   Geba     GP  ,   Zhu     Z  ,   Landry     M  ,   Elias     JA             .  Interleukin-11: 
Stimulation  in vivo  and  in vitro  by respiratory viruses and induction of 
airways hyperresponsiveness .         J Clin Invest         97      ( 4 )       :  915  –       24      ,  1996   .        

      39.          Flood-Page     P  ,   Menzies-Gow     A  ,   Phipps     S  ,   Ying     S  ,   Wangoo     A  ,   
Ludwig     MS           et al        .  Anti-IL-5 treatment reduces deposition of ECM 
proteins in the bronchial subepithelial basement membrane of mild 
atopic asthmatics .         J Clin Invest         112      ( 7 )       :  1029  –       36      ,  2003   .        

      40.          Lee     CG  ,   Homer     RJ  ,   Zhu     Z  ,   Lanone     S  ,   Wang     X  ,   Koteliansky     V          et al        . 
 Interleukin-13 induces tissue fi brosis by selectively stimulating and 
activating transforming growth factor beta(1) .         J Exp Med         194      ( 6 )       :  809  –
       21      ,  2001   .        

      41.          Boxall     C  ,   Holgate     ST  ,   Davies     DE             .  Th e contribution of transforming 
growth factor-beta and epidermal growth factor signalling to airway 
remodelling in chronic asthma .         Eur Respir J         27      ( 1 )       :  208  –       29      ,  2006   .        

      42.          Brewster     CEP  ,   Howarth     PH  ,   Djukanovic     R  ,   Wilson     J  ,   Holgate     ST  , 
  Roche     WR             .  Myofi broblasts and subepithelial fi brosis in bronchial 
 “ asthma ”  .         Am J Resp Cell Mol Biol         3         :  507  –       11      ,  1990   .        

      43.          Hirst     SJ  ,   Martin     JG  ,   Bonacci     JV  ,   Chan     V  ,   Fixman     ED  ,   Hamid     QA          et al        . 
 Proliferative aspects of airway smooth muscle .         J Allergy Clin Immunol        
 114      ( 2 Suppl )       :  S2  –       17      ,  2004   .        

      44.          Leung     SY  ,   Niimi     A  ,   Noble     A  ,   Oates     T  ,   Williams     AS  ,   Medicherla     S          
et al        .  Eff ect of transforming growth factor-beta receptor I kinase inhib-
itor 2,4-disubstituted pteridine (SD-208) in chronic allergic airway 
infl ammation and remodeling .         J Pharmacol Exp Th er         319      ( 2 )       :  586  –       94      , 
 2006   .        

      45.          Simcock     DE  ,   Kanabar     V  ,   Clarke     GW  ,   O’Connor     BJ  ,   Lee     TH  ,   Hirst     SJ             . 
 Proangiogenic activity in bronchoalveolar lavage fl uid from patients with 
asthma .         Am J Respir Crit Care Med         176      ( 2 )       :  146  –       53      ,  2007   .        

      46.          Minshall     EM  ,   Leung     DYM  ,   Martin     RJ  ,   Song     YL  ,   Cameron     L  ,   Ernst     P          
et al        .  Eosinophil-associated TGF β 1       mRNA expression and airways fi bro-
sis in asthma .         Am J Respir Cell Mol Biol         17         :  326  –       33      ,  1997   .        

      47.          Xie     S  ,   Sukkar     MB  ,   Issa     R  ,   Khorasani     NM  ,   Chung     KF             .  Mechanisms 
of induction of airway smooth muscle hyperplasia by transform-
ing growth factor-beta .         Am J Physiol Lung Cell Mol Physiol         293      ( 1 )       : 
 L245  –       53      ,  2007   .        

      48.          Vignola     AM  ,   Chanez     P  ,   Chiappara     G  ,   Merendino     A  ,   Pace     E  ,   Rizzo     A          
et al        .  Transforming growth factor-beta expression in mucosal biopsies in 
asthma and chronic bronchitis .         Am J Respir Crit Care Med         156      ( 2 Pt 1 )       :  
591  –       99      ,  1997   .        

      49.          Amishima     M  ,   Munakata     M  ,   Nasuhara     Y  ,   Sato     A  ,   Takahashi     T  , 
  Homma     Y          et al        .  Expression of epidermal growth factor and epidermal 
growth factor receptor immunoreactivity in the asthmatic human air-
way .         Am J Respir Crit Care Med         157      ( 6 Pt 1 )       :  1907  –       12      ,  1998   .        

      50.          Howarth     PH  ,   Knox     AJ  ,   Amrani     Y  ,   Tliba     O  ,   Panettieri     RA     Jr.  ,   Johnson     M             . 
 Synthetic responses in airway smooth muscle .         J Allergy Clin Immunol        
 114      ( 2 Suppl )       :  S32  –       50      ,  2004   .        



Asthma and COPD: Basic Mechanisms and Clinical Management

340

      51.          Brightling     CE  ,   Bradding     P  ,   Symon     FA  ,   Holgate     ST  ,   Wardlaw     AJ  , 
  Pavord     ID             .  Mast-cell infi ltration of airway smooth muscle in asthma . 
        New Engl J Med         346      ( 22 )       :  1699  –       705      ,  2002   .        

      52.          Brightling     CE  ,   Ammit     AJ  ,   Kaur     D  ,   Black     JL  ,   Wardlaw     AJ  ,   Hughes     JM          
et al        .  Th e CXCL10/CXCR3 axis mediates human lung mast cell 
migration to asthmatic airway smooth muscle .         Am J Respir Crit Care 
Med         171      ( 10 )       :  1103  –       8      ,  2005   .        

      53.          Hogg     JC  ,   Chu     F  ,   Utokaparch     S  ,   Woods     R  ,   Elliott     WM  ,   Buzatu     L          et al        . 
 Th e nature of small-airway obstruction in chronic obstructive pulmo-
nary disease .         New Engl J Med         350      ( 26 )       :  2645  –       53      ,  2004   .        

      54.          Saetta     M  ,   Turato     G  ,   Facchini     FM  ,   Corbino     L  ,   Lucchini     RE  ,   Casoni     G          
et al        .  Infl ammatory cells in the bronchial glands of smokers with 
chronic bronchitis .         Am J Respir Crit Care Med         156      ( 5 )       :  1633  –       39      ,  1997   .        

      55.          Baraldo     S  ,   Turato     G  ,   Badin     C  ,   Bazzan     E  ,   Beghe     B  ,   Zuin     R          et al        . 
 Neutrophilic infi ltration within the airway smooth muscle in patients 
with COPD .         Th orax         59      ( 4 )       :  308  –       12      ,  2004   .        

      56.          Chanez     P  ,   Vignola     AM  ,   O’Shaugnessy     T  ,   Enander     I  ,   Li     D  ,   Jeff ery     PK          
et al        .  Corticosteroid reversibility in COPD is related to features of 
asthma .         Am J Respir Crit Care Med         155      ( 5 )       :  1529  –       34      ,  1997   .        

      57.          Saetta     M  ,   Mariani     M  ,   Panina-Bordignon     P  ,   Turato     G  ,   Buonsanti     C  , 
  Baraldo     S          et al        .  Increased Expression of the Chemokine Receptor 
CXCR3 and Its Ligand CXCL10 in Peripheral Airways of Smokers 
with Chronic Obstructive Pulmonary Disease .         Am J Respir Crit Care 
Med         165      ( 10 )       :  1404  –       9      ,  2002   .        

      58.          O’Shaughnessy     TC  ,   Ansari     TW  ,   Barnes     NC  ,   Jeff ery     PK             .  Infl ammation 
in bronchial biopsies of subjects with chronic bronchitis: Inverse rela-
tionship of CD8 �  T lymphocytes with FEV1 .         Am J Respir Crit Care 
Med         155         :  852  –       57      ,  1997   .        

      59.          Keatings     VM  ,   Collins     PD  ,   Scott     DM  ,   Barnes     PJ             .  Diff erences in 
interleukin-8 and tumor necrosis factor-alpha in induced sputum from 
patients with chronic obstructive pulmonary disease or asthma .         Am J 
Respir Crit Care Med         153      ( 2 )       :  530  –       34      ,  1996   .        

      60.          Traves     SL  ,   Culpitt     SV  ,   Russell     RE  ,   Barnes     PJ  ,   Donnelly     LE             .  Increased 
levels of the chemokines GROalpha and MCP-1 in sputum samples 
from patients with COPD .         Th orax         57      ( 7 )       :  590  –       95      ,  2002   .        

      61.          Lim     S  ,   Roche     N  ,   Oliver     BG  ,   Mattos     W  ,   Barnes     PJ  ,   Chung     KF             .  Balance 
of matrix metalloprotease-9 and tissue inhibitor of metalloprotease-1 from 
alveolar macrophages in cigarette smokers. Regulation by interleukin-10 . 
        Am J Respir Crit Care Med         162      ( 4 Pt 1 )       :  1355  –       60      ,  2000   .        

      62.          Morrison     D  ,   Strieter     RM  ,   Donnelly     SC  ,   Burdick     MD  ,   Kunkel     SL  , 
  MacNee     W             .  Neutrophil chemokines in bronchoalveolar lavage fl uid 
and leukocyte-conditioned medium from nonsmokers and smokers . 
        Eur Respir J         12      ( 5 )       :  1067  –       72      ,  1998   .        

      63.          Kuschner     WG  ,   D’Alessandro     A  ,   Wong     H  ,   Blanc     PD             .  Dose-dependent 
cigarette smoking-related infl ammatory responses in healthy adults . 
        Eur Respir J         9      ( 10 )       :  1989  –       94      ,  1996   .        

      64.          Pesci     A  ,   Balbi     B  ,   Majori     M  ,   Cacciani     G  ,   Bertacco     S  ,   Alciato     P          et al        . 
 Infl ammatory cells and mediators in bronchial lavage of patients with 
chronic obstructive pulmonary disease .         Eur Respir J         12      ( 2 )       :  380  –       86      , 
 1998   .        

      65.          Balbi     B  ,   Bason     C  ,   Balleari     E  ,   Fiasella     F  ,   Pesci     A  ,   Ghio     R          et al        .  Increased 
bronchoalveolar granulocytes and granulocyte/macrophage colony-
stimulating factor during exacerbations of chronic bronchitis .         Eur Respir 
J         10      ( 4 )       :  846  –       50      ,  1997   .        

      66.          Franciosi     LG  ,   Page     CP  ,   Celli     BR  ,   Cazzola     M  ,   Walker     MJ  ,   Danhof     M          
et al        .  Markers of disease severity in chronic obstructive pulmonary dis-
ease .         Pulm Pharmacol Th er         19      ( 3 )       :  189  –       99      ,  2006   .        

      67.          Mio     T  ,   Romberger     DJ  ,   Th ompson     AB  ,   Robbins     RA  ,   Heires     A  ,   
Rennard     SI             .  Cigarette smoke induces interleukin-8 release from human 
bronchial epithelial cells .         Am J Respir Crit Care Med         155      ( 5 )       :  1770  –       76      , 
 1997   .        

      68.          Dubar     V  ,   Gosset     P  ,   Aerts     C  ,   Voisin     C  ,   Wallaert     B  ,   Tonnel     AB             .   In vitro  
acute eff ects of tobacco smoke on tumor necrosis factor alpha and 
interleukin-6 production by alveolar macrophages .         Exp Lung Res         19      ( 3 )       : 
 345  –       59      ,  1993   .        

      69.          Nishikawa     M  ,   Kakemizu     N  ,   Ito     T  ,   Kudo     M  ,   Kaneko     T  ,   Suzuki     M          et al        . 
 Superoxide mediates cigarette smoke-induced infi ltration of neutrophils 

into the airways through nuclear factor-kappaB activation and IL-8     
  mRNA expression in guinea pigs  in vivo  .         Am J Respir Cell Mol Biol         20      ( 2 )       : 
 189  –       98      ,  1999   .        

      70.          Masubuchi     T  ,   Koyama     S  ,   Sato     E  ,   Takamizawa     A  ,   Kubo     K  ,   Sekiguchi     M          
et al        .  Smoke extract stimulates lung epithelial cells to release neutrophil 
and monocyte chemotactic activity .         Am J Pathol         153      ( 6 )       :  1903  –       12      ,  1998   .        

      71.          de Boer     WI  ,   Sont     JK  ,   van Schadewijk     A  ,   Stolk     J  ,   van Krieken     JH  , 
  Hiemstra     PS             .  Monocyte chemoattractant protein 1, interleukin 8, 
and chronic airways infl ammation in COPD .         J Pathol         190      ( 5 )       :  619  –       26      , 
 2000   .        

      72.          Premack     BA  ,   Schall     TJ             .  Chemokine receptors: Gateways to infl amma-
tion and infection .         Nat Med         2      ( 11 )       :  1174  –       78      ,  1996   .        

      73.          Traves     SL  ,   Smith     SJ  ,   Barnes     PJ  ,   Donnelly     LE             .  Specifi c CXC but not 
CC chemokines cause elevated monocyte migration in COPD: A role 
for CXCR2 .         J Leukoc Biol         76      ( 2 )       :  441  –       50      ,  2004   .        

      74.          Demedts     IK  ,   Bracke     KR  ,   Van Pottelberge     G  ,   Testelmans     D  ,   Verleden     GM  , 
  Vermassen     FE          et al        .  Accumulation of dendritic cells and increased CCL20 
levels in the airways of patients with chronic obstructive pulmonary dis-
ease .         Am J Respir Crit Care Med         175      ( 10 )       :  998  –       1005      ,  2007   .        

      75.          Ning     W  ,   Li     CJ  ,   Kaminski     N  ,   Feghali-Bostwick     CA  ,   Alber     SM  ,   Di     YP          
et al        .  Comprehensive gene expression profi les reveal pathways related 
to the pathogenesis of chronic obstructive pulmonary disease .         Proc Natl 
Acad Sci USA         101      ( 41 )       :  14895  –       900      ,  2004   .        

      76.          Zhu     J  ,   Qiu     YS  ,   Majumdar     S  ,   Gamble     E  ,   Matin     D  ,   Turato     G          et al        . 
 Exacerbations of Bronchitis: Bronchial eosinophilia and gene expres-
sion for interleukin-4, interleukin-5, and eosinophil chemoattractants . 
        Am J Respir Crit Care Med         164      ( 1 )       :  109  –       16      ,  2001   .        

      77.          Zhu     J  ,   Qiu     Y  ,   Valobra     M  ,   Qiu     S  ,   Majumdar     S  ,   Matin     D          et al        .  Plasma 
cells and IL-4 in chronic bronchitis and chronic obstructive pulmonary 
disease .         Am J Respir Crit Care Med         175      ( 11 )       :  1125  –       33      ,  2007   .        

      78.          Zheng     T  ,   Zhu     Z  ,   Wang     Z  ,   Homer     RJ  ,   Ma     B  ,   Riese     RJ     Jr.          et al        .  Inducible 
targeting of IL-13 to the adult lung causes matrix metalloproteinase- and 
cathepsin-dependent emphysema .         J Clin Invest         106      ( 9 )       :  1081  –       93      ,  2000   .        

      79.          Hoshino     T  ,   Kato     S  ,   Oka     N  ,   Imaoka     H  ,   Kinoshita     T  ,   Takei     S          et al        . 
 Pulmonary Infl ammation and Emphysema: Role of the Cytokines 
IL-18 and IL-13 .         Am J Respir Crit Care Med         176      ( 1 )       :  49  –       62      ,  2007   .        

      80.          Wang     Z  ,   Zheng     T  ,   Zhu     Z  ,   Homer     RJ  ,   Riese     RJ  ,   Chapman     HA     Jr.          
et al        .  Interferon gamma induction of pulmonary emphysema in the 
adult murine lung .         J Exp Med         192      ( 11 )       :  1587  –       600      ,  2000   .        

      81.          Boutten     A  ,   Bonay     M  ,   Laribe     S  ,   Leseche     G  ,   Castier     Y  ,   Lecon-Malas     V          
et al        .  Decreased expression of interleukin 13 in human lung emphysema . 
        Th orax         59      ( 10 )       :  850  –       54      ,  2004   .        

      82.          Panzner     P  ,   Lafi tte     JJ  ,   Tsicopoulos     A  ,   Hamid     Q  ,   Tulic     MK             .  Marked up-
regulation of T lymphocytes and expression of interleukin-9 in bron-
chial biopsies from patients with chronic bronchitis with obstruction . 
        Chest         124      ( 5 )       :  1909  –       15      ,  2003   .        

      83.          Gan     WQ  ,   Man     SF  ,   Senthilselvan     A  ,   Sin     DD             .  Association between 
chronic obstructive pulmonary disease and systemic infl ammation: A 
systematic review and a meta-analysis .         Th orax         59      ( 7 )       :  574  –       80      ,  2004   .        

      84.          de     GI  ,   Donahoe     M  ,   Calhoun     WJ  ,   Mancino     J  ,   Rogers     RM             .  Elevated 
TNF-alpha production by peripheral blood monocytes of weight-losing 
COPD patients .         Am J Respir Crit Care Med         153      ( 2 )       :  633  –       37      ,  1996   .        

      85.          Casadevall     C  ,   Coronell     C  ,   Ramirez-Sarmiento     AL  ,   Martinez-Llorens     J  ,  
 Barreiro     E  ,   Orozco-Levi     M          et al        .  Upregulation of proinfl ammatory 
cytokines in the intercostal muscles of COPD patients .         Eur Respir J                   , 
 2007   .        

      86.          Pinto-Plata     VM  ,   Livnat     G  ,   Girish     M  ,   Cabral     H  ,   Masdin     P  ,   Linacre     P          
et al        .  Systemic cytokines, clinical and physiological changes in patients 
hospitalized for exacerbation of COPD .         Chest         131      ( 1 )       :  37  –       43      ,  2007   .        

      87.          Qiu     Y  ,   Zhu     J  ,   Bandi     V  ,   Atmar     RL  ,   Hattotuwa     K  ,   Guntupalli     KK          et al        . 
 Biopsy neutrophilia, neutrophil chemokine and receptor gene expres-
sion in severe exacerbations of chronic obstructive pulmonary disease . 
        Am J Respir Crit Care Med         168      ( 8 )       :  968  –       75      ,  2003   .        

      88.          Saetta     M  ,   Di     SA  ,   Maestrelli     P  ,   Turato     G  ,   Mapp     CE  ,   Pieno     M          et al        . 
 Airway eosinophilia and expression of interleukin-5 protein in asthma 
and in exacerbations of chronic bronchitis [see comments] .         Clin Exp 
Allergy         26      ( 7 )       :  766  –       74      ,  1996   .        



27Cytokines

341

       89.          Wedzicha     JA  ,   Seemungal     TA  ,   MacCallum     PK  ,   Paul     EA  ,  
 Donaldson     GC  ,   Bhowmik     A          et al        .  Acute exacerbations of chronic 
obstructive p ulmonary disease are accompanied by elevations of plasma 
fi brinogen and serum IL-6 levels .         Th romb Haemost         84      ( 2 )       :  210  –       15      , 
 2000   .        

       90.          Bocchino     V  ,   Bertorelli     G  ,   Bertrand     CP  ,   Ponath     PD  ,   Newman     W  , 
  Franco     C          et al        .  Eotaxin and CCR3 are up-regulated in exacerbations 
of chronic bronchitis .         Allergy         57      ( 1 )       :  17  –       22      ,  2002   .        

       91.          Khair     OA  ,   Devalia     JL  ,   Abdelaziz     MM  ,   Sapsford     RJ  ,   Tarraf     H  , 
  Davies     RJ             .  Eff ect of Haemophilus infl uenzae endotoxin on the synthe-
sis of IL-6, IL-8, TNF-alpha and expression of ICAM-1 in cultured 
human bronchial epithelial cells .         Eur Respir J         7      ( 12 )       :  2109  –       16      ,  1994   .        

       92.          Inoue     H  ,   Hara     M  ,   Massion     PP  ,   Grattan     KM  ,   Lausier     JA  ,   Chan     B          et al        . 
 Role of recruited neutrophils in interleukin-8 production in dog tra-
chea after stimulation with Pseudomonas  in vivo  .         Am J Respir Cell Mol 
Biol         13      ( 5 )       :  570  –       77      ,  1995   .        

       93.          Churg     A  ,   Dai     J  ,   Tai     H  ,   Xie     C  ,   Wright     JL             .  Tumor necrosis factor-alpha 
is central to acute cigarette smoke-induced infl ammation and connec-
tive tissue breakdown .         Am J Respir Crit Care Med         166      ( 6 )       :  849  –       54      ,  2002   .        

       94.          Takeyama     K  ,   Dabbagh     K  ,   Lee     HM  ,   Agusti     C  ,   Lausier     JA  ,   Ueki     IF          
et al        .  Epidermal growth factor system regulates mucin production in 
airways .         Proc Natl Acad Sci USA         96      ( 6 )       :  3081  –       86      ,  1999   .        

       95.          Riise     GC  ,   Larsson     S  ,   Lofdahl     CG  ,   Andersson     BA             .  Circulating cell 
adhesion molecules in bronchial lavage and serum in COPD patients 
with chronic bronchitis .         Eur Respir J         7      ( 9 )       :  1673  –       77      ,  1994   .        

       96.          Churg     A  ,   Wang     RD  ,   Tai     H  ,   Wang     X  ,   Xie     C  ,   Dai     J          et al        .  Macrophage 
metalloelastase mediates acute cigarette smoke-induced infl ammation 
via tumor necrosis factor-alpha release .         Am J Respir Crit Care Med        
 167      ( 8 )       :  1083  –       89      ,  2003   .        

       97.          Di     FM  ,   Barbier     D  ,   Mege     JL  ,   Orehek     J             .  Tumor necrosis factor-alpha 
levels and weight loss in chronic obstructive pulmonary disease .         Am J 
Respir Crit Care Med         150      ( 5 Pt 1 )       :  1453  –       55      ,  1994   .        

       98.          Schols     AM  ,   Buurman     WA  ,   Staal van den Brekel     AJ  ,   Dentener     MA  , 
  Wouters     EF             .  Evidence for a relation between metabolic derangements 
and increased levels of infl ammatory mediators in a subgroup of patients 
with chronic obstructive pulmonary disease .         Th orax         51      ( 8 )       :  819  –       24      ,  1996   .        

       99.          de     GI  ,   Donahoe     M  ,   Calhoun     WJ  ,   Mancino     J  ,   Rogers     RM             .  Elevated 
TNF-alpha production by peripheral blood monocytes of weight-losing 
COPD patients .         Am J Respir Crit Care Med         153      ( 2 )       :  633  –       37      ,  1996   .        

      100.          Reid     MB  ,   Lannergren     J  ,   Westerblad     H             .  Respiratory and limb muscle 
weakness induced by tumor necrosis factor-alpha: Involvement of mus-
cle myofi laments .         Am J Respir Crit Care Med         166      ( 4 )       :  479  –       84      ,  2002   .        

      101.          Li     YP  ,   Lecker     SH  ,   Chen     Y  ,   Waddell     ID  ,   Goldberg     AL  ,   Reid     MB             . 
 TNF-alpha increases ubiquitin-conjugating activity in skeletal muscle 
by up-regulating UbcH2/E220k .         FASEB J         17      ( 9 )       :  1048  –       57      ,  2003   .        

      102.          Rennard     SI  ,   Fogarty     C  ,   Kelsen     S  ,   Long     W  ,   Ramsdell     J  ,   Allison     J          
et al        .  Th e safety and effi  cacy of infl iximab in moderate to severe chronic 
obstructive pulmonary disease .         Am J Respir Crit Care Med         175      ( 9 )       :  926  –
       34      ,  2007   .        

      103.          Koto     H  ,   Mak     JC  ,   Haddad     EB  ,   Xu     WB  ,   Salmon     M  ,   Barnes     PJ          et al        . 
 Mechanisms of impaired beta-adrenoceptor-induced airway relaxa-
tion by interleukin-1beta  in vivo  in the rat .         J Clin Invest         98      ( 8 )       :  1780  –
       87      ,  1996   .        

      104.          Beeh     KM  ,   Kornmann     O  ,   Buhl     R  ,   Culpitt     SV  ,   Giembycz     MA  ,  
 Barnes     PJ             .  Neutrophil chemotactic activity of sputum from patients 
with COPD: Role of interleukin 8 and leukotriene B4 .         Chest         123      ( 4 )       : 
 1240  –       47      ,  2003   .        

      105.          Woolhouse     IS  ,   Bayley     DL  ,   Stockley     RA             .  Sputum chemotactic activity 
in chronic obstructive pulmonary disease: Eff ect of alpha(1)-antitrypsin 
defi ciency and the role of leukotriene B(4) and interleukin 8 .         Th orax        
 57      ( 8 )       :  709  –       14      ,  2002   .        

      106.          Wang     B  ,   Cleary     PP  ,   Xu     H  ,   Li     JD             .  Up-regulation of interleukin-8 by 
novel small cytoplasmic molecules of nontypeable Haemophilus infl u-
enzae via p38 and extracellular signal-regulated kinase pathways .         Infect 
Immun         71      ( 10 )       :  5523  –       30      ,  2003   .        

      107.          Nakamura     H  ,   Yoshimura     K  ,   McElvaney     NG  ,   Crystal     RG             .  Neutrophil 
elastase in respiratory epithelial lining fl uid of individuals with cystic 
fi brosis induces interleukin-8 gene expression in a human bronchial 
epithelial cell line .         J Clin Invest         89         :  1478  –       84      ,  1992   .        

      108.          Mahler     DA  ,   Huang     S  ,   Tabrizi     M  ,   Bell     GM             .  Effi  cacy and safety of a 
monoclonal antibody recognizing interleukin-8 in COPD: A pilot 
study .         Chest         126      ( 3 )       :  926  –       34      ,  2004   .        

      109.          Howat     WJ  ,   Holgate     ST  ,   Lackie     PM             .  TGF-beta isoform release and 
activation during  in vitro  bronchial epithelial wound repair .         Am J 
Physiol Lung Cell Mol Physiol         282      ( 1 )       :  L115  –       23      ,  2002   .        

      110.          Chambers     RC  ,   Leoni     P  ,   Kaminski     N  ,   Laurent     GJ  ,   Heller     RA             .  Global 
expression profi ling of fi broblast responses to transforming growth 
factor-beta1 reveals the induction of inhibitor of diff erentiation-1 and 
provides evidence of smooth muscle cell phenotypic switching .         Am J 
Pathol         162      ( 2 )       :  533  –       46      ,  2003   .        

      111.          Goldsmith     AM  ,   Bentley     JK  ,   Zhou     L  ,   Jia     Y  ,   Bitar     KN  ,   Fingar     DC          et al        . 
 Transforming growth factor-beta induces airway smooth muscle hyper-
trophy .         Am J Respir Cell Mol Biol         34      ( 2 )       :  247  –       54      ,  2006   .        

      112.          Eickelberg     O  ,   Kohler     E  ,   Reichenberger     F  ,   Bertschin     S  ,   Woodtli     T  , 
  Erne     P          et al        .  Extracellular matrix deposition by primary human lung 
fi broblasts in response to TGF-beta1 and TGF-beta3 .         Am J Physiol        
 276      ( 5 Pt 1 )       :  L814  –       24      ,  1999   .        

      113.          Coutts     A  ,   Chen     G  ,   Stephens     N  ,   Hirst     S  ,   Douglas     D  ,   Eichholtz     T          et al        . 
 Release of biologically active TGF-beta from airway smooth muscle 
cells induces autocrine synthesis of collagen .         Am J Physiol Lung Cell Mol 
Physiol         280      ( 5 )       :  L999  –       1008      ,  2001   .        

      114.          Takizawa     H  ,   Tanaka     M  ,   Takami     K  ,   Ohtoshi     T  ,   Ito     K  ,   Satoh     M          et al        . 
 Increased expression of transforming growth factor-beta1 in small 
airway epithelium from tobacco smokers and patients with chronic 
obstructive pulmonary disease (COPD) .         Am J Respir Crit Care Med        
 163      ( 6 )       :  1476  –       83      ,  2001   .        

      115.          Vignola     AM  ,   Chanez     P  ,   Chiappara     G  ,   Merendino     A  ,   Pace     E  ,   Rizzo     A          
et al        .  Transforming growth factor-beta expression in mucosal biopsies in 
asthma and chronic bronchitis .         Am J Respir Crit Care Med         156      ( 2 Pt 1 )       : 
 591  –       99      ,  1997   .        

      116.          de Boer     WI  ,   van Schadewijk     A  ,   Sont     JK  ,   Sharma     HS  ,   Stolk     J  , 
  Hiemstra     PS          et al        .  Transforming growth factor beta1 and recruitment 
of macrophages and mast cells in airways in chronic obstructive pul-
monary disease .         Am J Respir Crit Care Med         158      ( 6 )       :  1951  –       57      ,  1998   .        

      117.          Vignola     AM  ,   Chanez     P  ,   Chiappara     G  ,   Merendino     A  ,   Zinnanti     E  , 
  Bousquet     J          et al        .  Release of transforming growth factor-beta (TGF-
beta) and fi bronectin by alveolar macrophages in airway diseases .         Clin 
Exp Immunol         106      ( 1 )       :  114  –       19      ,  1996   .        

      118.          Kanazawa     H  ,   Asai     K  ,   Hirata     K  ,   Yoshikawa     J             .  Possible eff ects of vascu-
lar endothelial growth factor in the pathogenesis of chronic obstruc-
tive pulmonary disease .         Am J Med         114      ( 5 )       :  354  –       58      ,  2003   .        

      119.          Santos     S  ,   Peinado     VI  ,   Ramirez     J  ,   Morales-Blanhir     J  ,   Bastos     R  ,   Roca     J          
et al        .  Enhanced expression of vascular endothelial growth factor in pulmo-
nary arteries of smokers and patients with moderate chronic obstructive 
pulmonary disease .         Am J Respir Crit Care Med         167      ( 9 )       :  1250  –       56      ,  2003   .        

      120.          Kasahara     Y  ,   Tuder     RM  ,   Taraseviciene-Stewart     L  ,   Le Cras     TD  , 
  Abman     S  ,   Hirth     PK          et al        .  Inhibition of VEGF receptors causes lung 
cell apoptosis and emphysema .         J Clin Invest         106      ( 11 )       :  1311  –       19      ,  2000   .        

      121.          Tuder     RM  ,   Zhen     L  ,   Cho     CY  ,   Taraseviciene-Stewart     L  ,   Kasahara     Y  , 
  Salvemini     D          et al        .  Oxidative stress and apoptosis interact and cause 
emphysema due to vascular endothelial growth factor receptor block-
ade .         Am J Respir Cell Mol Biol         29      ( 1 )       :  88  –       97      ,  2003   .               



C H A P T E R

343

            Matrix Degrading Proteinases 

in COPD and Asthma 

    INTRODUCTION 

   In chronic obstructive pulmonary disease 
(COPD), we now appreciate that cigarette 
smoke sets into motion a complex infl amma-
tory network leading to infl ammation, destruc-
tion, and when coupled with abnormal repair 
results in COPD  . Elastolytic proteinases are 
well established in the destructive phase. Recent 
studies have focused on the roles of proteinases 
in control of infl ammation and repair. With 
respect to asthma, proteinases are prominently 
expressed on many airway cells and also appear 
be involved in controlling infl ammation as well 
as participating in other aspects of remodeling 
such as subepithelial fi brosis, mucus metaplasia, 
and smooth muscle hypertophy. Th is discussion 
will be limited to host proteinases with poten-
tial extracellular matrix degrading capacity, 
excluding intracellular cysteine proteinases, such 
as caspases, that regulate cell death, and non-
host serine proteinases of dust mites and other 
allergens that may also play a role in asthma.  

    PROTEINASES 

    Serine proteinases   

   Serine proteinases have diverged evolution-
arily from a single gene product; as a result of 
duplications and mutations, enzymes with 
diverse biological functions including digestive 
enzymes of exocrine glands, clotting factors, 
and leukocyte granule associated proteinases 
some of which degrade extracellular matrix pro-
teins and are of relevance to emphysema have 

been derived (Table 28.1). Host serine protein-
ases associated with COPD and asthma largely 
belong to the SA clan, S1(trypsin/chymot-
rypsin) family. S1 serine proteinases are charac-
terized by conserved His, Asp, and Ser residues 
that form a charge-relay system that functions 
by transfer of electrons from the carboxyl group 
of Asp to the oxygen of Ser which then becomes 
a powerful nucleophile able to attack the car-
bonyl carbon atom of the peptide bond of the 
substrate. Th ese enzymes are synthesized as pre-
proenzymes in the endoplasmic reticulum and 
processed by cleavage of the signal peptide (pre-
) and removal of a dipeptide (pro-) by cathep-
sin C, and stored in granules as active packaged 
proteins. Distinct subsets of serine proteinases 
are expressed in a lineage-restricted manner in 
immune and infl ammatory cells. Serine protein-
ases are also expressed in a developmentally spe-
cifi c manner. For example, neutrophil elastase 
(NE), proteinase 3, and cathepsin G are major 
components of primary or azurophil granules 
that are formed during a very specifi c stage dur-
ing the development of myeloid cells. 

    Neutrophil elastase (NE), cathepsin G,  and 
 proteinase 3  are  � 30       kDa glycoprotein contain-
ing  � 20% neutral sugars. NE is a more potent 
elastase than the other serine proteinases and 
has received the most attention in COPD. 
NE’s tertiary structure is similar to other 
chymotrypsin-like serine proteinases with two 
interacting antiparallel  β -barrel cylindrical 
domains that form a crevice encompassing the 
catalytic triad  [1] . NE prefers substrates with 
Val      �      Ala      �      Ser, Cys at the P1 position. NE 
has activity against a broad range of extracellu-
lar matrix proteins including the highly resistant 
elastin. NE expression is localized to primary or 
azurophil granules of neutrophils and a subset 
of proinfl ammatory monocytes ( Fig. 28.1   )    [2] . 
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   Studies from several laboratories have shown that NE 
is responsible for most of the degradative activity of neu-
trophils toward extracellular matrix structures. However, 
when optimally primed and stimulated by biologically rel-
evant agonists, neutrophils release less than 2% of their 
content of NE freely into the extracellular space, and that 
they are able to translocate as much as 12% of their total 
NE to the cell membrane, where it is catalytically active 
and resistant to inhibitors  [3] . Th e high concentration of 
NE ( � 5       mM) within azurophil granules transiently over-
whelm local NE inhibitors, resulting in a quantum burst 
of obligate catalytic activity near the cell surface when each 
granule is released  [4] . Th ese mechanisms allow NE to pro-
teolyze extracellular matrix (ECM) in a focused and pro-
tected manner while limiting widespread tissue destruction. 
NE might also be freely released during  “ frustrated phago-
cytosis, ”  or by necrotic or apoptotic neutrophils if the lat-
ter are not cleared effi  ciently by macrophages. Regardless 
of the mechanisms by which active NE reaches ECM, it 
is relatively protected from inhibitors following binding 
to insoluble macromolecules, and NE is intimately associ-
ated with elastic fi bers in emphysematous tissue  [5] . During 
bacterial exacerbations of COPD, overwhelming (micromo-
lar) concentrations of active NE can be found as a result of 
brisk neutrophil infl ux, and active NE can often be found 
within the airways of patients with alpha-1-antitrypsin 
( α  1 -AT) defi ciency. NE is also a potent secretagogue and 
induces mucin gene expression  [6] , which might aggravate 
airfl ow obstruction in COPD. Neutrophil infl ux and NE is 
also believed to be important in severe, steroid-resistant 
asthma. 

   NE defi cient mice have demonstrated a role for NE 
in killing gram-negative bacteria    [7] . NE-mediated bac-
terial killing is related to proteolytic degradation of Omp 
proteins on the outer wall of gram-negative bacteria  [8] . 
Application of NE –/–  mice to cigarette smoke also demon-
strates a role for NE in the development of emphysema as 
discussed below  [9] . 

    Serine proteinase inhibitors 

   Serine proteinase inhibitors are abundant in the plasma. 
 Alpha-2 macroglobulin , a large protein usually restricted to 
the bloodstream because of its mass, 725,000       kDa, inhibits 
proteinases of several classes by  “ entrapping ”  proteinases 
following cleavage of susceptible regions of the molecule. 
At a concentration of 150–350       mg/dl,  α  1 -AT has the high-
est concentration of the plasma inhibitors.  α  1 -AT belongs 
to a family of serine proteinase inhibitors called the  serpins . 
Serpins have considerable sequence homology, particularly 
around their reactive sites. Th ey are important for homeos-
tasis, since they exert some control over such major proteo-
lytic cascades as the complement system and coagulation. 
 α  1 -AT is a 52       kDa glycoprotein synthesized primarily by 
the liver, consisting of a single polypeptide chain of 394 
amino acids. Proteolytic inhibition by  α  1 -AT involves cleav-
age of the  “ strained ”  reactive open center of  α  1 -AT between 
Met 358  and Ser 359 , resulting in an altered,  “ relaxed ”   α  1 -AT 
conformation in complex with the proteinase. Formation 
of the complex renders the proteinase inactive and, because 
the complex is quite stable, inactivation is essentially per-
manent. Th e association and inhibition of NE by  α  1 -AT is 
much faster than with other serine proteinases including 
trypsin, yet the name  “  α  1 -antitrypsin ”  is retained for histori-
cal respect.  α  1 -AT is the major inhibitor of serine protei-
nases in the lower airspace. As discussed below, inherited 
defi ciency of  α  1 -AT represents the only genetic abnormal-
ity to date associated with COPD. 

   Additional low molecular weight serine proteinase 
inhibitors are abundant in airway fl uid and hence thought to 
represent the primary defense against proteinase- mediated 
airway damage.  Secretory leukoprotease inhibitor (SLPI)  is 
a12       kDa protein produced by mucus-secreting and epithe-
lial cells in the airway as well as type 2 pneumocytes  [10] . 
SLPI inhibits NE and cathepsin G and many other serine 
proteinases, but not proteinase 3.  Elafi n , also produced by 
airway secretory and epithelial cells is released as a 12       kDa 
precursor which is processed to a 6       kDa form that specifi -
cally inhibits NE and proteinase 3  [11] . Th ese inhibitors 
are able to inhibit NE bound to substrate giving them an 
added dimension that  α  1 -AT lacks. An additional serpin, 
serpin B1 or monocyte/neutrophil elastase inhibitor, also 
has considerable activity against NE  [12] . Airway mucus 
contains several other substances that partially inhibit NE 
including polyanionic molecules such as mucins, other 
glycosaminoglycans, and fatty acids. DNA, released from 
infl ammatory leukocytes, binds to SLPI greatly enhancing 
its rate of association with NE. Th e relative contribution of 
each of these molecules to proteinase inhibition is unknown.   

    Matrix metalloproteinases 

   Matrix metalloproteinases (MMPs)  [13]  comprise a fam-
ily of 23 human matrix degrading enzymes believed to be 
essential for development and physiologic tissue remodeling 
and repair (Table 28.1). Abnormal expression of MMPs has 
been implicated in many destructive processes, including 
tumor cell invasion and angiogenesis, arthritis, atheroscle-
rosis, arterial aneurysms, and pulmonary emphysema  [14] . 
MMPs are secreted as inactive proenzymes that are activated 

Neutrophil α1-AT Macrophage

ECM
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chemotaxis

 FIG. 28.1          Interactions between neutrophil and macrophage proteinases 

in emphysema. Neutrophil elastase (NE) originating from azurophil 

granules directly degrades elastin and indirectly augments elastolysis via 

degradation of TIMP(s). Macrophage MMP-12 also directly degrades elastin 

and also indirectly augments NE activity by degrading its inhibitor  α 1-AT. 

Extracellular matrix (ECM) fragments released during proteolysis play a role 

in perpetuating infl ammatory cell recruitment  .    
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at the cell membrane surface or within the extracellular space 
by proteolytic cleavage of the N-terminal domain. Catalytic 
activity is dependent upon binding of a zinc ion at the active 
site and is specifi cally inhibited by members of another gene 
family, called tissue inhibitor of metalloproteinases (TIMPs) 
for tissue inhibitors of MMPs  . Currently, four TIMPs have 
been described. Optimal activity of MMPs is around pH 7.4. 
MMP family members share 40–50% identity at the amino 
acid level, and they possess common structural domains. 
Domains include a proenzyme domain that maintains 
the enzyme in its latent form, an active domain that coor-
dinates binding of the catalytic zinc molecule, and (except 
for MMP-7) a C-terminal domain involved in substrate, 
cell and TIMP binding. Th e gelatinases A and B (MMP-2 
and MMP-9, respectively) have an additional fi bronectin-
like domain which mediates their high binding affi  nity to 
gelatins and elastin. MMP-9 has one more domain with 
homology to type V collagen. Membrane-type MMPs 
(MT1-6-MMP or MMP-14 to -19)   have an additional C-
terminal membrane-spanning domain. 

   Individual members of the MMP family can be 
loosely divided into groups based on their matrix degrading 
capacity. As a whole, they are able to cleave all extracellu-
lar matrix components. Th ose MMPs implicated in COPD 
and asthma include the  collagenases  (MMPs – -1, -8, -13) 
that have the unique capacity to cleave native triple heli-
cal interstitial collagens but not elastin. MMP-1 is promi-
nently expressed in epithelial cells in patients with asthma 
and COPD  [15] . However, mice do not have MMP-1 
but only MMP-8 and -13. Gene targeting of MMP-8 has 
shown that this neutrophil-derived proteinase is involved in 
turning off  neutrophil recruitment, likely via degradation of 
neutrophil chemokines  [16] . MMP-13 –/–  mice have devel-
opmental bone defects  [17] . 

    Gelatinases of 72       kDa (gelatinase A, MMP-2) and  
92       kDa  (gelatinase B, MMP-9)  diff er in their cellular origin 
and regulation, but share the capacity to degrade gelatins 
(denatured collagens), type IV collagen, elastin, and other 
matrix proteins. Th e gelatinases are by far the most thor-
oughly studied members of the MMP family and MMP-
9 clearly the most thoroughly investigated in COPD and 
asthma. Research focus to gelatinases is in part due to their 
importance in biology, but also refl ects the ease of detect-
ing them by the exquisitely sensitive technique of gelatin 
zymography in which the active moiety is detected by virtue 
of its cleavage of an artifi cial substrate  . 

   In both COPD  [18]  and asthma        [19, 20]  many stud-
ies have found increased expression of MMP-9, often in 
association with decrease in its inhibitor TIMP-1, in spu-
tum, bronchoalveolar lavage (BAL), lung tissue, and cells 
obtained from asthmatic patients. For example, airway epi-
thelial cells produce MMP-9 upon injury and proportional 
to the severity of asthma  [21] . Infl ammatory and immune 
cells are a rich source of MMP-9 particularly eosinophils, 
neutrophils, macrophages        [22,23] ,  and DCs         [24,25] . 

   MMP-9 –/–  mice are protected from airway subepithe-
lial fi brosis in models of asthma  [26] . Yet, they have no role 
in cigarette smoke-induced airspace enlargement (Shapiro 
unpublished). Other phenotypes of MMP-9 –/–  mice include 
abnormal long bone development (through failed activa-
tion of vascular endothelial growth factor, VEGF)  [27] , and 

many interesting vascular phenotypes, such as a requirement 
for MMP-9, for abdominal aortic aneurysms  [28] . 

    Macrophage elastase (MMP-12)  is characterized by 
macrophage-specifi c expression and broad potent matrix 
degrading capacity for an MMP  [29] . MMP-12, like many 
MMPs also has important non-matrix substrates. MMP-
12 is required for TNF- α  shedding following smoke expo-
sure  [30] , and MMP-12 to a greater degree than other 
MMPs degrades and inactivates  α  1 -AT  [29] , thus indirectly 
enhancing the activity of NE. 

   MMP-12 is predominantly a macrophage product 
and it has been found in macrophages in association with 
cigarette smoke exposure and COPD. In fact, it was the 
most highly upregulated gene by expression profi ling in 
macrophages obtained from both murine and human smok-
ers  [31] . MMP-12 has also been found in asthmatic lungs, 
and has even been detected in airway epithelial cells  [32]  
and smooth muscle cells as well  [33] . 

   Macrophages of MMP-12 –/–  mice have a markedly 
diminished capacity to degrade extracellular matrix compo-
nents and are essentially unable to penetrate reconstituted 
basement membranes both  in vitro  and  in vivo   [34] . As 
discussed below unlike wild-type (WT) mice, MMP-12-
defi cient mice were protected from macrophage accumu-
lation and the development of emphysema despite heavy 
long-term smoke exposure  [35] . MMP-12 appears to be 
important in infl ammatory cell recruitment in several murine 
models of asthma described below as well ( Fig. 28.2)     . 

    Membrane-type metalloproteinases (MT-MMPs)  rep-
resent six MMPs that are localized at the cell surface and 
at least one MT-MMP, MT1-MMP, activates MMP-2. 
MT-MMPs also appear to directly degrade ECM proteins, 
but their catalytic capacities is not well defi ned at present. 
MT1-MMP is among the MMPs associated with COPD 
 [36] . 

    ADAMs (a disintegrin and metalloprotease domain)  rep-
resents a family of related metalloproteases that are bound 
to the cell surface. ADAM-33 was described as an asthma 
gene in humans following an extensive genetic linkage anal-
ysis  [37] . Subsequently, ADAM-33 has been replicated in 
some but not all asthma populations, as well as in COPD. 
Th e role of ADAM-33 is not clear, in fact it does not 
appear to be catalytically active due to splicing. Expressed 
by fi broblasts and smooth muscle cells, it might be involved 
in airway remodeling and hyperresponsiveness  [38] . 

    Tissue inhibitors of metalloproteinases 

    Tissue inhibitors of metalloproteinases (TIMPS)  comprise a 
family of four with molecular masses ranging between 21 
(TIMP-2, nonglycosylated) and 27.5 (TIMP-1, glyco-
sylated). Each TIMP inhibits MMPs via tight, non-covalent 
binding with 1:1 stoichiometry. TIMP-1 binds to the C-
terminal domain of MMPs, but how this leads to inhibi-
tion of catalysis is unknown. Th ose MMPs that lack the 
C-terminal domain, including MMP-7 and fully processed 
form of MMP-12 are still susceptible to TIMP inhibition 
although with a lower Ki. TIMP-2 is secreted complexed to 
MMP-2 in fi broblasts. TIMP-2, not only inhibits MMP-2, 
but also is involved in docking pro-MMP-2 to the cell sur-
face where the enzyme is activated by MT1-MMP. 
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   TIMPs are secreted from many cell types and are 
abundant in tissues. For example, alveolar macrophages 
secrete both a variety of metalloproteinases and TIMP-1 
and TIMP-2. TIMP-3 is expressed predominantly by epi-
thelial cells and binds to extracellular matrix and thus may 
be important in preventing emphysema and in allowing 
excess matrix accumulation in asthmatic airways. Expression 
of MMPs and TIMPs may depend on the infl ammatory 
stimulus, MMPs, and TIMPs may be coordinately regu-
lated, perhaps to limit tissue injury during normal remod-
eling associated with infl ammation, or regulation may be 
discoordinate, potentially leading to tissue injury.   

    Cysteine proteinases 

   Cysteine proteinases utilize the sulfhydryl group of Cys as 
a nucleophile. Similar to serine proteinases a proton donor 
from His form a catalytic dyad (and in some cases triads) 
required for endopeptidase activity (Table 28.1). Cysteine 
proteinase represent a large, diverse group of plant and 
animal enzymes with amino acid homology at the active 
site only  [39] . Human alveolar macrophages produce the 
lysosomal thiol proteinases, cathepsins B, H, L, and S that 
have been implicated in COPD  [40] . CD4  �   cells express 
cathepsin S which functions in antigen processing  [41]  and 
thus might prove to play a role in asthma . Th ese enzymes 
share similar sizes of 24–32       kDa and high mannose side 
chains (typical of proteins targeted for lysosomal accumu-
lation).  Cathepsins B and H  have little endopeptidase activ-
ity and may function to activate other proteins similar to a 
distant relative; interleukin converting enzyme.  Cathepsin 
C  or dipeptidyl peptidase I has limited extracellular matrix 
degrading activity but is required for activation of nearly 
all matrix degrading serine proteinase proenzymes to their 
active form.  Cathepsins L and S  have large active pock-
ets with relatively indiscriminate substrate specifi cities 
that include elastin and other matrix components. Th ese 
enzymes have an acidic pH optima but cathepsin S retains 
 � 25% of its elastolytic capacity at neutral pH (making it 
approximately equal to NE).  Cathepsin K  is a potent elastase 
predominantly expressed in osteoclasts but also by macro-
phages in the vasculature and perhaps other tissues. Th ese 

enzymes clearly have the capacity to cause lung destruction 
if targeted to the cell surface or extracellular space particu-
larly in acidic microenvironments. 

   Th e role of cysteine proteinases in COPD and asthma 
remains speculative. However, cathepsin S was shown to 
be involved in the emphysematous process associated with 
IFN- γ  transgenic mice  [42] . 

    Cysteine proteinase inhibitors 

   Cysteine proteinases are inhibited by  cystatins . Some cystatins 
are strictly intracellular, while others, such as cystatin C, pos-
sess a signal peptide and are secreted by a variety of cells into 
the extracellular fl uid. Cystatin C, comprised of a single non-
glycosylated 120 amino acid peptide chain (13       kDa) forms 
reversible 1:1 complexes with enzymes in competition with 
substrates. Cystatin C, the most ubiquitous cystatin, is found 
in all human tissues and body fl uids tested, providing general 
protection against tissue destruction by intracellular cathepsin 
enzymes leaking from dying cells. Lack of cystatin C has been 
associated with destructive lesions in the vasculature  [43] .    

    COPD 

    COPD  is currently defi ned by the Global Initiative for 
Chronic Obstructive Lung Disease (GOLD) as a dis-
ease state characterized by exposure to a noxious agent 
resulting in airfl ow limitation that is not fully reversible 
( http://www.goldcopd.com/ )  [44] . Airfl ow limitation may be 
secondary to airway obstruction or alveolar destruction with 
loss of elastic recoil. In fact, most patients have an admixture 
of large airway changes (accounting for symptoms of chronic 
bronchitis), small airway changes, and parenchymal lung 
involvement. 

    Small airway disease 

   Th e small airways (diameter  � 2       mm) are the major sites 
of airway obstruction in COPD. Characteristic cellular 
changes leading to luminal narrowing include goblet cell 

 FIG. 28.2          Potential functions of proteinases in asthma. 

Tryptase mediates bronchoconstriction and fi broblast 

proliferation, most likely via proteolytic activation of 

protease activated receptor-2. MMPs have been linked to 

both fi broblast proliferation (MMP-2) and collagenolysis 

(MMP-1). MMP-9 might promote eosinophil transvascular 

migration. MMPs and related ADAMs (a disintegrin and 

metalloproteinase domain) might regulate cell survival 

via shedding of surface molecules such as Fas, TNF/TNF 

receptor  .    
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metaplasia with excess mucus production, smooth muscle 
hypertrophy, infi ltrating mononuclear infl ammatory cells, 
and submucosal fi brosis. Surrounding lung parenchymal 
elastin provides radial traction on bronchioles at points 
where alveolar septa attach. Hence, elastolysis may lead to 
loss of alveolar attachments with airway distortion and nar-
rowing in COPD. Destruction of small airways may directly 
contribute to an increase in fl ow resistance through destruc-
tion of parallel conducting pathways. 

   Th e role of proteinases in small airways disease in 
COPD is less well appreciated than in the lung paren-
chyma. Proteinase expression has been well studied in 
asthma (see below) where there may be some common 
mechanisms of airway remodeling. One distinction is that 
neutrophil infl ux is a hallmark of COPD, while prominent 
only in severe asthma. Neutrophil infl ux in COPD is likely 
related directly to both cigarette smoke exposure and colo-
nization by pathogens later in the disease process  . In addi-
tion to its elastolytic activity, NE is a potent secretagogue. 
As in asthma, MMP-9 is expressed by several cell types in 
the airway might paradoxically lead to increased, rather than 
decreased, collagen accumulation in the airway. Similarly, 
despite collagenase-1 (MMP-1) expression by airway epi-
thelial cells  [15] , collagen accumulates in the airways, high-
lighting the complexity of matrix turnover.  

    Emphysema 

   Emphysema is characterized by abnormal, permanent 
enlargement of airspaces distal to the terminal bronchiole, 
accompanied by destruction of their walls with coalescence 
into larger airspaces. Th e explanation for this pathol-
ogy stems from the elastase:antielastase hypothesis, the 

foundation of which was built upon two seminal observa-
tions made over 35 years, one experimental and the other 
clinical. First, in 1963 Gross instilled papain into the lungs 
of rodents which resulted in emphysema  [45] . Subsequently, 
investigators have instilled a variety of proteinases into ani-
mal lungs, yet only elastases result in emphysema. Second, 
in 1964 Laurel and Eriksson described fi ve patients with 
defi ciency of  α  1 -AT, the physiologic inhibitor of NE. Th ree 
of these initial subjects had emphysema  [46] . 

   Over time, there have been revisions to the elastase:
antielastase hypothesis, but the basic concept has stood the 
test of time remarkably well  [47] . A current rendition of the 
pathogenesis of emphysema includes the following steps. 
First, cigarette smoke causes infl ammatory cell recruitment. 
Next, these infl ammatory cells release matrix degrading 
proteinases that locally overwhelm or evade inhibitors, caus-
ing destruction of lung elastin and other extracellular matrix 
(ECM) proteins. In addition to loss of ECM, alveolar cells 
die by apoptosis. Whether this is a primary or secondary 
event remains a point of controversy. Finally, lung destruc-
tion coupled with failure to repair abnormal structures 
leads to airspace enlargement characteristic of emphysema  .  

    Infl ammation and proteinases in 
human COPD 

   A major achievement in our understanding of emphysema has 
been our appreciation of the complex infl ammatory milieu 
and the interrelationships between infl ammatory/immune 
cells leading to lung destruction  [48] . Macrophages patrol the 
lower airspace under normal conditions. Acutely following 
cigarette smoke exposure, macrophages may become activated 

 TABLE 28.1          Main infl ammatory cell matrix degrading proteinases in the lung  .  

   Cell (major source)  Proteinase  Class 

 Molecular 

mass*(kDa)  Matrix substrates 

 Other cells expressing 

proteinase 

   Parenchyma 

    Neutrophil  Neutrophil elastase  Serine  27–31  Elastin, bm components  �    Proinfl ammatory 

monocyte 

     Proteinase 3  Serine  28–34  Elastin, bm components  �    Monocyte 

 Mast cell 

     Cathepsin G  Serine  27–32  (elastin) bm components  �    Monocyte 

 Mast cell 

     MMP-8  MMP  #Pro-55  Interstitial collagens   

     MMP-9  MMP  Pro-92–95  Denatured collagens, types 

IV, V, and VII collagen 

 Macrophage 

 Endothelial cell 

   Macrophage  MMP-12  MMP  Pro-54  Elastin, bm components  �     
     MMP-1  MMP  Pro-55  Interstitial collagens  Fibroblasts 

             Epithelial cells 

     Cathepsin L  Cysteine  29  Elastin (at acidic pH)   
     Cathepsin S  Cysteine  28  Elastin  CD4 T-cell 

  *denotes (pre)proenzyme forms.   base ment membrane (bm)  components include fi bronectin, laminin, entactin, vitronectin, and type IV collagen (non-helical domains). #Pro, 

molecular mass of proenzyme form. 

 Note : parentheses denote minor cellular sources.  
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and neutrophils quickly arrive. Subacutely, macrophages accu-
mulate in respiratory bronchioles. Chronically, macrophages, 
neutrophils, and CD8  �        �      CD4  �   T-cells as well as B-cells 
accumulate in the lung. Moreover, loss of cilia predisposes to 
airway infection with a prominent neutrophilic response. 

   While cigarette smoke initiates the infl ammation and 
destruction in emphysema, in severe disease infl ammation 
is sustained by factors other than cigarette smoke. Indeed 
intense infl ammation with many cell types was observed in 
lung tissue taken from patients with end-stage lung COPD 
undergoing volume reduction surgery, who had discontin-
ued smoking on average 9 years earlier  [49] . 

   A more careful examination of infl ammatory cell 
interrelationships demonstrates that proteinases are not 
only involved in lung destruction, but also in regula-
tion of infl ammation. Upon initial exposure to cigarette 
smoke, constitutive macrophages secrete MMP-12 which 
is responsible for  “ shedding ”  of active TNF- α  from the 
cell surface and subsequent recruitment of neutrophils 
in response to cigarette smoke in mice  [50] . In addition, 
cigarette smoke related oxidant activity, inactivates mac-
rophage histone deacetylase-2 promoting transcription of 
MMPs and neutrophil chemokines including IL-8  [51] . 
Both MMP-12 and neutrophil NE contribute to lung 
destruction in murine models of cigarette smoke-induced 
emphysema with MMP-12 –/–  mice being fully protected 
and NE –/–  mice being two-third protected from airspace 
enlargement  [9] . Th ese two proteolytic systems interact to 
achieve maximal lung damage. NE degrades TIMP-1 aug-
menting MMP activity  [52]  and MMPs degrade  α  1 -AT, 
indirectly augmenting NE activity  [53] . 

   Elastin degradation products generated by these 
enzymes themselves appear to be a critical chemokine in 
further macrophage accumulation in COPD  [54] . Hence, 
a positive feedback loop is established between elastoly-
sis, macrophage accumulation, and neutrophil recruitment. 
Most recently, elastin fragments have also been implicated 
an auto-immune target in COPD  [55] . Interest in B-cells 
in COPD has grown with the appreciation that the amount 
of BALT (bronchial associated lymphoid tissue) correlates 
with the severity of COPD    [56] . BALT could simply be 
associated with airway remodeling and bacterial coloniza-
tion. However, patients with COPD have been show to 
develop antibodies to elastin and this might be involved 
in disease progression  [55] . Hence, these new wrinkles 
continue to strengthen the elastase:antielastase hypoth-
esis demonstrating that not only elastin is critical to the 
structure and function of the lung, but by-products of its 
dissolution are both proinfl ammatory and may induce auto-
immune disease. 

   Currently, focus has shifted to understanding the role 
of adaptive immunity in COPD, particularly the CD8  �   
T-cell. CD8  �   T-cells, are known to be increased in lungs 
of patients with COPD  [57] . Transgenic mice overexpress-
ing IFN- γ  develop infl ammation, apoptosis, and consequent 
emphysema  [58] . Humans with COPD have increased 
amounts of IP-10 and its receptor CXCR3  [59] . Induction 
of IP-10 in CD8  �   T-cells and bronchiolar epithelium signals 
through CXCR3 expressed on alveolar macrophages to pro-
duce MMP-12  [60] . As discussed above, MMP-12 produc-
tion leads to elastolysis and sets in motion a cycle of further 

lung destruction. Th ese concepts were confi rmed in a mouse 
model where cigarette exposure to mice defi cient in CD8  �   
T-cells fails to produce IP-10, activate/recruit macrophages, 
produce MMP-12, or develop airspace enlargement  [61] .  

    Emphysema associated with  α  1 -AT 
defi ciency 

   Th e clearest example of the association of proteinase–
antiproteinase imbalance and emphysema occurs with 
inherited defi ciency of  α  1 -AT. Several abnormal  α 1-AT 
alleles are associated with very low serum concentrations 
of  α  1 -AT and enhanced risk for emphysema. Of these, the 
Pi Z variant is by far the most common, and greater than 
95% of  α  1 -AT defi cient individuals have only the Z vari-
ant detectable. A variety of rare defi ciency variants, includ-
ing non-expressing alleles that do not result in detectable 
 α  1 -AT in plasma, comprise the remaining individuals. Pi Z 
individuals have about 15% of the normal serum concentra-
tion of  α  1 -AT. Th e abnormality leading to the Pi Z variant 
is a point mutation involving a single nucleotide at codon 
342 that results in coding for Lys instead of Glx  . Th is amino 
acid substitution changes the charge attraction between the 
amino acids at positions 342 and 290 present in the nor-
mal form of  α  1 -AT and prevents the formation of a fold 
in the molecule. With this change in tertiary structure, the 
molecule is susceptible to loop sheet polymerization of 
 α  1 -AT in the endoplasmic reticulum that impedes secretion 
of the protein from the hepatocyte  [62] . In addition, its rate 
of association with NE is slightly but signifi cantly slower 
than the association rate of normal  α  1 -AT with NE. Th e 
prevalence of the Pi Z phenotype in the United States is 
about one in 2800 people  [63] . Th e Z allele is not found in 
Asians and African populations at measurable frequencies  . 

   Most Pi Z individuals eventually become sympto-
matic with COPD, but there is considerable variation and 
some individuals reach advanced age with minimal symp-
toms. Smoking has a marked eff ect on the age at which 
shortness of breath appears. On the average Pi Z smokers 
have symptoms by age 40, about 15 years earlier than Pi Z 
nonsmokers  [63] . Additional genetic modifi ers, such as pol-
ymorphisms in IL-10  [64] , also help explain diff erences in 
the clinical course of patients with  α  1 -AT defi ciency.   

    ASTHMA 

   Human asthma is characterized by persistent airway hyper-
responsiveness (AHR) and episodic airfl ow obstruction. 
Asthma is also associated with an immune/infl ammatory 
response characterized by activated T-cells with Th 2 cytokines 
(IL-4, -5, -9, -13), eosinophils, and mast cells that infi ltrate 
the mucosa and submucosa. Th e AHR may be a distinct 
trait, separate and preceding the infl ammation. While several 
proteinases, particularly MMPs have been associated with 
asthma, their role in disease pathogenesis is still emerging. 
Proteinases might be particularly important in controlling 
infl ammatory cell migration and airway remodeling. 
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    Initiation of asthma 

   Th e initiation of asthma is driven, in large part, by stimu-
lation of allergen-specifi c CD4  �   T helper cells by profes-
sional antigen presenting cells (APCs), most notably lung 
dendritic cells (DCs). DCs play a prominent role in the 
pathogenesis of asthma because they are able to effi  ciently 
present major histocompatibility complex (MHC) class 
II-restricted antigenic determinants to naïve T-cells to 
direct CD4  �   T-cell polarization to promote a Th 2-type 
immune response within the lung. 

   MMP-9 is expressed in DCs and has been shown 
to be promote DC traffi  cking  [24]  lending support for its 
potential importance in the initiation of asthma. Cathepsin 
S, a potent matrix degrading cysteine proteinase in its own 
right, has been shown to be required for normal MHC class 
II traffi  cking and function within DCs  [65] . Pharmacological 
inhibition of cathepsin S attenuated lung eosinophilia and 
IgE generation in a mouse model of asthma  [41] .  

    Asthma progression 

   Chronic asthma is characterized by airway remodeling, 
a term that incorporates chronic airway infl ammation, 
marked smooth muscle hyperplasia (with mast cell infi ltra-
tion), mucus gland and goblet cell hyperplasia, myofi broblast 
accumulation with subepithelial fi brosis, and angiogenesis.  

    Infl ammation 

   Although MMP-9 is expressed in a variety of infl ammatory 
cells including eosinophils, macrophages, and neutrophils, 
the role of MMP-9 defi ciency in asthma pathogenesis has 
been confusing to date. Application of MMP-9 –/–  mice 
to acute allergic/infl ammatory models have reported both 
proinfl ammatory  [66]  and anti-infl ammatory roles        [67,68] . 
It is likely that depending upon the protocol, amount of 
lipopolysaccharide (LPS) and other conditions, one might 
suppress or exacerbate infl ammation in asthma. Future stud-
ies will require control for these factors. Moreover, the role 
of MMPs in newer models of chronic asthma with repeti-
tive antigen stimulation in susceptible strains will allow us 
to establish roles for MMPs in models of chronic asthma, 
with potential human applicability. 

   Application of MMP-12 –/–  mice to several models 
of asthma has established the importance of the enzyme 
in infl ammatory cell migration in asthma. For example, 
IL-13 inducible transgenic mice, described above, develop 
both infl ammation and emphysema. Infl ammation and 
emphysema were dependent upon MMP-12  [69] . In addi-
tion, in mice sensitized and challenged with cockroach 
antigen (CRA)  [70] , MMP-12 defi ciency resulted in fewer 
peribronchial leukocytes and correspondingly less protein 
and fewer cells in BAL compared to WT mice. Eosinophils 
were reduced to the greatest degree (80% reduction). In 
addition, there were marked decreases in IL-5, MIP-1 α , 
MCP-1, and TNF- α  in MMP-12 –/–  BAL. AHR did not 
diff er between groups. Another model of acute allergic air-
way infl ammation that involved sensitization by aerosolized 

OVA  � 10 days in the context of adenovirus-mediated 
GMCSF  [71] , resulted in a Th 2 cytokine profi le, OVA-
specifi c IgE, and airway eosinophilia. In WT mice, MMP-
12 mRNA and protein were upregulated 70-fold in OVA 
treated versus saline controls. MMP-12 –/–  mice had an 80% 
reduction in eosinophil accumulation in BAL compared to 
WT mice. It is noteworthy that, MMP-12 production was 
IL-13 dependent, since it was abrogated in similar experi-
ments using IL-13 –/–  mice.  

    Airway remodeling 

    Infl ammation  is generally thought to drive other aspects of 
airway remodeling. For example, eosinophils were shown 
to be required for fi brosis and smooth muscle hypertrophy, 
but not AHR or mucus production  [72] . In turn, smooth 
muscle changes might also regulate infl ammation  [73] . 
Alternatively, many changes related to airway remodeling 
have been replicated by pathological stretch applied purely 
to airway epithelial cells (i.e. in the absence of infl amma-
tion)  [74] . Expression profi ling, followed by confi rmative 
studies demonstrated that mechanical deformation of air-
way epithelial cells induces production of MMP-9 as well 
as its activator plasmin(ogen)  [75] . 

   MMP-9 has been implicated in  subepithelial air-
way fi brosis . Th e IL-13 transgenic mice described above 
also have features of airway remodeling including  mucus 
cell hyperplasia  and subepithelial fi brosis  [76] . Th e airway 
changes were attenuated upon back-crossing to MMP-
9 –/–  mice  [26] . Th is appears to work through the capacity 
of MMP-9 to activate TGF- β  promoting collagen produc-
tion. NE also has been shown to activate latent TGF- β  in a 
model of bleomycin-induced lung fi brosis. It is noteworthy 
that, NE also induces epithelial cell production of MUC5 
 [77]  and mucus cell metaplasia in mouse lungs  [78] . Hence, 
in addition to the local concentration of proteinases and 
their inhibitors, additional non-matrix substrates will infl u-
ence the eff ect of a proteinase is turnover.    
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    Growth Factors 

    INTRODUCTION 

   It has long been recognized that after acute injury 
to the lung, the tissue repair process is engaged to 
return the organ to normal function. In chronic 
tissue injury, it appears the process of repair loses 
many of the control mechanisms, and continued 
repair results in remodeling of the tissue with 
alteration of normal structure and compromise 
of normal lung function. Th e remodeling process 
involves excess matrix synthesis along with dis-
torted deposition of that matrix; in addition there 
is the appearance of altered tissue cell phenotypes, 
most notably that of the myofi broblast. Th ese cells 
are derived from existing fi broblasts under the 
infl uence of cytokines and growth factors, such as 
transforming growth factor- β  (TGF- β ), or possi-
bly from circulating (stem cell like) precursors that 
have migrated into the tissue injury site. Given 
the morphology seen in lung disorders, asthma is 
mostly associated with minor, primarily peribron-
chial, matrix deposition, while chronic obstructive 
pulmonary disease (COPD) has wide evidence 
of remodeling, primarily at the alveolar level and 
fi brosis of the small airways  [1] . 

   Many cytokines and growth factors can 
be found at the site of tissue remodeling using 
immunohistochemistry,  in situ  hybridization, and 
gene expression assessments, so much so, that it 
is diffi  cult to determine causative versus second-
ary presence. However, some, in comparison to 
others, have recently been shown to play a pri-
mary role in induction, and thus represent more 
likely targets for developing therapeutic inter-
ventions. Transgenic and gene knockout mod-
els in mice point to possible primary targets in 
growth factors such as TGF- β , IL-13, or hepato-
cyte growth factor (HGF), while others implicate 
factors such as IL-1 β  or TNF- α . Th e presence of 

acute infl ammation, such as in ARDS, or more 
chronic infl ammation states such as COPD and 
usual interstitial pneumonia (UIP) are usually 
associated with the sequelae of tissue remodeling. 
However, there may be situations involving struc-
tural cell phenotype or extra cellular matrix alter-
ations that can propagate the remodeling process 
through autocrine and paracrine pathways inde-
pendent of the state of infl ammation that may 
have preceded the alteration. Th us, identifi ca-
tion of growth factors known to modulate the 
synthesis and deposition of matrix or infl uence 
the make-up of the cell phenotype in the tissue 
may be crucial in defi ning the therapy that halts 
remodeling and progression and/or induces the 
tissue to return to normal structure and function.  

    GROWTH FACTORS IN HUMAN LUNG
AND AIRWAY DISEASE 

   A large number of studies have investigated the 
role of growth factors in human lung disease in 
which tissue remodeling is a prominent feature. 
Most of these studies are based on immuno-
histochemical analysis of bronchial and pulmo-
nary tissue, obtained by biopsy, and on analysis 
of bronchoalveolar lavage (BAL) fl uid and cells. 
Unfortunately there is minimal information avail-
able about growth factors in airway disease, but the 
presence of fi brotic responses and mesenchymal 
cell proliferation would suggest factors that are 
prevalent in fi brogenesis. Th ree diff erent factors 
are considered to play a prominent role: epider-
mal growth factor (EGF), GM-CSF, and TGF- β         
[2, 3] . Increased EGF and EGF receptor are 
present in the submucosa of asthmatic airways 
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       [4, 5]  and it is suggested that the epithelium does not respond 
adequately to EGF after damage in asthma  [3] . GM-CSF 
expression is increased in asthmatic epithelium and lym-
phocytes after allergen challenge  [4]  and GM-CSF can medi-
ate airway remodeling through its survival eff ect on eosinophils 
 [2]  and release of profi brotic cytokines  [6] . TGF- β  has received 
particular interest. In one study TGF- β  expression in airways is 
shown to correlate with the degree of subepithelial fi brosis in 
asthma, although the data are controversial        [4, 7] . More tell-
ing is the presence of TGF- β  in BAL fl uid after segmental 
allergen challenge  [5] . Moreover, neutralization of TGF- β  in 
an animal model of repeat allergen exposure showed decreased 
bronchial fi brotic sequelae  [8]  and TNF- α  and IL-1 are found 
at elevated levels in acutely infl amed asthmatic airways  [4] . 
Since both acute infl ammatory cytokines are able to trigger 
profi brotic tissue reactions          [9–11] , this strongly suggests a role 
in airway remodeling. Other growth factors detected, such as 
platelet-derived growth factor (PDGF)  [2] , insulin growth fac-
tor-I (IGF-I), and basic fi broblast growth factors (bFGF)  [3] , 
could also participate in the repair process in airways. 

   Most knowledge about growth factors in lung tis-
sue remodeling has been accumulated through studies of 
parenchymal lung disease, such as asbestosis, sarcoidosis, or 
idiopathic pulmonary fi brosis (IPF). We include these dis-
orders in our discussion to provide the reader perspective 
on the potential biological actions of these factors and thus 
to provide a better perspective on asthma and COPD. Th e 
presence of two key profi brotic growth factors, TGF- β  and 
PDGF, has been demonstrated in various fi brosing disorders. 
In IPF, TGF- β  was shown to be elevated in BAL fl uid        [12, 
13]  and can be expressed by bronchial and alveolar epithe-
lial cells, alveolar macrophages and fi broblast foci            [14–17] . 
PDGF-mRNA was shown to be upregulated in BAL cells 
retrieved from patients with IPF and in fi brotic areas of the 
lung, while lungs aff ected by asbestosis and silicosis express 
increased TGF- β  mRNA  [18] . In human fi brotic disorders 
TNF- α  and IL-1 are present in BAL fl uid or BAL cell 
supernatants  [19] . In lungs of patients with progressive pul-
monary fi brosis, TNF- α  and G-CSF are expressed at higher 
than normal levels        [19, 20] , while similar tissue expresses 
lower than normal levels of HGF  [21] . An important con-
sideration is the relationship between growth factors and 
extracellular matrix (ECM). Many growth factors can induce 
ECM synthesis, but many are also associated with the matrix 
through adherence via RGD or related sequences to prote-
oglycans, collagens, and fi bronectins  [22]  and require acti-
vation (release) through interaction with cell integrins and 
ECM components          [23–25]  or via proteolysis, as seen with 
plasminogen-mediated activation and release of HGF from 
ECM  [26] .  ( Table 29.1    and  Fig. 29.1   ) 

    SPECIFIC GROWTH FACTORS 

    Tumor necrosis factor- α  

   Tumor necrosis factor- α  (TNF- α ) is a peptide secreted as 
membrane bound form and released after cleavage by TNF-
 α -converting enzyme  [27] . Th e cytokine is not constitutively 

present in the lung but is secreted rapidly upon a variety of 
stimuli, mainly by alveolar macrophages and type II epithelial 
cells  [18] . TNF- α  can bind to two diff erent types of recep-
tors, which are expressed on most cells and signals through 
various intracellular pathways  [27] . It is a potent proinfl am-
matory cytokine and exerts a variety of eff ects, which may 
contribute to the process of remodeling and fi brosis: TNF- α  
induces infl ammatory cell migration and adhesion, initiates 
a cytokine cascade, and regulates apoptosis  [27] . Further, 
it is mitogenic for mesenchymal cells and infl uences colla-
gen metabolism, being either pro- or antifi brotic        [18, 28] . 
Numerous studies have demonstrated that TNF- α  is 
involved in acute and chronic tissue changes seen after 
bleomycin, asbestos, silica, and irradiation damage. Animal 
strains that do not develop fi brosis following exposure to 
these agents show less TNF- α  upregulation. Transient over-
expression of TNF- α  in the lung induces a limited fi brosis, 
likely by upregulation of TGF- β   [29] . Others have shown 
that TNF- α  can act also through PDGF pathways  [18] . 
TNF- α  was detected in BAL fl uid and biopsies of patients 
with IPF, BOOP, and asbestosis, and likely plays a role in 
many pulmonary diseases        [18, 30]   . 

   In asthma, TNF- α  can amplify the infl ammatory 
process and have indirect infl uence on airway remodeling 
through induction of other growth factors  [4] . It has been 
detected in BAL fl uid of asthmatics, in alveolar macro-
phages after allergen challenge and in bronchial mucosa of 
asthma patients  [4]  and can be rapidly released from mast 
cells on degranulation  [31] .  

    Interleukin-1 β  

   Two forms of IL-1 ( α  and  β ) are known with almost iden-
tical biological properties. In the lung, many parenchymal 
and epithelial cell types are able to produce IL-1 β ; how-
ever, the major sources are activated macrophages  [4] . IL-1 
is a pleiotropic proinfl ammatory cytokine, often acting 
synergistically with TNF- α   [32] . In remodeling and fi bro-
sis, several actions of IL-1 are important. IL-1 stimulates 
fi broblasts to secrete other cytokines including IL-1 β , IL-8, 
MCP-1, PDGF, and TGF- β         [33, 34] , while the direct eff ect 
on fi broblast proliferation and ECM synthesis is controver-
sial            [28, 32, 35, 36] .  In vivo , IL-1 is elevated in BAL fl uid 
and alveolar macrophages of patients with ARDS, but not 
in IPF        [19, 33] , while in animal studies IL-1 is involved 
in the early stage of pulmonary bleomycin injury  [33] , and 
IL-1 receptor antagonist ameliorates the fi brotic response 
following silica and bleomycin administration  [37] . Recent 
studies show that transient transgene expression of IL-1 
in the lung causes marked alveolar damage, induction of 
TGF- β  and fi broblast foci with progressive fi brosis  [38] , 
and similar fi ndings are seen in mice with inducible IL-1 β  
transgene  [11] . Moreover, IL-1 β  is a potent stimulator of 
osteopontin expression in lung fi broblasts, one of the most 
highly expressed genes found in IPF tissues        [39, 40]  and a 
cytokine that recently has been shown to play a critical role 
in allergic airway disease  [41] . 

   In asthma, IL-1 β  was found in BAL fl uid and mac-
rophages of asthma patients  [4] . Its role in airway disease 
is probably similar to TNF- α , perpetuating primarily acute 
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infl ammatory processes and aff ecting remodeling directly, 
through modifi cation of the matrix microenvironment, or 
indirectly via induction of growth factors, such as PDGF 
and TGF- β .  

    Granulocyte macrophage-colony 
stimulating factor 

   GM-CSF is a colony-stimulating factor that regulates 
growth and diff erentiation of hematopoietic cells. Th e lung 
is a major source of GM-CSF and most pulmonary cells are 
able to synthesize this cytokine in response to various stim-
uli  [4] . In the context of tissue remodeling and fi brosis, the 
eff ects of GM-CSF in the local environment of the lung 

depend on dose and time of expression and on concomitant 
epithelial cell damage. In the model of transient transgene 
overexpression, low levels of GM-CSF induce little peri-
bronchial infl ammation and facilitate allergic reactions to 
exogenous allergen  [42] . At higher levels, GM-CSF in the 
airways results in sustained eosinophilia and macrophage 
accumulation with moderate development of tissue fi brosis 
mediated by induction of TGF- β  [43]  and may represent a 
target for manipulation in diseases such as COPD  [44] . In 
the bleomycin model, early upregulation of GM-CSF in 
pulmonary cells is present and followed by enhanced TGF- β  
expression  [45] , while other studies imply a protective eff ect 
of GM-CSF on the development of fi brosis in rats  [46]  and 
mice  [47] . Th e profi brotic response may be due to stimula-
tion and enhanced survival of macrophages and eosinophils, 
both cells major sources for TGF- β          [4, 43, 45] . In the set-
ting of damaged bronchial and alveolar epithelium, the pro-
liferative response of epithelium to GM-CSF stimulation 
might result in a more protective eff ect  [46] . 

   GM-CSF is present in asthmatic airways of humans; 
there are increased levels in BAL after allergen challenge; 
signifi cant levels of GM-CSF are found in plasma of 
patients with severe asthma  [4] . Th ese observations indicate 
that GM-CSF likely contributes to airway remodeling and 
plays a major role in the pathogenesis of asthma  [2] .  

    Platelet-derived growth factor 

   PDGF is a glycoprotein homo- and heterodimer composed of 
A and B chains, and is secreted by epithelial and endothelial 
cells, macrophages, and fi broblasts. PDGF-A chains can bind 
to both PDGF-receptors  α  and  β , whereas PDGF-B bind only 

 TABLE 29.1          Growth factors in pulmonary tissue remodeling.  

     Induce fi broblast accumulation  Induce myofi broblasts  Induce matrix expression 

      In vitro    In vivo    In vitro    In vivo    In vitro    In vivo  

   TNF   � / �    �  �      �  �    � /     �        �  �  

   IL-1 β    �  / �    �  �      �      �      �  �      �      �    � / �    �  �      �      �  

   GM-CSF     �  �  �      �  �  �      �  �       �        

   PDGF   �  �  �    � / �    �  �      �  �    � / �  

   IGF   � /–    ?     �  �    

   FGFs   �  �  �   ?  ?  ?   �  �   ? 

   KGF   �  �  �   ?  ?  ?  ?  ? 

   HGF   �    �    �    �    �    �  

   TGF- α    � / �    �  �   ?   �  �    �  �    �  �  

   TGF- β    �  �  �    �  �      �      �    �  �      �      �    �  �      �      �    �  �      �      �    �  �      �      �  

   CTGF   �  �  �   ?  ?  ?   �  �      �      �   ? 

  TNF: tumor necrosis factor; IL: interleukin; GM-CSF: granulocyte/macrophage colony stimulating factor; PDGF: platelet-derived growth factor; IGF: insulin-like growth factor; 

FGF: fi broblast growth factor; TGF: transforming growth factor; CTGF: connective tissue growth factor; KGF: keratinocyte growth factor (FGF7); HGF: hepatocyte growth factor  ;  

“�” 	 not detectable; “�/�” 	 detectable; “�” 	 low; “��” 	 moderate; “���” 	 medium; “����” 	 strong; “?” 	 unknown.
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 FIG. 29.1              Growth factors released from injured epithelial and 

parenchymal cells modify the behaviour and phenotype of mesenchymal 

cells in the parenchyma to induce myofi broblast diff erentiation and matrix 

deposition.

Interplay between growth factors and pulmonary parenchymal cells.
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PDGF-receptor  β  [48] . Signal transduction proceeds through 
tyrosine kinases, a major pharmacologic target        [49, 50] . PDGF 
isoforms are chemoattractive not only for fi broblasts, but also for 
neutrophils and macrophages and they upregulate fi bronec-
tin and procollagen gene expression and synthesis. PDGF can 
induce TGF- β  expression, suggesting that some of the long-
term eff ects are partly mediated through this cytokine. However, 
PDGF and PDGF-receptor expression is stimulated by TGF- β , 
IL-1 β , TNF- α , and bFGF, indicating that parts of the profi -
brotic activities of these molecules are due to PDGF-depend-
ent pathways  [18] . In animals that are exposed to asbestos, both 
PDGF and its receptors are upregulated in bronchial bifurcations 
with developing fi broproliferative lesions  [51] . PDGF-A knock-
out mice die from pulmonary emphysema apparently because of 
impaired alveolar development and lack of myofi broblasts  [52] . 
Interference with PDGF activity, either through transgene over-
expression of a truncated receptor or through inhibition of tyro-
sine kinase results in amelioration of the fi brotic response in the 
bleomycin model and in the bronchiolitis obliterans model  [18] . 
In human fi brotic disorders of the lung, such as IPF, scleroderma 
and bronchiolitis obliterans, PDGF genes were shown to be 
upregulated in BAL cells or in aff ected tissues  [18] . 

   In asthma and airway remodeling, a contribution of 
PDGF to the pathogenesis is likely, but available data are 
controversial. Eosinophils in biopsies of asthmatic airways 
have been shown to produce PDGF-B chain  [4] . Bronchial 
fi broblasts from asthma patients show enhanced responsive-
ness to the mitogenic eff ects of PDGF, but increased levels 
of PDGF in BAL are either not present or do not correlate 
with airway fi brosis  [2] .  

    Insulin-like growth factor 

   IGF-I and II are single chain peptides with structural 
homology to pro-insulin  [53] . In the lung, the major sources 
of IGFs are macrophages, but mesenchymal and bronchial 
epithelial cells are also able to produce IGF        [4, 54] . IGFs can 
bind to two receptors, type I and II, and biological activity 
is mainly determined by IGF-binding protein that releases 
IGF  [55] . IGFs regulate proliferation and diff erentiation of 
a variety of cells  [53] , being strong mitogens for fi broblasts 
and causing enhanced collagen synthesis  [54] . IGFs are also 
found in tissue and BAL fl uids of various fi broproliferative 
diseases        [12, 56] . However, little information is available 
about the role of IGF’s in asthma or COPD, but IGF’s can 
stimulate the proliferation of airway smooth muscle cells and 
may be involved in airway fi brosis  [4] .  

    Fibroblast growth factors 

   FGFs are a group of nine heparin-binding peptides, 
amongst them acidic and basic FGF (now FGF-1 and 2) 
and keratinocyte growth factor (KGF or FGF-7)        [53, 57] . 
FGF-1 and 2 have been shown to accelerate granulation 
tissue formation, fi broblast proliferation and collagen syn-
thesis  [53] . Th ey are strong mitogens for angiogenesis and 
endothelial cell migration  [4] . FGF-1 and 2 are not present 
at signifi cant levels in normal lungs but are produced after 
tissue injury by alveolar macrophages, epithelial cells, and 

fi broblasts  [58] . Major sources for FGF-2 in the lung are 
mast cells  [59] . In humans, FGF-2 was found in BAL and 
serum of patients with IPF and scleroderma  [60]  and in 
human airway smooth muscle cells; FGF-2 increases the 
expression of PDGF-receptor  α  and therefore indirectly 
stimulates proliferation  [4] . 

   KGF (FGF-7) is primarily produced by fi broblasts 
and is mitogenic mainly for alveolar type II epithelial cells 
through the FGFR2-IIIb receptor, essentially expressed only 
by epithelial cells        [57, 61] . IL-1 β  appears to be the most 
potent inducer of KGF from fi broblasts  [35]  and in the 
context of epithelial-mesenchymal cell interaction, IL-1 β  
from epithelial cells stimulates the release of KGF from 
fi broblasts and results in the stimulation of the epithelium 
in a positive paracrine system  [62] . In the bleomycin model 
of fi brosis instillation of KGF prevented the progression to 
fi brogenesis  [63]  and KGF was able to limit tissue damage 
and enhance epithelial repair in a syngeneic tracheal trans-
plant model in rats  [64] . In humans with ARDS, KGF in 
BAL fl uid was taken as a marker of the severity of tissue 
injury and correlated with poor prognosis  [57] , while KGF 
administration limited the decreased lung permeability and 
infl ammation seen on allergen challenge in an OVA-sensitized 
rat model  [65]   .

    Epidermal growth factor 

   Th e EGF family is an enlarging group of related proteins and 
includes EGF and transforming growth factor- α  (TGF- α ). 
Both factors have potential roles in wound healing and 
remodeling. Th ey share 42% homology and signal through 
the EGF receptor that activates tyrosine kinase        [49, 66] . 

   EGFs are important in the repair of epithelial injury. 
It has been shown in damaged bronchial epithelial cells that 
EGF receptors become phosphorylated and consequently 
the defect is repaired and supplementation with exogenous 
EGF further enhances this process  [3] . In asthma, EGF 
receptor is highly expressed in airway epithelium, but epi-
thelial cell proliferation is still impaired  [3] , and impaired 
re-epithelialization induces the formation of granulation 
tissue  [67] . Th is suggests that an abnormal response of the 
epithelium to growth factors could be a central factor in the 
pathogenesis of asthma and airway remodeling. In humans, 
EGF and EGF receptor are present in the submucosa of 
asthmatic airways        [3, 4] . 

   Similar to EGF, TGF- α  is able to promote wound 
epithelialization  [53] , while tissue specifi c overexpression of 
TGF- α  in the lung of mice leads to alveolar enlargement 
and interstitial and pleural fi brosis. Conversely, elimination 
of the TGF- α  gene signifi cantly decreases the fi brogenic 
tissue response to bleomycin  [66] . In humans, TGF- α  pro-
tein is elevated in BAL fl uid of patients with ARDS and 
IPF  [68] , and TGF- α  and EGF receptor expression is seen 
in biopsy material in IPF  [69] .  

    Hepatocyte growth factor 

   HGF was originally identifi ed as a potent stimulator of 
mature hepatocytes, but more recently is recognized as 
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a participant in many tissue responses to injury and is a 
potentially important stimulator of alveolar epithelial cells 
and vascular endothelial cells        [70, 71] . In lung development, 
HGF is shown to be required for alveologenesis in the 
rodent  [72] , and recent studies indicate this growth factor 
may play a role in airway sensitization through modula-
tion of dendritic cell activation  [73] . Importantly, there are 
defects in HGF production from fi broblasts in tissue sam-
ples from both emphysema and IPF patients        [21, 74] . Most 
impressive is the experimental attenuation of both elastase-
induced emphysema and bleomycin-induced fi brosis by 
administration of either recombinant HGF or by gene 
transfer to the lung          [71, 75, 76] . Th ese data suggest that 
HGF has activities that could balance the profi brotic activi-
ties of factors such as TGF- β  and establishes an interplay 
between these powerful factors that could distinguish cor-
rect tissue repair from disordered pathology ( Fig. 29.2   ).  

    Transforming growth factor-  β   

   Th e TGF- β  family includes 5 isoforms, of which mamma-
lian cells express three. Th e isoforms TGF- β  1 to 3 reveal 
considerable sequence homology, and their biological prop-
erties in wound healing and tissue remodeling are similar. 
Most studies have been performed with TGF- β 1, which 
is the most abundant and best-characterized isoform  [77] . 
TGF- β  is profi brotic by various eff ects on ECM turnover 
and stromal cell biology. Th e immunomodulatory activities 
of TGF- β  are crucial and aim mainly at the limitation of 
infl ammatory processes. Many diff erent cells secrete TGF- β , 
in the lung mainly macrophages, epithelial cells, and fi brob-
lasts. Th e secreted molecule is inactive and has to be acti-
vated by cleavage of the latency associated peptide (LAP) 
through oxygen radicals or proteases (e.g. thrombospondin 
or plasmin)  [78]  or through interaction with cell integrins, 
most notably  α V β 6 and  α V β 8 on epithelial cells or fi brob-
lasts        [24, 79] . TGF- β  binds to two receptors, type I and II, 
and signals are transduced by serine/threonine kinases to 
diff erent intracellular pathways        [80, 81] . In the context of 
tissue remodeling, the  Smad -signaling pathway is the most 
prominent and a potential target for pharmacologic inter-
vention in fi brotic disorders        [82, 83] . TGF- β  stimulates 
ECM production, predominantly collagen and fi bronectin, 
and reduces matrix degradation by changing the balance 
of collagenases and collagenase inhibitors (TIMP-1)  [78] . 
It is anti-proliferative for epithelial cells, inducing apopto-
sis and subsequent fi brotic responses in the lung        [84, 85] . 
Th e mitogenic eff ect on fi broblasts is not uniform, but it is 
apparent that TGF- β  induces the transformation of fi brob-
lasts into myofi broblasts  [86] . Myofi broblasts are contractile 
cells and synthesize most matrix proteins, both important 
factors in the fi nal step of wound healing, but potentially 
a pathogenic process in fi brosis. In the remodeling proc-
ess, TGF- β  acts in concert with many other cytokines and 
growth factors. On the aff erent, it can be upregulated by 
TNF- α , IL-1, GM-CSF, PDGF, and TGF- β  itself. On the 
eff ector, TGF- β  not only acts through direct interference 
with collagen metabolism but may induce the expression 
and secretion of FGF, PDGF, and connective tissue growth 
factor (CTGF), as well as its own upregulation          [9, 18, 86] . 

   Th e role of TGF- β  in pulmonary remodeling and 
fi brosis has been investigated mainly in interstitial lung 
disease, where the key role of this growth factor is widely 
accepted, with evidence from a large number of animal 
models and human studies            [18, 53, 83, 85] . In models using 
chemical agents such as bleomycin, asbestos or silica, or 
irradiation to induce progressive tissue damage, TGF- β  was 
shown to be upregulated at the sites of developing fi bro-
sis. In our own studies, in which transient overexpression 
of active TGF- β 1 is achieved by adenoviral gene transfer, 
severe and diff use pulmonary fi brosis developed in rats and 
mice  [78] , mediated through the Smad3-signaling pathway 
 [83] . Th e importance of TGF- β  in tissue remodeling after 
pulmonary injury is highlighted by several experimental set-
tings that demonstrate the benefi cial eff ect of anti-TGF- β
 agents on the course of fi brosis. Neutralizing antibodies, 
dominant negative TGF- β -receptors or natural antago-
nists such as the proteoglycan decorin have all been able to 
reduce fi brotic reactions in the lung        [87, 88]  and TGF- β  
was shown to be present in a variety of human lung dis-
eases, including asthma and IPF. Also, as COPD could be 
considered a disorder with inadequate tissue repair  [89] , the 
genetic association of the TGF gene with COPD disease is 
a positive indication of involvement  [90] . 

   Th e importance of TGF- β  in pulmonary remodeling 
is not only restricted to the interstitium, but is also present 
in airways. TGF- β  genes are upregulated in bronchial walls 
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 FIG. 29.2          Two main growth factors balance cell survival and tissue 

remodeling. TGF- β , released from the matrix in the parenchyma during 

tissue injury, is a major stimulator of myofi broblast and fi broblast survival 

and ECM production. TGF- β  also induces apoptosis in pulmonary epithelial 

cells. HGF, released from fi broblasts in the parenchyma by molecules 

such as IL-1 β , balance the pro-fi brotic eff ects of TGF- β  by stimulating the 

survival of epithelial cells and inducing the apoptosis of myofi broblasts, as 

well as dampening the infl ammatory response that accompanies tissue 

injury. Both are autocrine and paracrine in function, and have an apparent 

inhibition eff ect on release of the counterpart.    
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in a model of chronic airway disease  [91] , and anti-TGF- β  
is shown to modulate the subepithelial fi brotic response 
seen in a chronic allergen challenge model in the mouse 
 [8] . Interestingly, TGF- β 1 and TGF- β 3 may have opposite 
eff ects on connective tissue synthesis in cultured airway 
smooth muscle cells, suggesting a protective role for TGF- β 3 
in airway remodeling  [92] . In asthma patients, TGF- β  
was found in airway walls and correlated with the degree 
of subepithelial fi brosis  [7] , but others have failed to fi nd a 
correlation to disease severity  [93] , while TGF- β  is released 
into BAL fl uid after endobronchial allergen challenge  [3] . 
Th ere are fi ndings that link the pathogenesis of fi brogen-
esis to that of emphysema; interference with either the acti-
vation of TGF- β  ( α V β 6 null mouse) or signaling through 
the receptor (Smad3 null mouse) leads to spontaneous 
airspace enlargement and aspects of emphysema        [89, 94] . 
Th ese changes are accompanied by enhanced expression of 
MMP12 by macrophages, normally controlled by exposure 
of these cells to TGF- β   [89] , implying tissue repair abnor-
malities lie at the center of both disorders.  

    Connective tissue growth factor 

   Connective tissue growth factor is a growth factor with 
similar activities on collagen metabolism as TGF- β . It is a 
cysteine-rich peptide produced by fi broblasts and endothelial 
cells, but not by leukocytes or epithelial cells        [18, 95] . CTGF 
is constitutively expressed in human lung fi broblasts and 
is stimulated by TGF- β , but not TNF- α  or IL-1 β   [96]  In 
mouse lungs, TGF- β  and CTGF are upregulated following 
bleomycin injury. It has been suggested that TGF- β  exerts 
its profi brotic eff ects in part through PDGF pathways and 
through a PDGF-independent pathway using CTGF  [18] . 

   Less information is known about CTGF in airway 
remodeling. However, the association with TGF- β  makes it 
likely that CTGF might have similar eff ects in the airway 
as TGF- β . Indeed, it has been recently shown that TGF- β  
stimulates expression of CTGF in cultured airway smooth 
muscle cells  [97] .   

    ANIMAL MODELS 

    Chronic airway challenge 

   Airway remodeling in human chronic airway disease is a 
concept not yet clearly defi ned  [2] . Th e principal morpho-
logic features are subepithelial fi brosis, myofi broblast hyper-
plasia, airway smooth muscle hypertrophy, mucus gland and 
goblet cell hyperplasia, and epithelial disruption  [98] . Th e 
mechanisms leading to persistent airway changes are poorly 
characterized because of a lack of simple and suitable ani-
mal models. An impaired response of asthmatic bronchi to 
EGF after epithelial injury seems to be important to initiate 
the process, while other growth factors, such as TGF- β
 isoforms, PDGF, and bFGF might be responsible for the 
proliferative response  [3] . Recently described animal mod-
els resemble certain aspects of human asthma induced 

by repeat allergen exposure with  Aspergillus , ovalbumin or 
house dust mite antigens. Th ese models produce in mice 
changes similar to human asthmatic airway remodeling, and 
airway fi brosis, accompanied by upregulation of TGF- β  and 
GM-CSF              [8, 17, 91, 99, 100] .  

    Transgene animal models 

   In transgenic animal models certain genes are deleted, over-
expressed, or mutated. Transgenic animals, either developed 
by gene insertion (or deletion) in embryonic stem cells or 
developed by transient transgene expression in adult ani-
mals by gene transfer (e.g. adenoviral vectors) have proven 
useful to answer questions about the role of specifi c growth 
factors in the pathogenesis of pulmonary disease. Animals 
transiently overexpressing IL-1 or TGF- β  develop pro-
gressive fi brotic lesions in the lung, IL-1, likely through 
induction of TGF- β             [10, 29, 43, 78] . Conversely, TNF-
 α -receptor and TGF- α  knockout mice are resistant to 
bleomycin-induced pulmonary fi brosis        [18, 66] . Also impli-
cated by transgenic studies are IL-11 and IL-13; these mol-
ecules were not previously known to be factors involved 
in tissue remodeling and repair, but showing evidence of 
fi brotic changes, emphysematous lesions, and deranged 
mucus production        [101, 102] .   

    SUMMARY 

   Of the many cytokines and growth factors that are found 
within the tissue or surrounding fl uids in COPD and 
asthma, only a few can be shown to have direct impact on 
the process of tissue remodeling.  In vitro  and  in vivo  studies 
outlined above indicate that factors such as TGF- β , which 
induces chronic repair without accompanying tissue injury, 
and IL-1 β , which induces tissue injury and chronic repair, 
likely through induction of TGF- β , may be considered the 
most critical targets for intervention. Th e fact that these 
growth factors act mainly at a local site in association with 
matrix helps explain the progressive and tissue-restricted 
nature of remodeling. Development of potent inhibitors of 
these growth factors or of genes activated downstream of 
them could prove benefi cial in modifying the altered tis-
sue in asthma and COPD allowing conjoint therapy with 
anti-infl ammatory drugs, preferably delivered to the local 
remodeled site, to halt the destructive process and return 
the lung to normal function.   
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C H A P T E R                Nitric Oxide

      INTRODUCTION 

   Nitric oxide (NO) in human biology was 
mostly considered to be a by-product of the 
combustion of fossil fuels and therefore as an 
air pollutant, until the mid- to late 1980s when 
it was discovered that this free radical was the 
previously uncharacterized endothelial-derived 
relaxing factor  [1] . 

   NO is now known to play a central role 
in the physiology and the pathophysiology of 
many human organ systems. Within the res-
piratory system, NO promotes vascular and 
bronchial dilation, is a key mediator of the 
coordinated beating of ciliated epithelial cells, 
promotes mucus secretion, and is an important 
neurotransmitter for nonadrenergic, nonchol-
inergic neurons in the bronchial wall        [2, 3].  
Additionally, NO is a mediator of infl ammatory 
phenomena within the lung by virtue of its abil-
ity to infl uence the phenotype of infl ammatory 
cells and its contribution to the formation of 
reactive nitrogen products. Given its wide dis-
tribution within the lung and airway, it is not 
surprising that NO can be detected in exhaled 
gas in levels that we now know vary in health 
and disease. 

   Th is chapter reviews the formation of 
NO, novel approaches of its measurements, and 
its role in the pathobiology and the manage-
ment of asthma and chronic obstructive pulmo-
nary disease (COPD).  

    SOURCE OF NO IN ASTHMA AND COPD 

   Th e enzyme system responsible for producing 
NO is NO synthase (NOS), consists of at least 

three isoforms: (1) constitutive neuronal NOS 
(NOS I or nNOS); (2) inducible NOS (NOS 
II or iNOS); and (3) constitutive endothelial 
NOS (NOS III or eNOS). Th e existence of a 
genetic association between a polymorphism 
in the nNOS gene and the diagnosis of asthma 
has led to the speculation that nNOS is a can-
didate gene for asthma  [4] . 

   Functionally, constitutive (or c) NOSs 
(nNOS and eNOS) are Ca 2 �  - and calmodulin-
dependent enzymes and rapidly release low con-
centrations of NO upon receptor stimulation by 
selective agonists. Th e activity of iNOS is largely 
regulated at a pretranslational level and can be 
induced by proinfl ammatory cytokines, such as 
tumor necrosis factor- α  (TNF- α ), interferon- γ  
(IFN- γ ), and interleukin (IL)-1 β   [5] . Several 
hours after exposure to these infl ammatory 
stimuli, iNOS action releases large quantities of 
NO, which may continue in a sustained manner 
(hours or days). 

   All the three NOS isoforms are found in 
the respiratory system and may co-operatively 
regulate various functions in the respiratory 
tract from bronchomotor tone to immunologic/
infl ammatory responses: 

    a.     eNOS is expressed in human bronchial 
epithelium  [6] and in type II human alveolar 
epithelial cells        [7, 8] .  

    b.     nNOS is  localized  in the airway nerves and 
in the airway smooth muscle where NO is 
the major mediator for the neuronal smooth 
muscle relaxation  [9] , mediated by the 
inhibitory nonadrenergic, noncholinergic 
(iNANC) system  [10] . In the human lung 
nNOS is expressed in capillary endothelial 
cells of alveolar septa and plays a role as an 
endothelium-derived regulator of capillary 
permeability, a modulator of cholinergic 
neuronal transmission, or an inhibitor of 

  30 
   Sergei A.   Kharitonov   

and     Kazuhiro   Ito  

  Section of Airway Disease, National 
Heart and Lung Institute, Imperial 

College, London, UK     



Asthma and COPD: Basic Mechanisms and Clinical Management

364

platelet aggregation  [11] . Th ese low NO concentrations 
produced by nNOS are detectable in exhaled air  [12] , 
and contributes to bronchial responsiveness  [13] . We 
recently found that nNOS is upregulated with increased 
disease severity and dominant isoform as a source of NO 
in COPD (Ito et al., in preparation)  .  

    c.     iNOS is expressed in alveolar type II endothelial cells, 
lung fi broblasts, airway and vascular smooth muscle 
cells, airway epithelial cells, mast cells, endothelial cells, 
neutrophils, and chondrocytes. 

       ●       Th e increased levels of exhaled NO in asthma, for 
example, have a predominant lower airway origin and 
are most likely due to activation of NOS2 in airway 
epithelial and infl ammatory cells              [14–18] , with a small 
contribution from NOS  [14] .  

       ●       Exhaled NO levels in stable COPD        [19, 20]  are lower 
than in either smoking or nonsmoking asthmatics 
 [21]  and are not diff erent from normal subjects. 
Th is reduction in exhaled NO is due to the eff ect of 
tobacco smoking, which downregulates eNOS  [22]  
and reduces exhaled NO  [23] , suggesting that this 
may contribute to the high risk of pulmonary and 
cardiovascular disease in cigarette smokers. In addition 
to the eff ects of cigarette smoking, a relatively low 
value of exhaled NO in COPD may refl ect more 
peripheral infl ammation than in asthma, low NOS2 
expression  [24] , and increased oxidative stress that may 
consume NO in the formation of peroxynitrite  [25] .        

    POTENTIAL MECHANISMS OF NO-RELATED 
DYSFUNCTION IN ASTHMA AND COPD 

    Nitration of proteins 

   NO production and release are directly linked to the forma-
tion of reactive nitrogen species (RNS) that modify proteins 
in asthma and COPD. Th e magnitude of this modifi ca-
tion correlates with the degree of oxidative and nitrosative 
stresses. 

   Protein nitration is unique among posttranslational 
modifi cations in its dependency on reactivity of tyrosine 
residues in the protein target that may be achieved: 

    a.     by peroxynitrite (formed from the reaction between NO 
and O 2  

 • – ),  

    b.     through the reaction of NO with protein tyrosyl radicals,  

    c.     by the reaction of nitrite with peroxidases        [26, 27]
 including myeloperoxidase and eosinophil peroxidase  [28] ,  

    d.     by combination of all the above pathways.    

   Nitration of proteins by peroxynitrite is a concentra-
tion-dependent process related to formation of two dis-
tinctive forms of nitrated proteins: stable 3-nitrotyrosine 
(nitration) and labile  S -nitrosocysteine ( S -nitrosation)  [29] . 
Both of these nitrated proteins can be further enzymatically 

modifi ed by glutathione  S -transferase or glutathione per-
oxidase  via  either of the following: 

    a.     converting NO 2  
 �   to NH 2  

 �   in tyrosine residues  

    b.     denitrating NO 2  
 �   directly/indirectly in tyrosine residues  

    c.     changing SNO to SH  �   in cysteine residues, or 
denitrosation.    

   Nitration of tyrosine residues by lipopolysaccha-
ride (LPS)  [30] , for example, induces the formation of 
hydrophilic negatively charged nitrotyrosine residue which 
alters the function  [31] , catalytic activity, structure, sus-
ceptibility to proteolytic degradation, and reduces the 
kinase substrate effi  ciency of proteins          [32–34] . Nitration of 
mitochondrial proteins may change the activity of several 
enzymes involved in energy production (glutamate dehy-
drogenase), or in the electron transport chain (cytochrome 
oxidase and ATPase), or in energy production (creatine 
kinase)  [30]  ( Fig. 30.1   ). 

   Interestingly, both energy production and apoptosis 
are aff ected by NO and related oxides  [35]  and are diff erent 
in asthma and COPD. 

   Nonasthmatic lungs showed little or no nitrotyrosine 
staining, whereas lungs of patients even with mild asthma 
 [15]  and especially who died of status asthmaticus  [36]  
have high presence of nitrotyrosine in both the airways and 
the lung parenchyma. Nevertheless, nitrotyrosine formation 
in airway epithelial and infl ammatory cells is signifi cantly 
higher in COPD than in asthma  [37]  and is related to 
COPD severity  [38] . Th is exaggerated level of nitration may 
explain low protective properties of antioxidant enzymes 
 [30]  in the central bronchial epithelium in COPD  [39] . 

   On the other hand, protein nitration may be also 
benefi cial: 

    a.     Surfactant protein A (SP-A), a product of tyrosine 
nitration of human pulmonary surfactant, downregulates 
T-cell-dependent alveolar infl ammation and protect 
against idiopathic pneumonia injury  [40] .  

    b.     Tyrosine nitration in proteins is also suffi  cient to induce 
an accelerated degradation of the modifi ed proteins by 
the proteasome, which may be critical for the removal of 
nitrated proteins  in vivo   [41] .  

    c.     Nitration of tyrosine residues in tyrosine kinase 
substrates may prevent phosphorylation and, therefore, 
inhibit tyrosine kinase function in cellular signaling  [27] ; 
this mechanism remains highly speculative.  

    d.     Despite the discovery of enzymatic  “ nitrotyrosine 
dinitrase ”  activity in lung homogenates  [42] , suggesting 
the potential role of nitration (and dinitration) as a 
signaling mechanism, it remains to be established 
whether nitrotyrosine is merely a biomarker of increased 
nitrosative stress or whether it actively contributes to 
cellular dysfunction and development of the airway 
infl ammatory processes in asthma or COPD.     

    Tyrosine hydroxylase 

   Tyrosine hydroxylase (TH), the enzyme which catalyses the 
production of  L -dihydroxyphenylalanine ( L -DOPA)   is also 
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reported to be inactivated following tyrosine nitration  [43] . 
Th e loss in TH activity and expression is thought to con-
tribute to the  L -DOPA defi ciency observed in certain neu-
rological disorders such as Parkinson’s disease        [43, 44] . 

   Repeated exposures to cigarette smoke cause a variety 
of molecular neuroadaptations in the cAMP signaling path-
way in postmortem tissue from the brains of human smok-
ers and former smokers  [45] . Activity levels of two major 
components of cAMP signaling, cAMP-dependent protein 
kinase A (PKA), and adenylate cyclase, have been found 
abnormally elevated in nucleus accumbens of smokers and 
in ventral midbrain dopaminergic region of both smokers 
and former smokers. Although protein levels of other can-
didate neuroadaptations, including glutamate receptor sub-
units, TH, and other protein kinases, were within normal 
range, protein levels of the catalytic subunit of PKA were 
correspondingly higher in the ventral midbrain dopaminer-
gic region of both smokers and former smokers  [45] . Th ese 
fi ndings suggest that smoking-induced brain neuroadapta-
tions can persist for signifi cant periods in former smokers.  

    Histones 

   Histones are appreciably more stable than most cellular pro-
teins and their slower turnover may permit them to accu-
mulate 3-nitrotyrosine more than high turnover proteins 
 [46] . Since nitrotyrosine can readily be detected immuno-
histochemically, nitrated histones may prove to be useful as 
a marker of extended exposure of cells or tissues to reactive 
nitrogen oxygen species. 

   Th e fact that only a limited number of the tyrosine 
residues were nitrated in histones  [46]  allows us to consider 
nitrotyrosine as one of the posttranslational modifi cations of 
histones that can occur  in vivo . Nitration of histones using 
Mutatect cells (contain a relatively low level of nitrated pro-
teins) cultured under standard conditions was not apparent 
until 3 days of sodium nitroprusside exposure, reaching a 

maximum at about 6 days  [46] . Th is suggests that presence 
of nitrated histones in tissues may refl ect the long-term 
exposure to RNS  [47] .  

    Histone deacetylase 

   Inducible NOS and other NF- κ B-dependent genes 
involved in infl ammation may be regulated by the specifi c 
recruitment of histone deacetylases (HDAC)  [48] , that may 
further enhance cytokine induction of both the iNOS and 
the NF- κ B. HDAC activity/expression is reduced in air-
ways of mild asthmatics  [49]  compared with normal sub-
jects, but may be restored by steroids that activate histone 
acetyltransferases  [49] . It has been shown that in subjects 
with severe asthma and COPD with reduced HDAC activ-
ity, the ability of inhaled steroids to control infl ammation 
may be lost  [49] . 

   Molecular mechanisms underlying this reduction in 
HDAC2 activity is currently believed to be linked to nitra-
tive stress. Peroxynitrite has been reported to alter HDAC2 
function and stability via nitration of tyrosine residues on 
proteins  in vitro  and  in vivo         [50, 51] .  

    Fate of nitrated protein 

   Protein nitration is reported to be more sensitive to 
trypsinization, and TH, once nitrated by peroxynitrite, is 
eliminated by proteasomal degradation        [41, 52] . An increase 
in free nitrotyrosine is also an evidence of nitrated protein 
degradation. Oxidative/nitrative stress may delay the deg-
radation of nitrated proteins due to the inactivation of the 
proteasome  [53] . 

   Interestingly, protein tyrosine nitration is a reversible 
process catalysed by an unknown enzyme  [54]  that removes 
the nitro (NO 2 ) group on nitrated proteins and has been 
referred to as a  “ denitrase ”         [42, 55] . 
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   We have found that denitrase activity in human 
cells and lung tissue is reduced in COPD (Ito and Osoata, 
unpublished)  , suggesting that reduced denitration activity 
could be involved in accumulation of  n -tyrosine in the lung 
as well as elevated NO production.   

    MEASUREMENT OF NO IN EXHALED AIR 

   Several techniques are currently used to measure the frac-
tion of NO in the exhaled air ( Fig. 30.2   ); these are pub-
lished in internationally recognized guidelines        [56, 57] . Th e 
major issues are to control the expiratory fl ow rate  [58]  and 
to use an orapharnygeal pressure that prevents contamina-
tion of the expirate with high NO gas derived from the 
nasopharynx  [59] . 

   Measurement of exhaled NO from a single expiration 
at a fi xed fl ow are simple, highly reproducible  [60] , have 
been used to monitor FE NO  in asthma research  [61]  and are 
now moving into clinical practice  [62] . 

   Methods for measuring exhaled NO at multiple 
expiratory fl ows (ME FE NO )        [63, 64]  have been used to 
detect elevated levels of alveolar NO in asthma        [65, 66]  
leading to the refi nement of analytical methods to poten-
tially discriminate exhaled NO sources in the lung  [67]  
( Fig. 30.2 ). 

   Until recently, no day-to-day and home FE NO  moni-
toring was possible, as portable and simple NO analysers 
were not available. Th e arrival of the fi rst hand-held port-
able NO analyser (NIOX MINO, Aerocrine, Sweden) 

( Fig. 30.2 ) that allows FE NO  measurements with suffi  cient 
accuracy and reproducibility in both children and adults 
       [68, 69] , may considerably change current management 
of asthma, as FE NO  can be measured on a daily basis by 
patients at home and frequently during their regular visits 
to their general practitioner  [62] . 

    Asthma 

   Increased levels of exhaled NO of a predominant lower air-
way origin  [70] , have been widely documented in patients 
with asthma        [17, 71] , and are likely related to activation of 
NOS2 in airway epithelial and infl ammatory cells              [14–18] , 
with a small contribution from NOS1  [4] .  

    Diagnosis 

   Th e diagnostic value of exhaled NO measurements (with 
90% specifi city and 95% positive predictive value) to dif-
ferentiate between healthy subjects with or without respi-
ratory symptoms and patients with confi rmed asthma has 
been reported by several groups        [72, 73] . Th is suggests that 
the simple measurement of exhaled NO can be used as an 
additional diagnostic tool for the screening of patients with 
a suspected diagnosis of asthma. Importantly, normal values 
of FE NO  for adults have been established and can be pre-
dicted on the basis of age and height  [74] . 

   It has been confi rmed that the diagnostic utility of 
exhaled NO and induced sputum are superior to the con-
ventional tests (peak fl ow measurements, spirometry, and 
changes in these parameters after a trial of steroid)  [75] , 

Stationary NO analyser

StationaryStationary NO analyser Portable
NO analyser

Bronchial NOAlveolar NO

Upper airways

Nasal
technique

Larger airways

SEF
technique

Small airways

MEF
technique

Nasal NO

Primary ciliary dyskinesia, CF, allergic rhinitis

Diagnosis (PCD), CF (?), management (?)

Larger airways

Asthma diagnosis, monitoring

Asthma management (hospital, GP, home)

Small airways

COPD, severe asthma

Disease severity (?), management (?)

 FIG. 30.2          Exhaled NO: A marker of airway (SEF technique) and lung infl ammation (MEF technique).   MEF: multiple exhalation fl ow; SEF: single 

exhalation fl ow.    



30Nitric Oxide

367

with exhaled NO being most advantageous because the test 
is quick and easy to perform.  

    Asthma control 

   Monitoring of asthma may be much more conclusive  [76]  
when repetitive  FE NO   measurements, especially made at 
home by a portable NO analyzer, instead of single assess-
ment were used,  changes  in FE NO  correlates signifi cantly not 
only with changes in sputum eosinophils and hyperrespon-
siveness, but also with lung function and asthma symptoms. 

   Jones  et al .  [77]  have demonstrated that repetitive 
exhaled NO measurements have a positive predictive value 
between 80% and 90% for predicting and diagnosing loss 
of control in asthma and are as useful as induced sputum 
eosinophils and airway hyperresponsiveness to hypertonic 
saline, but with the enormous advantage that they are easy 
to perform. 

   An advantage of FE NO  as a  “ loss-of-control-marker ”  
 [78]  is that increase in FE NO  and asthma symptoms may be 
seen before any signifi cant deterioration in airway hyper-
responsiveness, sputum eosinophils, or lung function during 
asthma exacerbation induced by steroid reduction        [18, 79] . 
Exhaled NO levels were (median, interquartile range) 11       ppb 
(9–21)   in children who had good asthma control, 15       ppb 
(11–26) acceptable asthma control, and 28       ppb (19–33) with 
insuffi  ciently controlled asthma  [80] , suggesting NO measure-
ments may be useful for monitoring pediatric asthma in clinic.  

    Inhaled corticosteroids 

    Onset and cessation of action 

   Exhaled NO behaves as a  “ rapid response ”  marker that is 
extremely sensitive to steroid treatment, because it may 
be signifi cantly reduced even 6       h after a single dose of 

nebulized budesonide  [81] , or within 2–3 days        [16, 82]  
after treatment with inhaled corticosteroids (ICS) from a 
metered-dose or dry-powder inhaler. 

   We observed that the onset of action of inhaled 
budesonide on exhaled NO was dose dependent, both 
within the initial phase (fi rst 3–5 days of treatment) and 
during treatment weeks 1, 2, and 3  [82] . Cessation of the 
actions of ICS is a rapid process too and can also be moni-
tored by repetitive NO during the fi rst 3–5 days in patients 
who stopped inhaling budesonide  [82] .  

    Dose dependency 

   We have shown that the acute reduction in exhaled NO 
(within the fi rst 3–5 days of treatment) and the chronic 
reduction (days 7–21) are dose dependent in patients with 
mild asthma who are treated with low doses of budesonide 
 [82] . Serial exhaled NO measurements, as we recently sug-
gested  [61] , may therefore be useful in studying the onset 
and duration of action of ICS, as well as in monitoring 
patient compliance. 

   It is unclear, however, whether exhaled NO can guide 
an asthma treatment strategy. Th us, recent study based on 
the measurement of exhaled NO did not result in a large 
reduction in asthma exacerbations, but resulted in more 
patients on lower doses of ICS over 12 months, when com-
pared with management by current asthma guidelines and 
no measure of FE NO   [83] .   

    iNOS inhibitors 

   Th e fl ux of NO through the airways can be decreased by a 
single dose of inhaled NOS inhibitors in both asthma and 
healthy controls subjects with a greater reduction in patients 
with asthma (80 versus 61%)  [84]  ( Fig. 30.3   ). Th is fi nd-
ing supports the hypothesis that iNOS induction may be 
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responsible for the raised levels of NO in asthma, whereas 
the levels seen in normal subjects seem due to cNOS and 
a low level of iNOS activity.   

    COPD 

   Exhaled NO levels in stable COPD        [19, 20]  are lower than 
in either smoking or nonsmoking asthmatics  [21]  and are not 
diff erent from normal subjects. Patients with unstable COPD, 
however, have high NO levels compared with stable smokers 
or ex-smokers with COPD  [19] , which are still lower than 
expired NO in nonsteroid-treated asthmatic subjects  [85] . 

   Data from experiments using multiple expiratory 
fl ows have demonstrated that the peripheral airways/alve-
olar region is the predominant source of elevated exhaled 
NO in COPD. In contrast, increased exhaled NO levels in 
asthma ( Fig. 30.4   )   are mainly of larger airways/bronchial 
origin  [86] . Prevalence of alveolar-derived NO in COPD is 
possibly related to the iNOS in macrophages, alveolar walls, 
and bronchial epithelium of COPD patients  [87] . 

    Disease severity and progression 

   Severity-related increase of the inferred concentration of 
NO in the alveolar zone, C alv , may be due to higher pres-
ence of iNOS-positive cells in alveolar walls in more severe 
COPD patients  [88] , but not with severe emphysema 
that shows a lower percentage of iNOS-positive alveo-
lar m acrophages than patients with milder disease  [89] . 
Patient with COPD rated as stage Global Initiative for 
Chronic Obstructive Lung Disease II (GOLD II) have C alv  
l evels  [90]  similar to those of more severe asthma patients 

 [91]  ( Fig. 30.4 ) suggesting similar mechanisms may be 
responsible.   

    MONITORING OF SMALL AIRWAY 
INFLAMMATION IN BOTH COPD AND 
SEVERE ASTHMA 

   MEFT FE NO  measurements are highly reproducible, free 
of diurnal variation, unaff ected by smoking, bronchodilator, 
or ICS  [90]  and therefore could be useful for COPD moni-
toring ( Fig. 30.5   ). 

   Interestingly, the elevated levels of alveolar NO are sim-
ilar in COPD  [90]  and severe asthma  [91] , supporting our 
previous fi nding of elevated exhaled FE NO  levels in patients 
with severe  [92]  and diffi  cult steroid-resistant asthma  [93] . 

   Th erefore, diff erential fl ow analysis of exhaled NO 
provides additional information about the sites of infl am-
mation in asthma and COPD which are clearly d iff erent 
  (           Figs. 30.3, 30.4, 30.6 ), may be useful in assessing the 
response of peripheral infl ammation to therapy, including 
its combination with iNOS inhibitors  [94] . 

    iNOS inhibitors 

   Under conditions of infl ammation and oxidative stress, 
superoxide anion will preferentially react with available NO 
rather than its endogenous neutralizer superoxide dismutase, 
thus increasing the formation of peroxynitrite in tissues  [95] . 

   Diff usion of peroxynitrite through biomembranes can 
cause oxidative damage at one to two cell diameters from its 
site of formation  [96]  that may be of importance in COPD 

 FIG. 30.4          Exhaled NO measured with the MEF technique: Alveolar versus bronchial infl ammation is asthma and COPD of diff erent stage and severity. 

From Ref. [84, 90].    
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with its high local NO production  [90] . Th erefore, the use 
of iNOS inhibitors by reducing  “ available ”  NO may restore 
the preferred pathway of superoxide radicals detoxifi cation, 
 via  superoxide dismutase. 

   We have reported this  “ selective inhibition ”  by amino-
guanidine versus placebo of bronchial NO fl ux ( J NO ) in 
COPD patients but not in smokers or normal volunteers  [97]  
( Fig. 30.6 ). Aminoguanidine also caused a decrease in alveolar 
NO (C alv ) in smokers and in COPD but not in healthy con-
trols. Th ese fi ndings give potential new insights into the dif-
ferences between asthma ( Fig. 30.3 ) and COPD ( Fig. 30.6 ).   

    SUMMARY 

   Th e precise infl ammatory pathways and cells, NOS enzyme 
isoforms, and anatomical compartments responsible for 
production of the NO captured in the expirate are areas of 
active investigation ( Fig. 30.7   ). 

   Th ere are two interlinked and equally important 
future areas of NO research: exploring further potential and 
prevalent sources of NO and its role in diff erent diseases 
and the use of NO in clinical medicine, including home 
measurements and routine asthma monitoring.   
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C H A P T E R

          

    Transcription Factors

      INTRODUCTION 

   Infl ammation is a central   feature of asthma and 
chronic obstructive pulmonary disease (COPD). 
Th e specifi c characteristics of the infl ammatory 
response in each disease and the site of infl am-
mation diff er, but both involve the recruitment 
and activation of infl ammatory cells and changes 
in the structural cells of the lung  [1] . Asthma 
and COPD are characterized by an increased 
expression of components of the infl ammatory 
cascade. Th ese infl ammatory proteins include 
cytokines, chemokines, growth factors, enzymes, 
receptors, and adhesion molecules  [2] . Th e 
increased expression of these proteins seen in 
asthma and COPD is the result of enhanced 
gene transcription since many of the genes are 
not expressed in normal cells but are induced in 
a cell-specifi c manner during the infl ammatory 
process  [2] . 

   Changes in gene transcription are regu-
lated by transcription factors, which are pro-
teins that bind to DNA and modulate the 
transcriptional apparatus. Transcription factors 
regulate the expression of many genes, includ-
ing infl ammatory genes, and may play a key role 
in the pathogenesis of asthma and COPD since 
they regulate the increased gene expression that 
may underlie the acute and chronic infl amma-
tory mechanisms that characterize these dis-
eases        [1, 3] . Transcription factors may amplify 
and perpetuate the infl ammatory process, so it 
is possible that abnormal functioning of tran-
scription factors may determine disease severity 
and response to treatment. Th e increased under-
standing of the role of transcription factors in 
the pathogenesis of asthma and COPD has also 
opened an opportunity for the development of 
new potential anti-infl ammatory drugs  [4] . 

   Several new compounds based on inter-
acting with specifi c transcription factors or their 
activation pathways are now in development for 
the treatment of asthma and COPD, and some 
drugs already in clinical use (such as glucocor-
ticoids) are thought to work via transcription 
factors. Glucocorticoids are eff ective therapy in 
the long-term control of asthma. One of their 
mechanisms of action in asthmatic airways is 
by inhibiting the action of transcription fac-
tors that regulate infl ammatory gene expression 
 [5] . Glucocorticoids may also have a benefi cial 
eff ect in COPD during exacerbations, although 
this is less marked than in asthma, indicating 
that diff erent genes and transcription factors 
are involved and emphasizing the importance 
of cell-specifi c transcription factors. 

   One concern about this approach is the 
specifi city of such drugs, but it is clear that 
transcription factors have selective eff ects on 
the expression of certain genes and this may 
make it possible to be more selective. In addi-
tion, there are cell-specifi c transcription factors 
that may be targeted for inhibition, which could 
provide selectivity of drug action. One such 
example is GATA3, which has been reported 
to have a restricted cellular distribution  [6] . In 
asthma and COPD it may be possible to tar-
get drugs to the airways by inhalation, as is cur-
rently performed for inhaled glucocorticoids, to 
systemic eff ects. 

   Despite the fact that many transcription 
factors have now been discovered there is still 
a paucity of data concerning the regulation of 
transcription factors in the human lungs. Th is 
chapter briefl y reviews the physiological func-
tion of the transcription factors in the normal 
cells and the role of some transcription factors 
that may be relevant in the pathogenesis of 
asthma and COPD.  
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    TRANSCRIPTION FACTORS 

   Transcription factors are proteins that bind to DNA-regu-
latory sequences (enhancers and silencers), usually local-
ized in the 5
-upstream region of target genes, to modulate 
the rate of gene transcription. Th is may result in increased 
or decreased gene transcription, protein synthesis, and sub-
sequent altered cellular function. Many transcription fac-
tors have now been identifi ed and a large proportion of the 
human genome appears to code for these proteins. 

   Several families of transcription factors exist and 
members of each family may share structural characteristics. 
Th ese families include 

      ●      helix-turn-helix (e.g. Oct-1),  

      ●      helix-loop-helix (e.g. E2A),  

      ●      zinc fi nger (e.g. glucocorticoid receptors, GATA 
proteins),  

      ●      basic protein-leucine zipper [cyclic AMP response 
element-binding factor (CREB), activator protein-1 
(AP-1)],  

      ●       β -sheet motifs [e.g. nuclear factor-κB (NF-κB)] 
       [4, 7]  ( Table 31.1   ).    

   Many transcription factors are common to several 
cell types (ubiquitous), such as AP-1 and NF-κB, and 
may play a general role in the regulation of infl ammatory 
genes, whereas others are cell-specifi c and may determine 
the phenotypic characteristics of a cell. Transcription fac-
tor activation is complex and may involve multiple intrac-
ellular signal transduction pathways, including the kinases 
PKA, MAPKs, JAKs, and PKCs, stimulated by cell-surface 
receptors        [8, 9] . Transcription factors may also be directly 
activated by ligands such as glucocorticoids and vitamins 
A and D  [5] . Transcription factors may therefore convert 
transient environmental signals at the cell surface into long-
term changes in gene transcription, thus acting as  “ nuclear 
messengers. ”  Transcription factors may be activated within 
the nucleus, often with the transcription factor already 
bound to DNA, or within the cytoplasm, resulting in expo-
sure of nuclear localization signals and targeting to the 

nucleus  [5] . It is becoming clear that post-translational 
modifi cations of transcription factors by phosphoryla-
tion, acetylation, and nitration can have profound eff ects 
on either the DNA-binding capacity or the transcriptional 
activity of a transcription factor  [10] . Th is is exemplifi ed 
by changes in p65 NF- κ B phosphorylation and acetyla-
tion which alter its association with transcriptional coacti-
vator and repressor complexes resulting in changes in gene 
expression profi le          [11–13] . 

    Cross-talk 

   One of the most important concepts to have emerged is 
the demonstration that transcription factors may physically 
interact with each other to form homodimers or heterodim-
ers, resulting in inhibition or enhancement of transcrip-
tional activity at a site distinct from the consensus target for 
a particular transcription factor ( Fig. 31.1   ). Th is then allows 
cross-talk between diff erent signal transduction pathways 
at the level of gene expression. Generally it is necessary to 
have coincident activation of several transcription factors 
in order to have maximal gene expression. Th is may explain 
how transcription factors that are ubiquitous may regulate 
particular genes in certain types of cells        [4, 10] . 

   Th e complexity of the activation pathways and their 
ability to engage in cross-talk enables cells to overcome 
inhibition of one pathway and retain a capacity to activate 
specifi c transcription factors. Th is cross-talk and redundancy 
may also hinder the search for novel anti-infl ammatory 
agents targeted toward transcription factor activation. 
Binding of transcription factors to their specifi c bind-
ing motifs in the promoter region may alter transcription 
by interacting directly with components of the basal tran-
scription apparatus or via cofactors that link the transcrip-
tion factor to the basal transcription apparatus  [14] . Large 
proteins that bind to the basal transcription apparatus bind 
many transcription factors and thus act as integrators of 
gene transcription. Th ese coactivator molecules include 
CREB-binding protein (CBP), and the related p300, thus 
allowing complex interactions between diff erent signaling 
pathways  [14] .  

    Histone acetylation 

   DNA is wound around histone proteins to form nucleo-
somes and the chromatin fi ber in chromosomes  [15] . 
It has long been recognized at a microscopic level that 
chromatin may become dense or opaque owing to the 
winding or unwinding of DNA around the histone core 
 [16] . CBP, p300, and other coactivators have histone acety-
lase activity (HAT) which is activated by the binding of 
transcription factors, such as AP-1, NF-κB, and STATs 
( Fig. 31.2   )        [14, 15] . Acetylation of histone residues results 
in unwinding of DNA coiled around the histone core, thus 
opening up the chromatin structure, allowing increased 
transcription. Histone deacetylation by specifi c histone 
deacetylases (HDACs) reverses this process, leading to gene 
repression  [17] .   

 TABLE 31.1          Transcription factor families involved in the pathogenesis of 

asthma and COPD.  

   GR  NFATs 

   NF-κB  GATA 

   AP-1  HIF-1 

   CREB  C/EBP 

   STATs  SP1   

  GR: glucocorticoids receptor; NF-κB: nuclear factor-kappa B; AP-1: activator protein 1; 

CREB: cyclic AMP response element binding protein; STATs: signal transducers and 

activators of transcription; NFATs: nuclear factors of activated T cells; GATA: GATA 

binding proteins; HIF-1: hypoxia-inducible factor-1; C/EBP: CAAT/enhancer-binding 

protein; SP1: specifi city protein 1.  
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    TRANSCRIPTION FACTORS IN ASTHMA 

   Asthma is a complex chronic infl ammatory disease of the 
airways that involves the activation of many infl amma-
tory and structural cells, all of which release infl amma-
tory mediators that result in the typical clinicopathological 
changes of asthma. Th e chronic airway infl ammation of 
asthma is unique in that the airway wall is infi ltrated by 
T-lymphocytes of the T-helper (Th ) type 2 phenotype, 
eosinophils, macrophages/monocytes, and mast cells. In 
addition, an  “ acute-on-chronic ”  infl ammation may be 
observed during exacerbations, with an increase in eosi-
nophils and sometimes also neutrophils  [5] . 

    The role of transcription factors in 
diff erentiation of Th1/Th2 cells 

   CD4  �   T-helper (Th ) cells can be divided into three major 
subsets, termed Th 1, Th 2, and Th 0 based on the pattern of 
cytokines they produce  [18] . Th 1 cells produce predominantly 
IL-2 and interferon gamma (IFN- γ ) and predominantly 
promote cell-mediated immune responses. Th 2 cells, which 
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In response to stress and other stimuli, such as cytokines, various second 

messenger systems are upregulated, leading to activation of signal-

dependent transcription factors such as CREB, NF-κB, AP-1, and STAT 

proteins. Binding of these factors leads to recruitment of CBP and/or other 

coactivators to signal-dependent promoters and acetylation of histones by 

an intrinsic acetylase activity (HAT). Induction of histone acetylation allows 

the formation of a more loosely packed nucleosome structure which enables 

access to TATA box-binding protein (TBP) and associated factors (TAFs) and 

the recruitment of further remodeling factors including switch/sucrose 

nonfermentable (SWI/SNF). Remodeling thereby allows RNA polymerase II 

recruitment and the activation of infl ammatory gene transcription.    
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produce mainly interleukins (IL-4, IL-5, and IL-13), aug-
ment certain B-cell responses. IL-4 in particular is the major 
inducer of B-cell switching to immunoglobulin E (IgE) pro-
duction, and therefore plays a crucial role in allergic reactions 
involving IgE and mast cells. Th  cells producing cytokines 
typical of both Th 1 and Th 2 clones have also been described 
and they have been named Th 0  [1] . 

   Evidence indicates that Th 1 and Th 2 cells diff erenti-
ate from a common precursor, naive T-cells. Th is appears to 
be a multistep process, in which naive T-cells pass through 
an intermediate stage (Th 0) at which both Th 1 and Th 2 
cytokines are produced ( Fig. 31.3   ). Transcription factors, 
including GATA3, T-bet, c-maf, and STAT6, are involved 
in the molecular mechanisms by which Th 1 and Th 2 
cells diff erentially express the Th 1 and Th 2 cytokines 
       [19, 20]  and that this may have diff ering consequences on 
subepithelial fi brosis, airway smooth muscle hyperplasia 
and mucus hyperplasia as a consequence of eff ects on 
TGF- β  and CCL11 expression  [21] . However, most of 
these studies were conducted on murine T-cells, and the sit-
uation in human T-cells, in physiological and pathological 
conditions (e.g. bronchial asthma) remain largely unknown. 
A key role for regulatory T-cells (e.g. Treg and Th -17) has 
also been proposed in asthma, particularly in those patients 
with severe disease        [22, 23] . Production of the Treg phe-
notype is associated with the transcription factor Foxp3 
whose DNA binding to gene promoters has recently been 
mapped  [24]  and whose activity is also dependent upon 
NF-AT  [25] .  

    Determination of asthma severity 

   Activation of NF-κB leads to the coordinated induction 
of multiple genes that are expressed in infl ammatory and 
immune responses. Many of these genes are induced in 
infl ammatory and structural cells and play an important 
role in the infl ammatory process. 

    NF-κB 

   While NF-κB is not the only transcription factor involved 
in regulation of the expression of these genes, it often 
appears to have a decisive regulatory role. NF-κB often 
functions in cooperation with other transcription factors, 
such as AP-1 and C/EBP, which are also involved in regu-
lation of infl ammatory and immune genes        [10, 26] . Genes 
induced by NF-κB include those for the proinfl ammatory 
cytokines IL-1 β , TNF- α , and GM-CSF and the chemok-
ines IL-8, macrophage infl ammatory protein-1 α  (MIP-1 α ), 
macrophage chemotactic protein-1 (MCP-1), RANTES, 
and eotaxins, that are largely responsible for attracting 
infl ammatory cells into sites of infl ammation        [4, 7] . NF-
κB also regulates the expression of infl ammatory enzymes, 
including the inducible form of nitric oxide synthase 
(NOS 2 ) that produces large amounts of nitric oxide (NO). 
NF-κB also plays an important role in regulating expres-
sion of adhesion molecules, such as vascular cell adhesion 
molecule-1 (VCAM-1) and intercellular adhesion molecule-1 
(ICAM-1), that are expressed on endothelial and epithelial 
cells at infl ammatory sites and play a key role in the initial 
recruitment of infl ammatory cells        [4, 7] . 

   Data also suggest that NF-κB may be activated by 
many of the stimuli that exacerbate asthmatic infl ammation 
(e.g. rhinovirus infection, allergen exposure, proinfl amma-
tory cytokines, and oxidants)          [27–29] . Th ere is also evidence 
for activation of NF-κB in bronchial epithelial and sputum 
cells of patients with asthma  [30] . NF-κB is an ampli-
fying and perpetuating mechanism that exaggerates the 
disease-specifi c infl ammatory process through the coordi-
nated activation of multiple infl ammatory genes. Th e degree 
of NF- κ B phosphorylation and acetylation in asthma is 
unknown as is the specifi c transcriptome associated with 
each modifi ed NF- κ B  [10] . Inhibitors of the control-
ling kinase (Inhibitor of  κ B kinase 2, IKK2) are in clinical 
development for asthma and other infl ammatory diseases 
with the hope of achieving as good an anti-infl ammatory 
eff ect as glucocorticoids without the side eff ects  [31] .  

    AP-1 

   AP-1 is a collection of related transcription factors belong-
ing to the Fos (c-Fos, FosB) and Jun (c-Jun, JunB, JunD) 
families which dimerize in various combinations through 
their leucine zipper region. Fos/Jun form heterodimers 
with high affi  nity and are the predominant form of AP-1 
in most cells, whereas Jun/Jun homodimers bind with low 
affi  nity and are less abundant  [32] . AP-1 may be activated 
by various cytokines, including TNF- α  and IL-1 β , via sev-
eral types of protein tyrosine kinase (PTK) and mitogen-
activated protein (MAP) kinases in particular JUN-N-
terminal kinase ( JNK), which themselves activate a cascade 
of intracellular kinases  [9] . AP-1, like NF-κB, regulates 

IL-12R

IL-4R

TCR

STAT4
JNK2
P38

NFATc2
NFATc3
JNK1

c-Maf
GATA3
STAT6
NFATc1 Th2 cell

IL-4, 5, 6, 9, 10, 13

Th1 cell

IFN-γ

Th0
cell

 FIG. 31.3          Diff erentiation of T-cell subtypes depends upon the action 

of a number of transcription factors. Th0 cells can diff erentiate into Th1 

and Th2 cells following IL-12 or IL-4 stimulation. Stimulation through 

the IL-12 receptor (IL-12) activates the transcription factor STAT4 and the 

MAPK pathways JNK2 and p38 and drives Th1 cell diff erentiation, leading 

to cells capable of releasing IFN- γ . In contrast, activation of the IL-4R in 

concert with T-cell receptor (TCR) stimulation leads to activation of the 

transcription factors STAT6, GATA3, c-Maf, and NFATc1, and drives Th2 

cell diff erentiation. Th2 cells can release a number of cytokines including 

interleukins 4, 5, 6, 9, 10, and 13. In addition, activation of JNK1, NFATc2, 

and NFATc3 can prevent Th2 cell diff erentiation.    



31Transcription Factors

377

many of the infl ammatory and immune genes that are over-
expressed in asthma. Indeed many of these genes require the 
simultaneous activation of both transcription factors that 
work together cooperatively. Th ere is evidence for increased 
expression of c-Fos in bronchial epithelial cells in asthmatic 
airways  [33]  and an even greater expression in patients with 
severe, treatment-insensitive asthma        [34, 35] , and many of 
the stimuli relevant to asthma that activate NF-κB will also 
activate AP-1. Inhibitors of JNK are being developed  [32]  
and these show good eff ectiveness against bronchial hyper-
responsiveness, bronchoalveolar lavage (BAL) infl ammatory 
cells, and airway remodeling in animal models of asthma 
 [36] . Interestingly, JNKs are also involved in T-cell class 
switching and their inhibitors may also have a profound 
immunomodulatory role  [32] .  

    STATs and other transcription factors 

   Signal transduction-activated transcription factor-6 (STAT6) 
also provides a target as a potential treatment for allergic 
asthma. STAT6 knockout mice have no response to IL-
4, do not develop Th 2 cells in response to IL-4, and fail to 
produce IgE, bronchial hyperresponsiveness, or BAL eosi-
nophilia after allergen sensitization indicating the critical 
role of STAT6 in allergic responses  [37] . STAT6 has been 
reported to be overexpressed in bronchial biopsies from 
asthmatic patients  [38] . In addition, evidence exists for 
enhanced expression of STAT1 in the airways of asthmatic, 
but not of COPD subjects  [39] . Indeed, decoy oligonucle-
otides against STAT1 are in early clinical development for 
asthma  [40] . 

   Cyclosporin has been used as an immunomodulator 
for many years although its side eff ect profi le limits its util-
ity in asthma  [1] . Its target is cyclophilin which controls the 
dephosphorylation of NF-AT (nuclear factor of activated 
T-cells) and thereby the expression of key Th 2 cytokines 
including IL-13        [4, 7] . 

   Sp1 is a ubiquitous transcription factor that binds 
to GC-boxes and related motifs, which are frequently 
occurring DNA elements present in many promoters and 
enhancers. Modifi cation of these sites within the IL-10 and 
IL-4 and the 5-lipoxygenase promoters has been associated 
with altered expression of these genes in distinct patient 
groups        [41, 42] .   

    Transcription factors and glucocorticoid 
action 

   Glucocorticoids belong to the family of nuclear steroid hor-
mone receptors and are important anti-infl ammatory agents 
used in the treatment of chronic infl ammatory diseases such 
as asthma  [5] . Functionally they act by suppressing airway 
hyperresponsiveness, reducing airway edema and the infi l-
tration of infl ammatory cells from the blood to the airway 
and thereby reducing the airway infl ammatory response  [5] . 
Glucocorticoid receptors (GR) are predominantly local-
ized to the airway epithelium, alveolar macrophages and 
endothelium  [5] , which are, therefore, probably important 
sites for the anti-infl ammatory action of steroids, especially 
those delivered by the inhaled route. Airway epithelial cells 

act as important regulators of the infl ammatory reaction, 
responding to various infl ammatory mediators, such as 
cytokines, by the production of a wide range of cytokines, 
chemokines, and other infl ammatory mediators  [5] . 

   Glucocorticoids bind to and activate a cytosolic recep-
tor (GR) which then translocates to the nucleus. Within the 
nucleus two GR subunits form a dimer and bind to specifi c 
DNA elements (glucocorticoid response elements or GREs) 
in the promoter regions of glucocorticoid-responsive genes, 
resulting in modulation of transcription  [5] . Several genes 
are upregulated by glucocorticoids, including the  β  2 -receptor, 
MAPK phosphatase (MKP1), and serum leukoprotease 
inhibitor (SLPI). However, in infl ammation the major role 
of glucocorticoids appears to be gene repression. Evidence 
accumulated over the past few years has suggested that a 
major mechanism of glucocorticoids is repression of the 
actions of AP-1 and NF-κB  [5] . 

   Th e major eff ect of glucocorticoids is on gene tran-
scription although actions on mRNA stability do occur with 
specifi c genes under the control of MKP-1  [43] . Several 
molecular mechanisms for the suppressive actions of the 
activated GR on NF- κ B-mediated gene transcription have 
been proposed, but it is likely that a combination of inhibi-
tion of histone H4 acetylation on lysines 8 and 12 induced 
by infl ammatory mediators, such as IL-1 β  and TNF- α , lead 
to changes in the ability of RNA polymerase II to tran-
scribe mRNA            [5, 44–46] . Th is eff ect on histone acetylation 
is achieved by a direct inhibition of CBP-associated histone 
acetylation and by recruitment of HDAC2 to the activated 
DNA-bound NF- κ B complex  [44]  ( Fig. 31.4   ). Of inter-
est is that oxidative stress that modulates HDAC activity is 
able to markedly alter the expression of some infl ammatory 
mediators and reduce glucocorticoid responsiveness  [47] . 
We have recently reported that the expression of HDAC2 
is reduced in the lung of patients with COPD  [48]  and that 
overexpression of HDAC2 restores glucocorticoid sensitivity 
in BAL macrophages from these patients  [49] . Th e failure of 
glucocorticoids to regulate proopiomelanocortin (POMC) 

Nucleosomes

GR

PCAF

�

� 

HAT

CBP

HDAC co
mplex

p65p50

 FIG. 31.4          The actions of the dexamethasone/GR complex on inhibition 

of IL-1 β -stimulated histone acetylation. DNA-bound p65 induces histone 

acetylation via activation of CBP and a CBP-associated HAT complex 

to occur. This causes local unwinding of DNA and increased gene 

transcription. GR, acting as a monomer, interacts with CBP causing an 

inhibition of CBP-mediated HAT activity. In addition, GR also recruits HDAC2 

to the p65/CBP complex, further reducing local HAT activity, leading to 

enhanced nucleosome compaction and repression of transcription.    



Asthma and COPD: Basic Mechanisms and Clinical Management

378

expression in Cushing’s disease has also been related to a 
lack of HDAC2  [46]  and targeting of these enzymes may 
provide another novel target for future drug discovery. 

   Glucocorticoids are able to activate the expression of 
a number of anti-infl ammatory genes due to GR binding to 
specifi c GREs in the promoter regions of responsive genes 
 [5] . Th is is often in conjunction with other transcription 
factors and activation of CAAT/enhancer-binding protein 
(C/EBP α ) by long-acting  β  2 -agonists in airway smooth 
muscle cells has been proposed to account, at least in part, 
for the enhanced eff ect of combination treatment in asth-
matic patients  [50] . Loss of C/EBP α  expression in some 
asthmatic patients may account for steroid eff ectiveness in 
these subjects  [50] . 

   A very small number of asthmatic patients are 
steroid-resistant and fail to respond to even high doses of 
oral glucocorticoids (so called steroid-resistant asthma). 
Th is defect is also present in their peripheral blood mono-
nuclear cells (PBMCs) and T-lymphocytes  [35] . Although 
ligand binding data show no change in GR number in these 
patients, immunocytochemistry indicates a reduced GR 
nuclear translocation which may account for the reduced 
binding to DNA seen in these patients  [51] . Altered 
nuclear translocation is aff ected by GR phosphorylation 
status  [52] , which may also be a target for long-acting 
 β -agonists  [5] . In the same patients there is a reduced 
inhibitory eff ect of glucocorticoids on AP-1 activation, 
but not on NF-κB. Furthermore, there is an increase in the 
baseline activity of AP-1 which appears to be due to exces-
sive activation of JNK        [53, 54] . Th is resistance will be seen 
at the site of infl ammation where AP-1 is activated but not 
at uninfl amed sites. Th is may explain why patients with 
steroid-resistant asthma are not resistant to the endocrine 
and metabolic eff ects of glucocorticoids, and thus develop 
the drug’s systemic side eff ects.   

    TRANSCRIPTION FACTORS IN COPD 

   In contrast to the enormous increase in our understand-
ing of the pathogenesis of asthma, less is known about the 
molecular pathogenesis of COPD  [55] . 

    Transcription factors and disease 
susceptibility 

   Th e etiology of COPD appears to be due to interactions 
between environmental factors (particularly cigarette smok-
ing) and genetic factors. Chronic heavy cigarette smoking 
is currently the cause of more than 90% of cases of COPD 
in Westernized countries, so environmental factors are 
clearly very important. However, it is important to iden-
tify the factors that determine why only 15–20% of chronic 
heavy cigarette smokers develop symptomatic COPD  [55] . 
So far, this is little understood, although it is likely that 
genetic factors are important. Th ere is convincing evidence 
that several genes infl uence the development of COPD. 
In a complex polygene disease such as COPD, it is likely 

that multiple genes are operating and that the infl uence of 
each gene in isolation may be relatively weak. Th e suscepti-
bility to develop COPD with smoking is likely to depend 
on the coincidence of several gene polymorphisms that act 
together  [55] . 

   Th e only clearly established, but rare, genetic risk fac-
tor for COPD is  α  1 -antitrypsin defi ciency ( α  1 -AT)  [56] . 
Approximately 95% of cases of clinical  α  1 -AT defi ciency 
are caused by a single amino acid substitution at position 
342 (lysine for glutamic acid) in the coding region of the 
 α  1 -AT gene (Z allele). Th is genotype is uncommon, but a 
Taq1 polymorphism in the 3’-fl anking region of the  α  1 -
AT gene has been reported to be present in 18% of COPD 
patients but in only 5% of the general population in the 
United Kingdom  [56] . Although this mutation is not asso-
ciated with an abnormal  α  1 -AT protein expression, this 
genetic variant is within an enhancer sequence (which con-
tains C/EBP-binding sites) and may impair the acute-phase 
increase in  α  1 -AT gene expression in response to IL-6  [57] .  

    Transcription factors and clinical 
manifestations of COPD 

   Th e chronic airfl ow obstruction in tobacco smoking-related 
COPD results from a combination of airway disease, which 
particularly aff ects small airways, and loss of lung elasticity 
because of destruction of the lung parenchyma. Th e modu-
lation of the infl ammatory response in COPD by genetic 
factors associated with transcription factors may, in part, 
cause of the diff erent clinical phenotypes of patients with 
COPD  [4] ; however, it is clear that COPD patients have 
marked infl ammation, which increases with disease stage 
 [58] . Patients with COPD are reported to have increased 
activation of NF- κ B in sputum and lung tissue macro-
phages and bronchial epithelial cells          [59–61] . Th e activation 
status of NF- κ B and its repression by glucocorticoids may 
also be aff ected by altered expression of HDAC2        [48, 49]  
and of the protein deacetylase sirtuin (SIRT1)  [62] . 

   Hogg and colleagues  [58]  were able to show that the 
mRNA expression of the transcription factors early growth 
response (Egr)-1 and c-Fos were increased in bronchial 
biopsies and that exposure of fi broblasts to cigarette smoke 
enhanced Egr-1 expression  [63] . Th is results in subsequent 
induction of MMP2 expression  in vitro  and  in vivo   [64] . 
In contrast to the tissue destruction seen in the alveoli in 
COPD patients, the small airways are characterized by 
fi brosis and increased smooth muscle. Activation of Smad 
factors by growth factors, such as TGF β , may be important 
in this process and Smad3 knockout mice develop emphy-
sema  [65] . In addition, expression of the inhibitory Smad7 
is reduced in epithelial cells of COPD (Global Initiative 
for Chronic Obstructive Lung Disease, GOLD stage II) 
patients  [66] . 

   In contrast to asthma, where C/EBP α  is abnormally 
expressed, Borger and colleagues have reported a reduc-
tion of C/EBP δ  in patients with COPD  [67] . Activation of 
STAT4 is critical for the diff erentiation of Th 1/Tc1 cells T-
cells and the production of IFN- γ   [68] . We have reported 
increased expression of activated phospho-STAT4 in bron-
chial biopsies and BAL lymphocytes of COPD patients and 
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that this correlated with the degree of airfl ow obstruction 
and the number of IFN- γ   �   cells. In contrast, T-bet expres-
sion was not altered  [68] . 

   Recently it has been suggested that in patients with 
COPD and symptoms of chronic bronchitis there is an 
increased prevalence of a common polymorphism in the 
5’-fl anking region of the TNF- α  gene, which was previ-
ously found to be associated with high baseline and induced 
TNF- α  expression  [69] . Unfortunately, recent results indi-
cate that anti-TNF α  therapy is ineff ective in COPD  [70] .   

    CONCLUSION 

   In the future the role of transcription factors and the genetic 
regulation of their expression in asthma and COPD may be 
an increasingly important aspect of research, as this may be 
one of the critical mechanisms regulating the expression 
of clinical phenotypes and their responsiveness to therapy. 
Despite recent advances in the knowledge of the patho-
genesis of asthma and COPD, much more research on the 
molecular mechanisms of asthma and COPD are needed to 
aid the logical development of new therapies for these com-
mon and important diseases, particularly in COPD where 
no eff ective treatments currently exist.   
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C H A P T E R

                     

    Neural and Humoral Control of the Airways

    INTRODUCTION 

   Airway nerves and circulating hormones regu-
late the caliber of the airways and have an infl u-
ence on airway smooth muscle tone, airway 
blood fl ow, and mucus secretion. Th ey may also 
infl uence the infl ammatory process and play an 
integral role in host defense. Th ere is increasing 
evidence that neural and humoral mechanisms 
may play a role in the pathophysiology of asthma 
and COPD, and several of the treatments used 
interact with neural or humoral control.  

    NEURAL CONTROL 

    Overview of airway innervation 

   Neural control of airway function is complex 
and many neurotransmitters are autonomic 

receptors are involved. Th ree types of airway 
nerve are recognized: 

    1.     parasympathetic nerves which primarily 
release acetylcholine (ACh)  

    2.     sympathetic nerves which primarily release 
norepinephrine (noradrenaline)  

    3.     aff erent (sensory nerves) whose primary 
transmitter is glutamate.    

   In addition to these classical transmitters, 
multiple neuropeptides have now been localized 
to airway nerves and may have potent eff ects on 
airway function  [1] . All of these neurotransmit-
ters act on autonomic receptors that are expressed 
on the surface of target cells in the airway. It is 
increasingly recognized that a single transmitter 
may act on several subtypes of receptor, which 
may lead to diff erent cellular eff ects mediated via 
diff erent second messenger systems. 

   Several neural mechanisms are involved 
in the regulation of airway caliber and abnor-
malities in neural control may contribute to 
airway narrowing in disease ( Fig. 32.1   ). Neural 
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mechanisms are involved in the pathophysiology of asthma 
and COPD, contributing to the symptoms, and possibly to 
the infl ammatory response  [2] . Th ere is a close interrela-
tionship between infl ammation and neural responses in the 
airways, since infl ammatory mediators may infl uence the 
release of neurotransmitters via activation of sensory nerves 
leading to refl ex eff ects and via stimulation of pre-junctional 
receptors that infl uence the release of neurotransmitters  [3] . 
In turn, neural mechanisms may infl uence the nature of the 
infl ammatory response, either reducing infl ammation or 
exaggerating the infl ammatory response. Neuroimmmune 
interactions in asthma are increasingly recognized, particu-
larly the role of neurotrophins released from infl ammatory 
and immune cells in the airways  [4] .  

    Neural interactions 

   Complex interactions between various components of the 
autonomic nervous system are now recognized. Adrenergic 
nerves may modulate cholinergic neurotransmission in the 
airways and sensory nerves may infl uence neurotransmission 
in parasympathetic ganglia and at post-ganglionic nerves. 
Th is means that changes in the function of one neural path-
way may have eff ects on other pathways.  

    Co-transmission 

   Almost every nerve contains multiple transmitters. Th us 
airway parasympathetic nerves, in which the primary trans-
mitter is ACh, also contain the neuropeptides vasoactive 
intestinal polypeptide (VIP), peptide histidine isoleucine/
methionine (PHI/M), pituitary adenylyl cyclase activating 
peptide (PACAP), helodermin, galanin, and neuronal nitric 
oxide synthase ( Fig. 32.2   ). Th ese co-transmitters may have 

either facilitatory eff ects or antagonistic eff ects on target 
cells, or may infl uence the release of the primary transmitter 
via pre-junctional receptors. Th us VIP modulates the release 
of ACh from airway cholinergic nerves. Sympathetic nerves, 
which release noradrenaline, may also release neuropep-
tide Y (NPY) and enkephalins, whereas aff erent nerves 
may contain a variety of peptides including substance P 
(SP), neurokinin A (NKA), calcitonin gene-related peptide 
(CGRP), galanin, VIP, and cholecystokinin. 

   Th e physiological role of neurotransmission may be
in  “ fi ne tuning ”  of neural control. Neuropeptides may 
be preferentially released by high frequency fi ring of nerves, 
and their eff ects may therefore only become manifest under 
condition of excessive nerve stimulation. Neuropeptide 
neurotransmitters may also act on target cells diff erent from 
the primary transmitter, resulting in diff erent physiological 
eff ects. Th us in airways ACh causes bronchoconstriction, 
but VIP which is co-released may have its major eff ect on 
bronchial vessels, thus increasing blood fl ow to the airways. 
In chronic infl ammation the role of co-transmitters may be 
increased by alterations in the expression of their receptors 
or by increased synthesis of transmitters via increased gene 
transcription.   

    SENSORY NERVES 

   Th e sensory innervation of the respiratory tract is mainly car-
ried in the vagus nerve. Th e neuronal cell bodies are localized 
to the nodose and jugular ganglia and input to the solitary 
tract nucleus in the brain stem. A few sensory fi bers sup-
plying the lower airways enter the spinal cord in the upper 
thoracic sympathetic trunks, but their contribution to respi-
ratory refl exes is minor and it is uncertain whether they are 
represented in humans. Th ere is a tonic discharge of sensory 
nerves that has a regulatory eff ect on respiratory function 
and also triggers powerful protective refl ex mechanisms in 
response to inhaled noxious agents, physical stimuli, or cer-
tain infl ammatory mediators. 

   At least three types of aff erent fi ber have been identi-
fi ed in the lower airways  [5]  ( Fig. 32.3   ). Most of the infor-
mation on their function has been obtained from studies in 
anesthetized animals, so it is diffi  cult to know how much 
of the information obtained in anesthetized animals can be 
extrapolated to human airways. 

    Slowly adapting receptors 

   Myelinated fi bers associated with smooth muscle of proxi-
mal airways are probably slowly adapting (pulmonary 
stretch) receptors (SARs) that are involved in refl ex con-
trol of breathing. Activation of SARs reduces eff erent vagal 
discharge and mediates bronchodilatation. During tracheal 
constriction the activity of SARs may serve to limit the
bronchoconstrictor response. SARs may play a role in 
the cough refl ex since when these receptors are destroyed by 
high concentration of SO 2  the cough response to mechani-
cal stimulation is lost.  
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    Rapidly adapting receptors 

   Myelinated fi bers in the epithelium, particularly at the branch-
ing points of proximal airways, show rapid adaptation. Rapidly 
adapting receptors (RARs) account for 10–30% of the myeli-
nated nerve endings in the airways. Th ese endings are sensitive 
to mechanical stimulation and to mediators such as histamine. 
Th e response of RAR to histamine is partly due to mechani-
cal distortion consequent on bronchoconstriction, although if 
this is prevented by pre-treatment with isoprenaline the RAR 
response is not abolished, indicating a direct stimulatory eff ect 
of histamine. It is likely that mechanical distortion of the air-
way may amplify irritant receptor discharge. 

   RAR with widespread arborizations are very numer-
ous in the area of the carina, where they have been termed 
 “ cough receptors ”  as cough can be evoked by even the slight-
est touch in this region. RAR respond to inhaled cigarette 
smoke, ozone, serotonin, and prostaglandin F 2 α  , although 
it is possible that these responses are secondary to the 
mechanical distortion produced by the bronchoconstrictor 
response to these irritants. Neurophysiological studies using 
an  in vitro  preparation in guinea pig trachea and bronchi 
show that a majority of aff erent fi bers are myelinated and 
belong to the A δ -fi ber group. Although these fi bers are acti-
vated by mechanical stimulation and low pH, they are not 
sensitive to capsaicin, histamine, or bradykinin        [6, 7] .  

    C-Fibers 

   Th ere is a high density of unmyelinated (C-fi bers) in the 
airways and they greatly outnumber myelinated fi bers. In 
the bronchi C-fi bers account for 80–90% of all aff erent fi b-
ers in cats. C-fi bers play an important role in the defense of 
the lower respiratory tract. C-fi bers contain neuropeptides, 
including SP, NKA, and CGRP, that confers a motor func-
tion on these nerves. Bronchial C-fi bers are insensitive to lung 
infl ation and defl ation but typically respond to chemical stim-
ulation.  In vivo  studies suggest that bronchial C-fi bers in dogs 
respond to the infl ammatory mediators histamine, bradykinin, 

serotonin, and prostaglandins. Th ey are selectively stimulated 
by capsaicin given either by intravenously or by inhalation and 
are also stimulated by SO 2  and cigarette smoke. Since these 
fi bers are relatively unaff ected by lung mechanics, it is likely 
that these agents act directly on the unmyelinated endings in 
the airway epithelium. In the  in vitro  guinea pig trachea prep-
aration C-fi bers are stimulated by capsaicin and by brady-
kinin, but not by histamine, serotonin, or prostaglandins (with 
the possible exception of prostacyclin)  [6] . 

   RARs and C-fi bers are sensitive to water and hyper-
osmotic solutions, with RARs showing a greater sensitiv-
ity to hypotonic and C-fi bers to hypertonic saline.  In vitro  
guinea pig trachea preparation A δ  fi bers and C-fi bers are 
stimulated by water and by hyperosmolar solutions; a small 
proportion of A δ  fi bers are also stimulated by low-chloride 
solutions, whereas the majority of C-fi bers are  [8] . C-fi bers 
are activated by capsaicin, which acts through vanilloid or 
TRPV1 receptors, for which small molecule inhibitors are 
now in development  [9] .  

    Cough 

   Cough is an important defense refl ex, which may be trig-
gered from either laryngeal or lower airway aff erents and is 
an important symptom of asthma and COPD  [10] . Th ere is 
debate about which are the most important aff erents for ini-
tiation of cough and this may be dependent on the stimulus. 
Th us RARs are activated by mechanical stimuli (e.g. particu-
late matter), bronchoconstrictors and hypotonic saline and 
water, whereas C-fi bers are more sensitive to hypertonic solu-
tions, bradykinin, and capsaicin. In normal humans inhaled 
capsaicin is a potent tussive stimulus and this is associated 
with a transient bronchoconstrictor refl ex that is abolished 
by an anticholinergic drug. It is not certain whether this is 
due to stimulation of C-fi bers in the larynx, but as these 
are very sparse it is likely that bronchial C-fi bers are also 
involved. Citric acid is commonly used to stimulate cough-
ing in experimental challenges in human subjects; it is likely 
that it produces cough by a combination of low pH (which 
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stimulates C-fi bers) and low chloride (which may stimulate 
laryngeal and lower airway aff erents). Inhaled bradykinin 
causes coughing and a raw sensation retrosternally which 
may be due to stimulation of C-fi bers in the lower airways. 
Bradykinin appears to be a relatively pure stimulant of 
C-fi bers  [6] . Prostaglandins E 2  and F 2 α   are potent tussive 
agents in humans and also sensitize the cough refl ex        [11, 12] .  

    Aff erent nerves in airway disease 

   Airway aff erent nerves may become sensitized in infl am-
matory airway diseases, resulting in increased symptoms, 
such as cough and chest tightness ( Fig. 32.4   ). Cough is a 
prominent symptom of asthma and COPD, and there is 
evidence that cough sensitivity is increased  [13] . Th is may 
be due to senitization of aff erent nerves in the airways as a 
result of infl ammatory mediators produced during asthma 

and COPD. PGE 2  is a potent sensitizer of airway sensory 
nerves and is increased in asthma and COPD. Bradykinin is 
also a potent aff erent nerve sensitizer  [7] . Chronic infl am-
mation may lead to neural hyperesthesia through mecha-
nisms that may involve cytokines and neurotrophins  [5] . 
Neurotrophins, such as nerve growth factor (NGF), may 
result in proliferation of airway sensory nerves and a change 
in the nerve phenotype, with a reduced threshold of activa-
tion and increased expression of neuropeptides  [14] .  

    Neurotrophins 

   Th e role of neurotrophins in airway diseases is increasingly 
recognized ( Fig. 32.5   )  [15] . NGF, brain-derived neuro-
trophic factor, and neurotrophins 3 and 4/5 are nerve-related 
cytokines that play an important role in the function, prolif-
eration, and survival of autonomic nerves. In sensory nerves 
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neurotrophins increase responsiveness and may also lead to 
expression of tachykinins. Neurotrophins may be produced 
by infl ammatory cells, such as mast cells, lymphocytes, mac-
rophages, and eosinophils, as well as structural cells, such as 
epithelial cells, fi broblasts, and airway smooth muscle cells 
 [16] . Although neurotrophins have predominant eff ects on 
neuronal cells they may also act as growth factors for infl am-
matory cells such as mast cells, as well as increasing chemo-
taxis and survival of eosinophils  [4] . NGF induces airway 
hyperresponsiveness in various animal models of asthma, 
including guinea pig, mice, and rats and this is blocked by 
antibodies to NGF or its receptor TrkA  [15] . In guinea pig 
NGF enhances airway hyperresponsiveness by increasing the 
release of SP from sensory nerves  [17]  and increases sensory 
nerve activation  [4] . Th e role of neurotrophins in human 
asthma is uncertain. However, NGF levels are increased in 
bronchoalveolar lavage fl uid of asthmatic patients and there 
is a further increase after allergen challenge  [18] . Blocking 
NGF or its receptors may therefore have some therapeutic 
potential. A decoy TrkA receptor which blocks NGF  in vivo  
reduces airway hyperresponsiveness in animal models  [19] .   

    CHOLINERGIC NERVES 

   Cholinergic nerves are the major neural bronchoconstrictor 
mechanism in human airway and are the major determinant 
of airway caliber in humans. 

    Cholinergic control of airways 

   Cholinergic nerve fi bers arise in the nucleus ambiguous in 
the brain stem and travel down the vagus nerve and synapse 
in parasympathetic ganglia which are located within the 
airway wall. From these ganglia short post-ganglionic fi b-
ers travel to airway smooth muscle and submucosal glands 
( Fig. 32.6   ). In animals, electrical stimulation of the vagus 
nerve causes release of ACh from cholinergic nerve termi-
nals, with activation of muscarinic cholinergic receptors on 
smooth muscle and gland cells, which results in bronchoc-
onstriction and mucus secretion. Prior administration of a 
muscarinic receptor antagonist, such as atropine, prevents 
vagally induced bronchoconstriction.  

    Non-neuronal cholinergic system 

   Th ere is increasing evidence that ACh is also synthesized 
and released from several non-neuronal cells, including air-
way epithelial cells and fi broblasts        [20, 21] . Infl ammatory 
signals may increase the synthesis of ACh and thus enhance 
cholinergic eff ects. Th e contribution of non-neuronal 
ACh to cholinergic responses in the airways is currently 
unknown but may play an important role in regulating the 
tone of small airways where cholinergic innervation is very 
sparse. Non-neuronal ACh may have eff ects on infl amma-
tory cells through nicotinic and muscarinic receptors that 
are expressed on their surface  [22] .  
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    Muscarinic receptors 

   Of the fi ve known subtypes of muscarinic receptor, four 
have been identifi ed by binding studies and pharmacologi-
cally in lung  [23] . Th e muscarinic receptors that mediate 
bronchoconstriction in human and animal airways belong to 
the M 3 -receptor subtype, whereas mucus secretion appears 
to be mediated by M 1 - and M 3 -receptors. M 1 -receptors are 
also localized to parasympathetic ganglia, where they facili-
tate the neurotransmission mediated via nicotinic receptors 
( Fig. 32.7   ). 

   Inhibitory muscarinic receptors (autoreceptors) have 
been demonstrated on cholinergic nerves of airways in 
animals  in vivo , and in human bronchi  in vitro   [24] . Th ese 
pre-junctional receptors inhibit ACh release and may serve 
to limit vagal bronchoconstriction. Autoreceptors in human 
airways belong to the M 2 -receptor subtype, whereas those 
on airway smooth muscle and glands belong to the M 3 -
receptor subtype  [25] . Drugs such as atropine and ipra-
tropium bromide, which block both pre-junctional 
M 2 -receptors and post-junctional M 3 -receptors on smooth 
muscle with equal effi  cacy, therefore increase in ACh 
release may then overcome the post-junctional blockade. 
Th is means that such drugs will not be as eff ective against 
vagal bronchoconstriction as against cholinergic agonists, 
and it may be necessary to re-evaluate the contribution of 
cholinergic nerves when drugs which are selective for the 
M 3 -receptors are developed for clinical use. Th e presence of 
muscarinic autoreceptors has been demonstrated in human 
subjects  in vivo   [26] . A cholinergic agonist, pilocarpine, 
which selectively activates M 2 -receptors, inhibits cholin-
ergic refl ex bronchoconstriction induced by sulfur dioxide 
in normal subjects, but such an inhibitory mechanism does 
not appear to operate in asthmatic subjects, suggesting that 
there may be dysfunction of these autoreceptors. Such a 
defect in muscarinic autoreceptors may then result in exag-
gerated cholinergic refl exes in asthma, since the normal 
feedback inhibition of ACh release may be lost. Th is might 

also explain the sometimes catastrophic bronchoconstric-
tion which occurs with  β -blockers in asthma which, at least 
in mild asthmatics, appears to be mediated by cholinergic 
pathways  [27] . Antagonism of inhibitory  β -receptors on 
cholinergic nerves would result in increased release of ACh 
which could not be switched off  in the asthmatic patient 
( Fig. 32.8   ). Th is explains why anticholinergics prevent  β -
blocker-induced asthma. Th e mechanisms which lead to 
dysfunction of pre-junctional M 2 -receptors in asthmatic air-
ways are not certain, but it is possible that M 2 -receptors may 
be more susceptible to damage by oxidants or other products 
of the infl ammatory response in the airways. Experimental 
studies have demonstrated that infl uenza virus infection and 
eosinophils in guinea pigs may result in a selective loss of 
M 2 -receptors compared with M 3 -receptors, resulting in 
a loss of autoreceptor function and enhanced cholinergic 
bronchoconstriction. 

   Cholinergic innervation is greatest in large airways 
and diminishes peripherally, although in humans muscarinic 
receptors are localized to airway smooth muscle in all air-
ways  [28] . In humans, studies which have tried to distinguish 
large and small airway eff ects have shown that cholinergic 
bronchoconstriction predominantly involves larger airways, 
whereas  β -agonists are equally eff ective in large and small air-
ways. Th is relative diminution of cholinergic control in small 
airways may have important clinical implications, since anti-
cholinergic drugs are likely to be less useful than  β -agonists 
when bronchoconstriction involves small airways. Normal 
human subjects also have resting bronchomotor tone, since 
atropine causes bronchodilatation.  

    Cholinergic refl exes 

   A wide variety of stimuli are able to elicit refl ex cholinergic 
bronchoconstriction through activation of sensory recep-
tors in the larynx or lower airways. Activation of cholinergic 
refl exes may result in bronchoconstriction and an increase in 

Airway smooth
muscle

Post-ganglionic nerve

Pre-ganglionic nerve

Parasympathetic
ganglion

ACh

ACh

M2 (�)

M3 (�)

M1 (+)
N (+)

 FIG. 32.7          Muscarinic receptor subtypes in the airways. Acetylcholine 

(ACh) from pre-ganglionic vagal nerves activates nicotinic receptors (N) 

and may be facilitated by M 1 -receptors. ACh release from pre-ganglionic 

nerves activate M 3 -receptors on airway smooth muscle and feeds back to 

activate pre-junctional M 2  receptors (autoreceptors) which inhibit further 

ACh release.    

 FIG. 32.8          Cholinergic control of airways in COPD. The normal vagal 

cholinergic tone has a greater eff ect in COPD airways because of the 

geometric relationship between airway diameter and resistance, so that 

anticholinergics are eff ective bronchodilators in COPD.  β  2 -Agonists are also 

eff ective and act as functional antagonists of cholinergic tone.    

Vagus nerve

Vagal “tone”ACh ACh

ACh ACh
Resistance ∝1/r 4

Narrowed airway

Normal

Anticholinergic
β2-Agonist

COPD



32Neural and Humoral Control of the Airways

387

airway mucus secretion through the activation of m uscarinic 
receptors on airway smooth muscle cells and submucosal 
glands. Cholinergic refl exes may also be activated from 
extrapulmonary aff erents and these refl exes may also con-
tribute to airway defenses. Esophageal refl ux may be associ-
ated with bronchoconstriction in asthmatic patients. In some 
patients this may be due to aspiration of acid into the air-
ways, in other cases acid refl ux into the esophagus activates a 
refl ex cholinergic bronchoconstriction (the  “ refl ux refl ex ” ). 

    Modulation of cholinergic neurotransmission 

   Many agonists may modulate cholinergic neurotransmission 
via pre-junctional receptors on post-ganglionic nerves  [29] . 
Some receptors increase (facilitate), whereas others inhibit 
the release of ACh. Infl ammatory mediators may infl uence 
cholinergic neurotransmission via pre-junctional receptors. 
For example, thromboxane and prostaglandin (PG)D 2  facili-
tate ACh release from post-ganglionic nerves in the airways. 
Facilitation may also occur at parasympathetic ganglia in the 
airways; these structures are surrounded by infl ammatory 
cells and have an aff erent neural input. Electrophysiological 
recordings show a prolonged potentiation of neurotransmis-
sion in ganglia after allergen exposure in sensitized guinea 
pigs  [30] .  

    Role in asthma 

   Many of the stimuli which produce bronchospasm in asthma 
activate sensory nerves and refl ex cholinergic bronchocon-
striction in animals and there is some evidence that cholin-
ergic tone is increased in asthmatic airways. Th ere are several 
mechanisms by which cholinergic tone might be increased 
in asthma: 

      ●      Increased aff erent stimulation by infl ammatory 
mediators, such as histamine or prostaglandins.  

      ●      Increased release of ACh from cholinergic nerve 
terminals by an action on cholinergic nerve endings 
themselves, or by an increase in nerve traffi  c through 
cholinergic ganglia (local airway refl ex).  

      ●      Abnormal muscarinic receptor expression, either via 
an increase in M 3 -receptors or via reduction in M 2 -
receptors. Th ere is no evidence for increased M 1 - or M 3 -
receptor expression in asthmatic lungs  [31] , but there is 
functional evidence for a defect in M 2 -receptor function 
that may be secondary to the infl ammatory process.  

      ●      Decrease in the neuromodulators (VIP, NO) that have a 
 “ braking ”  eff ect on neurotransmission.    

   Th e eff ect of ACh on asthmatic airways is exagger-
ated, as a manifestation of non-specifi c hyperresponsiveness 
of the airways. Anticholinergic agents will only counteract 
the cholinergic refl ex component of bronchoconstriction, 
which are less prominent in human airways than animal 
studies had indicated. By contrast  β  2 -agonists reverse bron-
choconstriction irrespective of the mechanism, since they 
act as functional antagonists and always have a much greater 
bronchodilator eff ect than anticholinergic drugs. Vagal tone 
increases the airway narrowing further, and for geomet-
ric reasons will have a greater eff ect on airway resistance in 

narrowed airways. Th is may explain why anticholinergics are 
often of greater use in chronic asthmatics with a major ele-
ment of fi xed airway obstruction.  

    Role in COPD 

   Th e structural narrowing of the airways in COPD means 
that even normal vagal tone will exert a greater eff ect on 
airway caliber than in normal airways ( Fig. 32.8 ). Th is may 
account for the effi  cacy of anticholinergics as bronchodila-
tors in COPD, as cholinergic tone is the only reversible 
element and have similar or even greater eff ects than  β  2 -
agonists. In addition, cholinergic mechanisms may account 
for the mucus hypersecretion of chronic bronchitis.    

    ADRENERGIC CONTROL 

   Th e airways are also under adrenergic control, which includes 
sympathetic nerves (which release noradrenaline), circulating 
catecholamines (predominantly adrenaline) and  α - and  β -
adrenoceptors ( Fig. 32.9   ). Th e fact that  β -adrenergic antago-
nists cause bronchoconstriction in asthmatic patients, but 
not in normal individuals, suggests that adrenergic control of 
airway smooth muscle may be abnormal in asthma. 

    Sympathetic innervation 

   Although sympathetic bronchodilator nerves have been dem-
onstrated in several species, including cats, dogs, and guinea 
pigs, most evidence suggests that adrenergic nerves do not con-
trol human airway smooth muscle directly. However, sympa-
thetic nerves may infl uence cholinergic tone of airway smooth 
muscle via adrenoceptors localized to parasympathetic ganglia 
and pre-junctionally on post-ganglionic nerves  [29] , and sym-
pathetic nerves may play an important role in the regulation of 
airway blood fl ow and in mucus secretion.  

     β -Adrenoceptors 

    β -Adrenoceptors regulate many aspects of airway function, 
including airway smooth muscle tone, mast cell mediator 
release, and plasma exudation. Th e possibility that  β -receptors 
are abnormal in asthma has been extensively investigated. Th e 
suggestion that there is a primary defect in  β -receptor func-
tion in asthma has not been substantiated and any defect in 
 β -receptors is likely to be secondary to the disease, perhaps 
as a result of infl ammation or as a consequence of adrenergic 
therapy. Some studies have demonstrated that airways from 
asthmatic patients fail to relax normally to isoproterenol, 
suggesting a possible defect in  β -receptor function in airway 
smooth muscle  [32] . Whether this is due to a reduction in  β -
receptors, a defect in receptor coupling, or some abnormality 
in the biochemical pathways leading to relaxation, is not yet 
known, although the density of  β -receptors in airway smooth 
muscle appears to be normal  [33]  and there is no reduction 
in the density of  β  1 - or  β  2 -receptors in asthmatic lung, either 
at the receptor or at the mRNA level  [31] . 
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   Th ere is some evidence that proinfl ammatory cytokines 
may aff ect  β  2 -receptor function. IL-1 β  reduces the bron-
chodilator eff ect of isoprenaline  in vitro  and  in vivo  and 
this appears to be due to uncoupling of  β  2 -receptors due 
to increased expression of the inhibitory G protein, G i         
[34, 35] . However, studies of  β  2 -receptor expression in asth-
matic airways obtained by biopsy have demonstrated only 
small defects in coupling after local allergen challenge  [36] .  

     α -Adrenoceptors 

    α -Receptors which mediate bronchoconstriction have been 
demonstrated in airways of several species, and may only be 
demonstrated under certain experimental conditions. Th ere 
is now considerable doubt about the role of  α -receptors in 
the regulation of tone in human airways, however, since it 
has proved diffi  cult to demonstrate their presence function-
ally or by autoradiography  [37] .  α -Adrenoceptor antago-
nists are not eff ective as bronchodilators, but it is possible 
that  α -receptors may play an important role in regulating 
airway blood fl ow, which may indirectly infl uence airway 
responsiveness.   

    NANC NERVES AND NEUROPEPTIDES 

   Neural responses that are not blocked by a combination of 
adrenergic and cholinergic antagonists are known as non-
adrenergic non-cholinergic (NANC) nerves. Th ese NANC 
responses appear to be due to the release of neurotrans-
mitters from classical autonomic nerves, which include 

n europeptides, nitric oxide (NO), and adenosine triphos-
phate (ATP). In the airways both inhibitory NANC (bron-
chodilator) and excitatory NANC (bronchoconstrictor) 
nerves have been described. 

    i-NANC nerves 

   i-NANC nerves which mediate bronchodilatation have 
been described in may species, including humans, in whom 
they are of particular importance in the absence of any 
direct sympathetic innervation of airway smooth muscle 
 [38] . Th e neurotransmitter for these nerves in some species, 
including guinea pigs and cats, is VIP and related peptides. 
Th e i-NANC bronchodilator response is blocked by  α -
chymotrypsin, an enzyme, which very effi  ciently degrades 
VIP and by antibodies to VIP. However, although VIP is 
present in human airways and VIP is a potent bronchodi-
lator of human airways  in vitro , there is no evidence that 
VIP is involved in neurotransmission of i-NANC responses 
in human airways, and  α -chymotrypsin that completely 
blocks the response to exogenous VIP has no eff ect on neu-
ral bronchodilator responses  [39] . It is likely that VIP and 
related peptides may be more important in neural vasodila-
tation responses and may result on increased blood fl ow to 
bronchoconstricted airways. 

   Th e predominant neurotransmitter of human air-
ways is NO. NO synthase inhibitors, such as N G - l -arginine 
methyl ester, virtually abolish the i-NANC response  [40] . 
Th is eff ect is more marked in proximal airways, consistent 
with the demonstration that nitrergic innervation is great-
est in proximal airways. NO appears to be a co-transmitter 
with ACh, and NO acts as a  “ braking ”  mechanism for the 
cholinergic system by acting as a functional antagonist to 
ACh at airway smooth muscle  [41]  ( Fig. 32.10   ).  
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    Airway neuropeptides 

   Many neuropeptides are localized to sensory, parasympa-
thetic, and sympathetic neurones in the human respiratory 
tract ( Table 32.1   ). Th ese peptides have potent eff ects on 
bronchomotor tone, airway secretions, bronchial circulation, 
and on infl ammatory and immune cells  [1] . Although the 
precise physiological roles of each peptide are not yet fully 
understood, clues are provided by their localization and 
functional eff ects. Recently the development of specifi c neu-
ropeptide receptor antagonists has provided important new 
insights into the roles of these neurotransmitters. Many of 
the infl ammatory and functional eff ects of neuropeptides 
are relevant to asthma and there is compelling evidence for 
the involvement of neuropeptides in the pathophysiology 
and symptomatology of asthma and COPD. 

   Although classically neuropeptides are released from 
autonomic nerves, there is increasing evidence that these 
peptides may be synthesized and released from infl amma-
tory and non-neural structural cells, particularly in disease. 
Infl ammatory cytokines may increase the expression of neu-
ropeptide genes in infl ammatory cells, so that infl ammatory 
become a major source of the neuropeptide at the infl am-
matory site. For example, both VIP and SP have been local-
ized to human eosinophils and SP to macrophages        [42, 43] .  

    Neuropeptides and airway infl ammation 

   Neuropeptides have multiple infl ammatory and immune 
eff ects on the airways, thereby intensifying the ongoing infl am-
mation  [44] . In turn, infl ammatory mediators may amplify or 
sometimes dampen neuropeptide eff ects. Infl ammatory medi-
ators may increase the release of neuropeptides from sensory 
and other nerves, may increase the expression of neuropeptide
genes in neural and infl ammatory cells, may increase the 
expression of neuropeptide receptors and may decrease 
the degradation of neuropeptides.  

    Vasoactive intestinal peptide and 
related peptides 

   VIP-immunoreactive nerves are widely distributed through-
out the respiratory tract in humans and there is also  evidence 
for the presence of several closely related peptides (peptide 
histidine methionine, peptide histidine valine, helodermin, 
helospectins I and II, and pituitary adenylate cyclase acti-
vating peptide (PACAP-38) and PACAP-27 which have 
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may modulate cholinergic neural eff ects mediated via acetylcholine 

(ACh). In infl ammation NO may be removed by superoxide anions (O 2   �  ) 
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 TABLE 32.1          Neuropeptides in the respiratory tract.  

   Neuropeptide  Localization 

   Vasoactive intestinal peptide  Parasympathetic 

   Peptide histidine isoleucine/methionine  ( � Aff erent) 

   Peptide histidine valine-42   

   Helodermin   

   Helospectins I and II   

   PACAP-27   

   Galanin   

   Substance P  Aff erent 

   Neurokinin A  (C-fi bers) 

   Neuropeptide K   

   Calcitonin gene-related peptide   

   Gastrin-releasing peptide   

   Secretoneurin   

   Nociceptin   

   Neuropeptide Y  Sympathetic 

   Opioids?   

   Somatostatin  Aff erent/uncertain 

   Enkephalin   

   Endomorphins Cholecystokinin octapeptide   
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similar functional eff ects. VIP may be localized to para-
sympathetic and sensory nerves. It is a potent vasodilator, a 
bronchodilator, increases mucus secretion and may have anti-
infl ammatory eff ects. In some species it is a mediator of neu-
rogenic bronchodilatation, but this is not the case in human 
airways. A defect in VIP has been proposed in asthma, but 
there is little evidence for this  [45] .  

    Tachykinins 

   SP and NKA, but not NKB, are localized to C-fi bers are 
abundant in rodent airways, but are sparse in human airways 
 [46] . Tachykinins are also be expressed human macrophages, 
which also express tachykinin receptors. Tachykinins have 
many diff erent eff ects on the airways which may be relevant 
to asthma and these eff ects are mediated via NK 1 -receptors 
(preferentially activated by SP) and NK 2 -receptors (activated 
by NKA) ( Table 32.2   ). Tachykinins constrict smooth mus-
cle of human airways  in vitro  via NK 2 -receptors. Tachykinin 
receptors are widely distributed in human airways, with 
localization predominantly to airway smooth muscle, mucus-
secreting cells and bronchial cells  [47] . NKA causes bronchoc-
onstriction after both intravenous and inhaled administration 
in asthmatic subjects. Mechanical removal of airway epithe-
lium potentiates the bronchoconstrictor response to tachyki-
nins, largely because the neutral endopeptidase (NEP), which 
is a key enzyme in the degradation of tachykinins in airways 
is strongly expressed on epithelial cells  [48] . 

   SP stimulates mucus secretion from submucosal 
glands in human airways  in vitro  and is a potent stimulant 
to goblet cell secretion in guinea pig airways via activation 
of NK 1 -receptors. NK 1 -receptors also mediate the increased 

plasma exudation and the vasodilator response to tachyki-
nins. Tachykinins may activate alveolar macrophages and 
monocytes to release infl ammatory cytokines, such as IL-6. 
Tachykinins also enhance cholinergic neurotransmission by 
facilitating acetylcholine release at cholinergic nerve termi-
nals and by enhancing ganglionic transmission. 

   Tachykinins are subject to degradation by at least 
two enzymes, angiotensin-converting enzyme (ACE), and 
NEP. ACE is predominantly localized to vascular endothe-
lial cells and therefore degrades intravascular peptides, 
whereas NEP is important for degrading tachykinins in 
the airways. Th e activity of NEP may therefore determine 
tachykinin responsiveness in the airways. Inhibition of 
NEP by phosphoramidon or thiorphan potentiates bron-
choconstriction  in vitro  in animal and human airways and 
after inhalation  in vivo . Th e activity of NEP is reduced by 
mechanical removal of the epithelium, virus infections, cig-
arette smoke, and hypertonic saline. Several of the stimuli 
known to induce bronchoconstrictor responses in asthmatic 
patients have been found to reduce the activity of airway 
NEP  [49] .  

    Calcitonin gene-related peptide 

   CGRP-immunoreactive nerves are abundant in the respira-
tory tract of several species and is co-stored and co-localized 
with SP in aff erent nerves. CGRP is a potent vasodilator, 
which has long-lasting eff ects and potently dilates bron-
chial vessels  in vitro  and  in vivo . It is possible that CGRP 
may be the predominant mediator of arterial vasodilata-
tion and increased blood fl ow in response to sensory nerve 
stimulation in the bronchi. CGRP may be an important 
mediator of airway hyperemia in asthma. CGRP has vari-
able eff ects on airway smooth muscle tone and appears 
to act indirectly through the relapse of other constrictors, such 
as endothelin. Like tachykinins, CGRP is chemotactic for 
eosinophils.  

    Neurogenic infl ammation in 
airway disease 

   Sensory nerves may be involved in infl ammatory responses 
through the antidromic release of neuropeptides from noci-
ceptive nerves or C-fi bers via a local (axon) refl ex  [50]  ( Fig. 
32.11   ). Th e phenomenon is well documented in several 
organs, including skin, eye, gastrointestinal tract, and blad-
der. Neurogenic infl ammation occurs in the respiratory tract 
and may contribute to the infl ammatory response in asthma. 
Neurogenic infl ammation is well documented in the air-
ways of rodents, and there is good evidence that tachykinins 
contribute to the airway hyperresponsiveness in several ani-
mal models of asthma, using capsaicin depletion or specifi c 
tachykinin antagonists. However, although it was proposed 
several years ago that neurogenic infl ammation and pep-
tides released from sensory nerves might be important as an 
amplifying mechanism in asthmatic infl ammation, there is 
little evidence to date to support this idea. 

 TABLE 32.2          Eff ects of tachykinins on airways.  

   Eff ect  Neurokinin receptor 

   Bronchoconstriction (small      �      large airways)  NK 2 , NK 1  

   Plasma exudation  NK 1  

   Bronchial vasodilatation  NK 1  

    ↑  Neurotransmission (ganglia, cholinergic 

nerves) 

 NK 1 , NK 2 , NK 3  

   Cough (peripheral and central mechanisms)  NK 1 , NK 2 , NK 3  

   Mucus secretion (submucosal glands and 

goblet cells) 

 NK 1  

    ↑  Adhesion molecules (ICAM-1, E-selectin)  NK 1  

   Activation of infl ammatory cells 

(macrophages, T-lymphocytes, eosinophils) 

 NK 1 , NK 2  

   Angiogenesis  NK 1  

   Fibroblast activation  NK 1 , NK 2  
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   Th ere is some evidence in support of a role for tachy-
kinins in asthma: 

      ●      An increase in SP-immunoreactive nerves has been 
described in patients with severe asthma  [51]   .

      ●      SP and NKA levels are increased in bronchoalveolar 
lavage fl uid and induced sputum of asthmatic patients 
 [46] .  

      ●      Th ere is increased expression of NK 1 - and NK 2 -receptors 
in asthmatic lungs and airways        [52, 53] . However this is 
more evidence against a role for tachykinins:  

      ●      SP-immunoreactive nerves are sparse in human airways 
and are not increased in lungs and biopsies from 
asthmatic patients  [45] .  

      ●      Capsaicin has no eff ect on human airways  in vitro , 
whereas it potently constructs guinea pig airways. 
Similarly, inhaled capsicum causes cough and 
transient bronchoconstriction, but not prolonged 
bronchoconstriction as in rodents.  

      ●      NEP inhibitors have no diff erent eff ects in patients with 
asthma than normal subjects  [54] .  

      ●      Tachykinin antagonists are so far ineff ective in asthma.    

   Neurogenic infl ammation plays a role in COPD. SP 
levels are elevated in induced sputum of patients with COPD 
 [55] . Cigarette smoke activates C-fi bers in airways and may 
result in mucus hypersecretion and goblet cell discharge  [56]  
and tachykinins are potent stimuli of mucus secretion in 
human airways  [57] .  

    Other neuropeptides 

   Several other neuropeptides have been identifi ed in human 
airways ( Table 32.1 )  [58] , but their function is even less well 
defi ned that the neuropeptides discussed. Secretoneurin is a 
neuropeptide released by sensory nerves in the nose and is 
chemotactic for infl ammatory cells such as eosinophils  [59] , 
but its role in asthma is uncertain.   

    CIRCULATING VASOACTIVE PEPTIDES 
AND HORMONES 

   Airway function can be altered by vasoactive peptides and hor-
mones that reach the lungs from the bloodstream, as well as 
by neurotransmitters released from nerve endings and by mol-
ecules released locally from other cells within the airway  [60] . 

    Circulating catecholamines 

   Circulating epinephrine (adrenaline) is released from the 
adrenal medulla into the circulation. It may reduce bronchial 
smooth muscle tone directly by stimulating  β  2 -adrenergic 
receptors on airway smooth muscle, or indirectly by reducing 
acetylcholine release from cholinergic nerves. Th e lack of a 
bronchoconstrictor eff ect of  β -antagonists in normal subjects 
suggests that in this group, basal concentrations of c irculating 
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 FIG. 32.11          Axon refl ex in asthma. Possible neurogenic infl ammation in asthmatic airways via retrograde release of peptides from sensory nerves via an 

axon refl ex. Substance P (SP) causes vasodiatation, plasma exudation and mucus secretion, whereas neurokinin A (NKA) causes bronchoconstriction and 

enhanced cholinergic refl exes and calcitonin gene-related peptide (CGRP) vasodilatation.    
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adrenaline are probably not important in the regulation of 
resting bronchomotor tone. In contrast,  β  2 -antagonists cause 
bronchoconstriction in some asthmatics; in the absence of 
an important sympathetic nerve supply to airway smooth 
muscle, this suggests that basal concentrations of circulating 
epinephrine are important in the maintenance of airway tone. 
Th e controlling infl uence of circulating epinephrine on airway 
tone might operate particularly in those patients with asthma 
in whom resting airway caliber is already reduced. In patients 
with non-asthmatic COPD, however,  β  2 -antagonists do not 
normally cause bronchoconstriction. Th is fi nding would sug-
gest that basal concentrations of circulating adrenaline are not 
important in the maintenance of airway tone in COPD. 

   Basal epinephrine concentrations and the circadian 
variation in epinephrine concentrations in asthmatic patients 
appear to be similar to those found in normal subjects          [61–
63] . Although Bates  et al.  reported that plasma epinephrine 
levels at 10 pm were lower in patients with nocturnal asthma 
than in a non-nocturnal asthma group  [64] ; correction 
of the nocturnal fall in plasma epinephrine does not alter 
the peak expiratory fl ow values of patients with nocturnal 
asthma  [65] . Th ese fi ndings, taken together with the report 
of nocturnal asthma occurring in a patient after adrenalec-
tomy  [66] , suggest that a fall in plasma epinephrine at night 
is not a dominant factor in nocturnal asthma. 

   Allergen- or pharmacological-induced bronchocon-
striction do not cause the release of epinephrine, which sug-
gests that epinephrine does not appear to have an important 
homeostatic role in the regulation of airway caliber during 
bronchoconstriction to these stimuli        [67, 68] . Even during 
acute exacerbations of asthma there may be no elevation 
in plasma epinephrine levels        [69, 70] , although very high-
epinephrine concentrations have been found in some patients 
with acute severe asthma. Th e elevated epinephrine concen-
trations achieved after strenuous exercise  [71]  cause bron-
chodilation in both normal and asthmatic subjects          [62, 63, 
72]  and may counteract bronchospasm induced by exercise 
in asthma  [73] . Although a blunted catecholamine response 
to exercise in asthmatic patients has been reported by some 
investigators,  [74]  other studies have found no signifi cant 
diff erence in either the peak plasma catecholamine level 
between normal and asthmatic subjects or in the response to 
increasing levels of exercise ( Fig. 32.12   )          [71, 75, 76] . 

   Norepinephrine, which has  β  1 - and weak  β  2 -
adrenergic activity in addition to  α -adrenergic eff ects, acts 
as a neurotransmitter in the sympathetic nervous system but 
overspills into the circulation. Th e infusion of noradrenaline, 
producing circulating concentrations within the physiologi-
cal and pathophysiological range, has no eff ect on airway 
caliber in either normal subjects or asthmatic subjects        [62, 
63] . Th e third catecholamine present in the blood, dopamine, 
has no infl uence on resting bronchomotor tone in normal 
or stable asthmatic subjects  [77]  although it may attenuate 
induced bronchoconstriction  [78]  and can decrease the rate 
of ventilation in animals and man  [79] .  

    Natriuretic peptides 

   Natriuretic peptides are a family of hormones that have 
an important role in salt and water homeostasis        [80, 81] . 

Th e human natriuretic peptides include atrial natriuretic 
peptide (ANP), brain natriuretic peptide (BNP), C-type 
natriuretic peptide (CNP), and urodilatin  [82] . Most natri-
uretic peptides are produced primarily in the heart but are 
released also in other tissues, including the kidneys, lungs, 
and central nervous system. Specifi c ANP receptors have 
been localized to lung (including airway smooth muscle), of 
which some may be the ANP- c  or clearance receptor sub-
type  [83] , although the receptor subtype(s) in human airway 
smooth muscle is unknown. In isolated human airway tis-
sue, ANP has a direct relaxant eff ect and confers protection 
against agonist-induced contraction        [84, 85] . Two princi-
pal mechanisms have been proposed for the inactivation of 
ANP: degradation by NEP and binding to a non-guanylyl 
cyclase clearance receptor (ANP- c  receptor). NEP is widely 
distributed within the airways and plays a role in modulat-
ing the eff ect of ANP on airway smooth muscle        [84, 85] . 

   An intravenous infusion of exogenous ANP causes 
bronchodilation and attenuates bronchial reactivity to 
inhaled histamine and to fog challenge              [86–90] . Th e rise 
in plasma ANP levels during exercise is similar to these
obtained during the lowest rates of ANP infusion; 
these results suggest that the rise in circulating ANP lev-
els during exercise may attenuation exercise-induced bron-
chospasm  [76]  ( Fig. 32.13   ). Plasma ANP levels are elevated 
in patients with cardiac failure  [91]  and pulmonary hyper-
tension secondary to COPD  [92] ; under these circum-
stances ANP may also play a protective role on the airways. 
Circulating ANP at physiological concentrations, however, 
appears unlikely to have any infl uence on bronchomotor 
tone in healthy subjects  [88] .  

    Angiotensin II 

   Th e renin-angiotensin system plays an important role in 
fl uid and electrolyte homeostasis through the actions of the 
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octapeptide angiotensin II. Angiotensin II is formed from 
angiotensinogen by the action of renin and then ACE, 60–
80% occurring within the pulmonary vascular endothelium. 
An alternative ACE-independent pathway, possibly medi-
ated by several infl ammatory proteases  [93] , may also cause 
the formation of angiotensin II. 

   Th e eff ect of physiological concentrations of angio-
tensin II on basal bronchial tone of normal individuals is 
not know, whereas infusion of angiotensin II in mild asth-
matic patients to plasma levels found in acute asthma causes 
bronchoconstriction  [94]  ( Fig. 32.14   ). Angiotensin II, 
although causing only weak contraction of isolated human 
and bovine bronchial rings, potentates the eff ects of metha-
choline and endothelin-1  in vitro         [95, 96] . In patients with 
mild asthma, angiotensin II at subthreshold concentrations 
potentates methacholine-induced bronchoconstriction  [96]  
but has no eff ect on endothelin- or histamine-evoked bron-
choconstriction  in vivo         [97, 98] . Angiotensin II receptor 
antagonists reduce allergen-induced airway hyperrespon-
siveness and eosinophil accumulation in guinea pigs  [99]  
and methacholine-induced bronchoconstriction in asthma 
 [100] . Th ese results suggest a role for angiotensin II as a 
putative mediator in asthma. 

   Th e renin-angiotensin system is activated in acute 
severe asthma, but not in stable chronic asthma        [70, 94] . Th e 
mechanism of activation is unclear, but nebulized  β  2 -agonists 
cause elevation of renin and angiotensin II in normal and 
mild asthmatic subjects through an ACE-dependent path-
way        [101, 102] . Th is may occur via stimulation of  β -adreno-
ceptors on juxtaglomerular cells, but the levels of angiotensin 
II seen in acute severe asthma are higher, suggesting the 
existence of an alternative pathway of angiotensin II forma-
tion. Exercise activates the renin-angiotensin system        [103, 
104] , raising the possibility that elevated angiotensin II levels 
during exercise could contribute to exercise-induced bron-
chospasm. Th e renin-angiotensin system is also activated in 
patients with COPD and edema        [105, 106] .  

    Adrenomedullin 

   Adrenomedullin is a 52-amino acid peptide that possesses 
vasodilator and natriuretic properties  [107] . Th e chemical 
structure of adrenomedullin is similar to CGRP. Immuno-
reactivity to adrenomedullin is found in tissues throughout 
the body including the lung  [108] . Adrenomedullin has a 
long-lasting bronchodilator action in guinea pig trachea        [109, 
110] , inhibits IL-8 secretion from alveolar macrophages 
 [111]  and attenuates antigen-induced microvascular leakage 
and bronchoconstriction in guinea pigs  [112] . Plasma lev-
els of adrenomedullin are elevated in hypoxic patients with 
COPD  [113]  and in severe chronic asthma  [114] . Its role 
in the control of airway smooth tone and infl ammation in 
asthma or COPD, however, remains uncertain.  

    Urotensin II 

   Urotensin II is an 11-amino acid cyclic peptide, which acti-
vates specifi c receptors that are widely distributed in smooth 
muscle  [115] . It is a potent vasoconstrictor and a more 
potent constrictor of airway smooth muscle than endothe-
lins  [116] . Its role in regulating airway smooth muscle and 
vascular tone in asthma and COPD are currently unknown.  
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    Cortisol 

   Pharmacological doses of intravenous cortisol have no 
short-term eff ect on airway caliber in normal subjects  [117] . 
Although glucocorticoids can potentate the response to cat-
echolamines in isolated bronchial tissue, the eff ect occurs 
only at supraphysiological concentrations  [118] . Th ese results 
suggest that endogenous cortisol is unlikely to have an 
important direct modulating eff ect on airway tone in nor-
mal individuals. 

   In asthma the role of physiological concentrations of 
circulating cortisol in airway function is uncertain. In noc-
turnal asthma, the nadir in the circadian variation in plasma 
cortisol occurs 4       h before maximal bronchoconstriction 
 [119] , although the delayed action of cortisol means that it 
could still have an infl uence on airway caliber. A reduced 
nadir of plasma cortisol is found in patients with nocturnal 
asthma compared to a group without nocturnal asthma, but 
this fi nding may have been infl uenced by previous cortico-
steroid therapy  [120] . Other studies have found no direct 
association between plasma cortisol concentrations and 
nocturnal asthma  [63] . Furthermore, the infusion of physi-
ological concentrations of hydrocortisone, eliminating the 
fall in plasma cortisol at night, does not prevent the noctur-
nal fall in peak fl ow rate in most asthmatic patients  [119] , 
suggesting that the circulating cortisol level is not the only 
factor in determining nocturnal asthma. Endogenous glu-
cocorticoids rise following allergen challenge in allergic 
asthmatic subjects and may play a role in the modulation of 
allergen-induced bronchoconstriction  [121] .  

    Thyroid hormones 

   Th e relationship between asthma and thyroid disease pro-
vides indirect evidence of a role for thyroid hormones in 
maintaining airway function. Th e development of hyperthy-
roidism can be associated with deterioration in asthma con-
trol, with subsequent improvement in symptoms following 
appropriate treatment        [122, 123] . Conversely the occurrence 
of hypothyroidism has been reported to be associated with 
improvement in asthma control, which relapses following 
subsequent thyroxine replacement  [124] . Th e possible mech-
anisms by which thyroid hormones could infl uence airway 
smooth muscle tone and responsiveness are unclear  [60] .  

    Sex hormones 

   Progesterone has an important role in reducing the contrac-
tility of uterine smooth muscle during pregnancy, and this 
eff ect may be due to its infl uence on gap junction formation 
between smooth muscle cells. It has been suggested that pro-
gesterone might cause similar eff ects on bronchial smooth 
muscle. Progesterone could infl uence airway smooth muscle 
tone by other mechanisms indirectly either by potentiating 
the eff ect of catecholamines  [118]  or by potentiating airway 
infl ammation  [125] . Progesterone levels and airway respon-
siveness do not show a clear relationship during either the 
pregnancy or the menstrual cycle, although changes in the lev-
els of other hormones may obscure an eff ect of p rogesterone 

on the airways        [126, 127] . However, one report found that 
female athletes develop more severe exercise-induced asthma 
during the mid-luteal phase of the menstrual cycle when sali-
vary progesterone levels were at there highest, suggesting that 
the menstrual cycle phase is an important determinant of the 
severity of exercise-induced asthma in female athletes with 
mild atopic asthma  [128] . It is of interest that intramuscu-
lar progesterone has a benefi cial eff ect in some women with 
severe menstrual asthma  [129] . 

   Estrogen possesses both immunostimulatory and 
immunosuppressive properties and causes increased acetylcho-
line activity in the lungs of animals  [130] , which could result 
in an increase or decrease in airway tone. Estrogen receptor- α  
defi cient mice exhibit increased airway responsiveness, pos-
sibly due to reduced M 2  muscarinic receptor function and 
resultant increased acetylcholine release, suggesting a possible 
role for estrogen in regulating airway function  [131] . A pre-
liminary report suggested that estrogen treatment may have 
steroid-sparing eff ects in women with severe asthma  [132] .  

    Glucagon 

   Glucagon has bronchodilator actions, but whether it has a role 
in the control of airway smooth tone in humans is not estab-
lished  [133] . Certainly intravenous glucagon has no signifi cant 
bronchodilation action in patients with acute asthma  [134] .   

    ROLE OF HUMORAL MECHANISMS IN 
ASTHMA AND COPD 

   Circulating hormones and vasoactive peptides appear to 
play a minor role in the physiological regulation of airway 
tone in normal individuals. Epinephrine is the only hor-
mone known to infl uence bronchomotor tone, and it is only 
during strenuous exercise that concentrations are elevated 
suffi  ciently to cause bronchodilation. 

   Humoral mechanisms play a more important role in 
the regulation of airway tone in diseased states of the air-
ways such as asthma and possibly in other disorders such as 
COPD, cor pulmonale, congestive cardiac failure, respira-
tory failure, and thyroid disease. Circulating epinephrine has 
a role in the maintenance of resting airway tone in asthma, 
perhaps particularly in those patients in whom resting air-
way caliber is already reduced. Th e elevated epinephrine and 
ANP concentrations achieved after vigorous exercise may 
act to counteract exercise-induced asthma. It has not been 
established in asthma whether elevated circulating angio-
tensin II achieved during exercise, or more particularly in 
acute severe asthma, contributes to bronchospasm.   
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C H A P T E R                        Pathophysiology of Asthma 

    INTRODUCTION 

   Th is chapter aims to provide a brief overview 
of disease mechanisms to integrate some of the 
detailed information provided in earlier chap-
ters into a framework with clinical relevance. 
Asthma and chronic obstructive pulmonary dis-
ease (COPD) are both highly complex condi-
tions whose pathobiology remains inadequately 
defi ned. In both diseases there are many diff er-
ent and distinct infl ammatory cells and multiple 
mediators with complex acute and chronic eff ects 
on the airways and airspaces. We now appreci-
ate that these changes may vary among patients 
because of genetic variance in susceptibility  [1] . 
Although our understanding of asthma patho-
genesis has been enhanced by the application of 
new molecular, cell biological, and genetic tech-
niques to the condition, and the key test of the 
acquired knowledge is the success of new specifi -
cally targeted therapies. In this area the successes 
have been few in asthma and are virtually absent 
in COPD. Th us, even though we have made 
considerable advances in understanding asthma, 
there remain many fundamental questions that 
need to be answered. 

   Our views on asthma and COPD have 
continued to evolve. Although it is recognized 
that chronic infl ammation underlies the clinical 
syndromes, it has been hard to defi ne the precise 
nature of this infl ammation, much less its pri-
mary etiology. Nevertheless it is appreciated that 
the fi nal consequence of this chronic infl amma-
tory response is an abnormal  control  of airway 
caliber  in vivo  in asthma. In contrast, the evolu-
tion of understanding in COPD has been much 
slower; key insights are sought which will open up 
the understanding of this complex disorder (see 
Chapter 34)  .  

    ASTHMA AS AN INFLAMMATORY 
DISEASE 

   It had been recognized for many years that 
patients who die of asthma attacks have grossly 
infl amed airways. Th e airway lumen is occluded 
by tenacious mucus plugs composed of plasma 
proteins exuded from airway vessels and mucus 
glycoproteins secreted from surface epithelial 
cells. Th e airway wall is edematous and infi ltrated 
with infl ammatory cells, which are predominantly 
eosinophils and T-lymphocytes  [2] . Th e airway 
epithelium is invariably shed in a patchy man-
ner and clumps of epithelial cells are found in 
the airway lumen. Occasionally there have been 
opportunities to examine the airways of asth-
matic patients who die in accidents thought to be 
unrelated to their asthma. In this setting infl am-
matory changes have been observed but they are 
less marked than those observed in patients with 
active asthma  [3] . Th ese studies also reveal that 
the infl ammation in asthmatic airways involves 
not only the trachea and bronchi, but also extends 
to the terminal bronchioles  [4] ; some investiga-
tors using transbronchial biopsies have shown 
infl ammatory cells in the parenchyma  [5] . 

   It has also been possible to examine the 
airways of asthmatic patients by fi beroptic and 
rigid bronchoscopy, bronchial biopsy, and bron-
choalveolar lavage (BAL). Direct bronchoscopic 
examination reveals that the airways of asthmatic 
patients are often erythematous and swollen, 
indicating acute infl ammation. Lavage of the air-
ways has revealed an increase in the numbers of 
lymphocytes, mast cells, and eosinophils and evi-
dence for activation of macrophages in compari-
son with nonasthmatic controls. Biopsies have 
provided evidence for increased numbers and 
activation of mast cells, macrophages, eosinophils, 

  33 
   Peter J.   Barnes   1    and   
  Jeff rey M.   Drazen   2   

  1  National Heart and Lung Institute 
(NHLI), Clinical Studies Unit, 
Imperial College, London, UK    

  2  Department of Medicine, Pulmonary 
Division, Brigham and Women’s 

Hospital, Boston, MA, USA    



Asthma and COPD: Basic Mechanisms and Clinical Management

402

T-lymphocytes including regulatory T-cells, and mucin 
secreting cells            [6–9] . Th ese changes are found even in patients 
with mild asthma who have few symptoms  [10] , suggesting 
that infl ammation may be found in all asthmatic patients who 
are symptomatic. Similar infl ammatory changes have been 
found in bronchial biopsies of children with asthma, even at 
the onset of symptoms        [11, 12] .  

    AIRWAY HYPERRESPONSIVENESS 

   Th e relationship between infl ammation and clinical symp-
toms of asthma is not clear. Th ere is evidence that the degree 
of infl ammation is loosely related to airway hyperrespon-
siveness (AHR), as measured by histamine or methacholine 
challenge. However, the degree of infl ammation, as measured 
by the number of various types of infl ammatory cells in the 
lesion, is not closely linked to the clinical severity of asthma or 
AHR  [13] . Th is suggests that other factors, such as structural 
changes in the airway wall, are important in mediating the 
clinical symptoms of asthma. Th e increased airway respon-
siveness in asthma is a striking physiological abnormality that 
is present even when airway function is otherwise normal. It is 
likely that there are several factors that underlie this increased 
responsiveness to constrictor agents, particularly those that 
act indirectly by releasing bronchoconstrictor mediators from 

a irway cells or that modify the mechanical characteristics 
of the airway wall. AHR may be due to increased release of 
mediators (such as histamine and leukotrienes from mast 
cells), abnormal behavior of airway smooth muscle, thicken-
ing of the airway wall by reversible (edema), and irreversible 
(airway smooth muscle thickening, fi brosis) elements. Airway 
sensory nerves may also contribute importantly to symptoms, 
such as cough and chest tightness, as the nerves become sen-
sitized by the chronic infl ammation in the airways. 

   Although most attention has been focused on the acute 
infl ammatory changes seen in asthmatic airways (bronchoc-
onstriction, plasma exudation, mucus secretion), asthma is a 
 chronic  disease, persisting over many years in most patients. 
Superimposed on this chronic infl ammatory state are acute 
infl ammatory episodes, which correspond to exacerbations 
of asthma. It is clearly important to understand the mecha-
nisms of acute and chronic infl ammation in asthmatic air-
ways and to investigate the long-term consequences of this 
chronic infl ammation on airway function.  

    INFLAMMATORY CELLS 

   Many diff erent infl ammatory cells are involved in asthma, 
although the precise role of each cell type is not yet certain 
( Fig. 33.1   ). It is evident that no single infl ammatory cell is 
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 FIG. 33.1          A potential schema of Infl ammation in asthma. Inhaled allergens activate sensitized mast cells by crosslinking surface-bound IgE molecules to 

release several bronchoconstrictor mediators, including cysteinyl-leukotrienes ( cys -LT) and prostaglandin D 2  (PGD 2 ). Epithelial cells release stem-cell factor 

(SCF), which is important for maintaining mucosal mast cells at the airway surface. Allergens are processed by myeloid dendritic cells, which are conditioned 

by thymic stromal lymphopoietin (TSLP) secreted by epithelial cells and mast cells to release the chemokines CC-chemokine ligand 17 (CCL17) and CCL22, 

which act on CC-chemokine receptor 4 (CCR4) to attract T helper 2 (Th2) cells. Th2 cells have a central role in orchestrating the infl ammatory response in 

allergy through the release of interleukin-4 (IL-4) and IL-13 (which stimulate B-cells to synthesize IgE), IL-5 (which is necessary for eosinophilic infl ammation) 

and IL-9 (which stimulates mast-cell proliferation). Epithelial cells release CCL11, which recruits eosinophils via CCR3. Patients with asthma may have a defect 

in regulatory T-cells (T-reg), which may favor further Th2-cell proliferation.    
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able to account for the complex pathophysiology of asthma 
but some cells predominate in asthmatic infl ammation. Th e 
infl ammation in asthmatic airways diff ers strikingly from that 
observed in COPD, where there is a predominance of mac-
rophages, cytotoxic (CD8  �  ) T-lymphocytes, and neutrophils, 
although both of these common diseases may coexist in some 
patients. However, although the diff erences in infl ammation 
between mild asthma and COPD are well described, it is not 
recognized that patients with severe asthma have infl amma-
tory changes that are similar to those of COPD, with increased 
numbers of neutrophils, CD4  �   Th 1 and CD8  �   cells  [14] . 

    Mast cells 

   Mast cells are clearly important in initiating the acute bron-
choconstrictor responses to allergen and probably to other 
indirect stimuli, such as exercise and hyperventilation (via 
osmolality or thermal changes) and fog. Mast cell activation 
is likely to play a key role in the symptoms of asthma and 
during acute exacerbations. Th ere is infi ltration of airway 
smooth muscle by mast cells in patients with asthma that 
is associated with the characteristic disordered airway func-
tion of this condition  [15] . Treatment of asthmatic patients 
with prednisone results in a decrease in the number of tryp-
tase-only positive mast cells  [16] . Furthermore, the number 
of mast cells in induced sputum in patients with seasonal 
allergic rhinitis is related to the degree of AHR  [17] . 
Th ere appears to be an infi ltration of mast cells into airway 
smooth muscle of asthmatic patients and this is associated 
with AHR  [15] . Th e key role of mast cells in asthma has 
been the subject of comprehensive reviews        [7, 18] . Mast 
cells are maintained at the mucosal surface by the secre-
tion of stem cell factor, which acts on c-kit receptors, by 
epithelial cells  [19] . However, it is now clear that mast cells 
alone cannot account for all the pathobiological changes 
in asthma and that other cells, such as macrophages, eosi-
nophils, and T-lymphocytes, play key roles in the chronic 
infl ammatory process including induction and maintenance 
of AHR. 

   Classically mast cells are activated by allergens 
through an IgE-dependent mechanism. Th e importance of 
IgE in the pathophysiology of asthma has been highlighted 
by clinical studies with humanized anti-IgE antibodies, 
which inhibit IgE-mediated eff ects. Although anti-IgE 
antibody results in a reduction in circulating IgE to unde-
tectable levels, this treatment results in minimal clinical 
improvement in patients with severe steroid-dependent 
asthma  [20] . Examination of the patients receiving anti-IgE 
therapy with omalizumab reveals downregulated expres-
sion of IgE receptors (Fc � RI) on mast cells and basophils 
 [21] . Biopsy studies show a profound reduction in tissue 
eosinophilia, together with reductions in T-cell and B-cell 
numbers in the airway submucosa  [22] . Th ese observations 
suggest that treatment with anti-IgE may be more eff ec-
tive in early stage rather than late stage asthma; however, 
no clinically directive trials with omalizumab have been 
conducted in this population. Furthermore, unless the 
cost of such therapy is dramatically reduced it is unlikely 
that such treatment would be used in patients with mild 
disease.  

    Macrophages 

   Macrophages, which are derived from blood monocytes, 
may traffi  c into the airways in asthma and may be activated 
by allergen via low-affi  nity IgE receptors (Fc � RII)  [23] . Th e 
enormous immunological repertoire of macrophages allows 
these cells to produce many diff erent products, including a 
large variety of cytokines that may orchestrate the infl am-
matory response. Macrophages have the capacity to initiate 
a particular type of infl ammatory response via the release of 
a certain pattern of cytokines. Macrophages may increase 
or decrease infl ammation depending on the stimulus. For 
example, alveolar macrophages from normal and patients 
with mild asthma phagocytose apoptic cells resulting from 
lipopolysaccharide (LPS) exposure  in vitro  and produce 
the anti-infl ammatory mediator PGE 2 . In contrast alveolar 
macrophages from patients with severe asthma are impaired 
with respect to apoptotic cell uptake and production of 
PGE 2   [24] . Th ese observations indicate that the severity 
of asthma and perhaps its chronicity can modulate the role 
of macrophages in asthma. It is also possible that the oppo-
site is true, that is, patients with severe asthma are the indi-
viduals with defective macrophage function. It is established 
that repeated short term exposure to ozone recruits alveolar 
macrophages to the airways of patients with mild asthma 
 [25]  and that there is an association between the amount of 
carbon in alveolar macrophages, which had to be activated 
to ingest this material, and lung function  [26] . Th us the 
role of alveolar macrophages appears to be to modulate the 
expression and severity of asthma.  

    Dendritic cells 

   By contrast, dendritic cells (which are specialized macro-
phage-like cells in the airway epithelium) are very eff ec-
tive antigen-presenting cells and may therefore play a very 
important role in the initiation of allergen-induced responses 
in asthma        [27, 28] . Dendritic cells take up allergens though 
their long fi nger-like projections, which extend into the air-
way lumen, process them to peptides, and migrate to local 
lymph nodes where they present the allergenic peptides to 
uncommitted T-lymphocytes, to program the production of 
allergen-specifi c T-cells. Although there is no established 
ways to manipulate dendritic cells, it has been shown that 
during experimental allergen challenge in humans that a sig-
nifi cantly greater proportion of CD33  �   cells expressed the 
cys-LT 1 -receptor compared with CD123  �   cells. Pranlukast, 
cys-LT 1 -receptor antagonist, decreased the allergen-induced 
decrease in CD33  �   dendritic cells at 3       h compared with 
placebo treatment. Based on this fi nding it is reasonable to 
speculate that anti-leukotriene treatment could modify the 
initial responses to allergen exposure  [29] .  

    Eosinophils 

   Eosinophil infi ltration is a characteristic feature of asthmatic 
airways and diff erentiates asthma from other non-infectious 
infl ammatory conditions of the airway. Indeed, asthma was
described as  “ chronic eosinophilic bronchitis ”  as early as 1916. 
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Allergen inhalation results in a marked increase in eosi-
nophils in BAL fl uid at the time of the late reaction, and 
there is a correlation between eosinophil counts in periph-
eral blood or bronchial lavage and AHR. Eosinophils are 
linked to the development of AHR through the release of 
basic proteins and oxygen-derived free radicals        [30, 31] . 

   An important area of research is now concerned with 
the mechanisms involved in recruitment of eosinophils into 
asthmatic airways. Eosinophils are derived from bone mar-
row precursors; the Th 2 cytokine IL-5 is a unique mediator 
of eosinophil diff erentiation and survival in response to aller-
gen provocation. After allergen challenge eosinophils appear 
in BAL fl uid during the late response, and this appearance 
is associated with a decrease in peripheral eosinophil counts 
and with the appearance of eosinophil progenitors in the 
circulation. Th e signal for increased eosinophil production 
is likely IL-5 derived from the infl amed airway. Eosinophil 
recruitment initially involves adhesion of eosinophils to vas-
cular endothelial cells in the airway circulation, their migra-
tion into the submucosa, and their subsequent activation. Th e 
role of individual adhesion molecules, cytokines, and media-
tors in orchestrating these responses has been extensively 
investigated but since there are no pathways that are unique 
to eosinophils, this aspect of eosinophil biology has not been 
extensively probed. Adhesion of eosinophils involves the 
expression of specifi c glycoprotein molecules on the surface 
of eosinophils (integrins) and their expression of such mol-
ecules as intercellular adhesion molecule-1 (ICAM-1) on 
vascular endothelial cells. An antibody directed at ICAM-1 
markedly inhibits eosinophil accumulation in the airways 
after allergen exposure and also blocks the accompanying 
hyperresponsiveness  [32] . However, ICAM-1 is not selective 
for eosinophils and cannot account for the selective recruit-
ment of eosinophils in allergic infl ammation. Eosinophil 
migration may be due to the eff ects of lipid mediators, such 
as leukotrienes        [33, 34]  and possibly platelet-activating factor 
(PAF), to the eff ects of cytokines, such as GM-CSF and IL-
5 both of which are important for the survival of eosinophils 
in the airways and  “ prime ”  eosinophils to exhibit enhanced 
responsiveness. Eosinophils from asthmatic patients show 
exaggerated responses to PAF and phorbol esters, compared 
with eosinophils from atopic nonasthmatic individuals  [35] . 
Th is is further increased by allergen challenge        [36, 37]  sug-
gesting that they may have been primed by exposure to 
cytokines in the circulation. 

   Th ere are several mediators involved in the migration of 
eosinophils from the circulation to the surface of the airway. 
Th ere are data showing that cysteinyl leukotrienes, through 
stimulation at the cys-LT 1 -receptor, are in part responsi-
ble for eosinophilopoiesis in human airways  [38] , but other 
mediators such as the eotaxins, a family of chemoattractant 
cytokines that promote eosinophil recruitment to tissues in 
response to allergic provocation via CCR3 receptors also play 
a role            [39–42] . Other potent and selective eosinophil chem-
oattractants include chemokines, such as CCL5 (RANTES) 
and CCL13 (MCP-4), that are expressed in epithelial cells 
         [40, 43, 44]  but data for their involvement in intact humans 
are minimal. Th ere appears to be a co-o perative interaction 
between IL-5, IL-13, and chemokines, so that more than one 
cytokine may be necessary for the eosinophilic response in 
airways        [45, 46] . Once recruited to the airways, eosinophils 

require the presence of various growth factors, of which 
GM-CSF and IL-5 appear to be the most important  [47] . 
In the absence of these growth factors eosinophils undergo 
programmed cell death (apoptosis)  [48] . 

   A humanized monoclonal antibody to IL-5 has been 
administered to asthmatic patients  [49] ; and, as in animal 
studies, there is a profound and prolonged reduction in cir-
culating eosinophils. Although the infi ltration of eosinophils 
into the airway after inhaled allergen challenge is completely 
blocked, there is no eff ect on the response to inhaled aller-
gen and no reduction in AHR. Anti-CCR3, anti-integrin, 
and antiselectin treatments are currently being consid-
ered as anti-eosinophil strategies for treatment of asthma; 
the results of these studies should better defi ne the role of 
eosinophils as mediators of asthmatic events. Eosinophils 
may play a role in airway remodeling rather than AHR in 
asthma as anti-IL-5 treatment is able to reduce extracellular 
matrix deposition in asthma  [50] .  

    Neutrophils 

   Th e eosinophil has been the recipient of current attention as 
an eff ector cell in asthma, but attention has been returning 
to the role of neutrophils        [51, 52] . Although neutrophils are 
not a predominant cell type observed in the airways of most 
patients with mild-to-moderate chronic asthma, they appear 
to be a more prominent cell type in airways and induced spu-
tum of patients with more severe asthma              [53–57] . Th e mecha-
nism of neutrophilic infl ammation are not yet well understood, 
but several mediators, including CXCL8 (IL-8) are likely to 
be involved ( Fig. 33.2   ). Sputum analysis shows that ∼20% 
of asthmatics, even with mild disease, have a predominantly 
neutrophilic pattern of infl ammation  [58] . Also in patients 
who die suddenly of asthma, large numbers of neutrophils are 
found in their airways  [59]  although this may refl ect the rapid 
kinetics of neutrophil recruitment compared to eosinophil 
infl ammation. Rapid withdrawal of corticosteroids results in 
the appearance of neutrophils in the airways of patients with 
asthma  [60] . Th ere are data to suggest that monomeric IgE 
may mediate the appearance of neutrophils in the airways 
of asthmatics and may represent the anti-apoptic activity of 
myeloid cell leukemia-1 protein, decreased caspase-3 activ-
ity, diminished availability of Smac from mitochondria, and 
sequestration of the pro-apoptic protein Bax in the cytoplasm 
 [61] . Th us the presence of neutrophils in the airway may refl ect 
the infl ammatory microenvironment rather than indicate a 
causal role for this cell. Further research into the role of neu-
trophils especially in severe asthma is ongoing  [62] .  

    T-lymphocytes 

    Th2 cells 

   T-lymphocytes play a very important role in co-ordinating 
the infl ammatory response in asthma through the release of 
specifi c patterns of cytokines, resulting in the recruitment and 
survival of eosinophils and in the maintenance of mast cells 
in the airways. T-lymphocytes are coded to express a distinc-
tive pattern of cytokines, which are similar to that described 
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in the murine Th 2 type of T-lymphocytes, which characteris-
tically express IL-4, IL-5, and IL-13  [6] . Th is programming 
of T-lymphocytes is presumably due to antigen-presenting 
cells such as dendritic cells, which may migrate from the epi-
thelium to regional lymph nodes or which interact with lym-
phocytes resident in the airway mucosa. Th e naive immune 
system is skewed to express the Th 2 phenotype; data now 
indicate that children with atopy are more likely to retain 
this skewed phenotype than are normal children  [63] . Th ere 
is also evidence that chitinase, a hydrolase that cleaves envi-
ronmental chitin, an insect protein, plays a critical role in 
murine Th 2 diff erentiation and has been identifi ed in human 
tissues from patients with asthma        [64, 65] . Th e recruitment 
of Th 2 cells in the airway is dependent on several chemotac-
tic mediators, including the chemokines CCL17 (TARC) 
and CCL22 (MDC) which act on CCR4 that are selectively 
expressed on Th 2 cells. Th ese CCR4 ligands show increased 
expression in airway epithelial cells, macrophages, and mast 
cells of asthmatic patients  [66] . PGD 2 , mainly derived from 
mast cells, is also an important chemoattractant of Th 2 cells 
through the activation of DP 2 -receptors (or CRTH2)  [67] . 
Th ere is some evidence that steroid treatment may diff eren-
tially aff ect the balance between IL-12 expression and IL-13 
expression  [68] . Data from murine models of asthma          [69–71]  
have strongly suggested that IL-13 is both necessary and suf-
fi cient for induction of the asthmatic phenotype. One of the 
most important areas of asthma research in the next few years 
will be to establish the importance of IL-13 in the induction 
of the Th 2 phenotype and asthma in humans.  

    Regulatory T-cells 

   A subset of CD4  �   T-cells expressing CD25, termed 
T-regulatory cells (Tregs), are capable of suppressing both 
Th 1 and Th 2-mediated adaptive immune responses, and 
these cells may mediate their suppressive actions through 
release of TGF- β  or IL-10  [72] . An imbalance between 
allergen-specifi c Tregs and eff ector Th 2 cells has been shown 
in allergic diseases  [73] . Th ere is some evidence that early 
infections or exposure to endotoxins might promote Th 1-
mediated responses to predominate and that a lack of infec-
tion or a clean environment in childhood may favor Th 2-cell 
expression and thus atopic diseases        [74, 75] . Indeed, the bal-
ance between Th 1 cells and Th 2 cells is thought to be deter-
mined by locally released cytokines, such as IL-12, which tip 
the balance in favor of Th 1 cells, or IL-4 or IL-13, which 
favor the emergence of Th 2 cells ( Fig. 33.3   ).  

    Th17 cells 

   Another subset of CD4  �   T-cells, known as Th 17 cells, has 
recently been described and shown to have an important 
role in infl ammatory and autoimmune diseases  [76] . Little is 
known about the role of Th 17 cells in asthma, but increased 
concentrations of IL-17A (the predominant product of Th 17 
cells) have been reported in the sputum of asthma patients 
 [77] . IL-17A and the closely related cytokine IL-17F have 
been linked to neutrophilic infl ammation by inducing the 
release of CXCL1 and CXCL8 from airway epithelial 
cells  [78] . As well as IL-17, Th 17 cells also produce IL-21, 
which is important for the diff erentiation of these cells and 
thus acts as a positive autoregulatory m echanism, but it also 
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 FIG. 33.2          Neutrophilic infl ammation in asthma. Viruses, such as rhinovirus, 

stimulate the release of CXCL8 (IL-8) and CXCL1 (GRO- α ) from airway 
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inhibits FOXP3 expression and regulatory T-cell devel-
opment        [79, 80] . Another cytokine IL-22 is also released 
by these cells and stimulates the production of IL-10 and 
acute-phase proteins  [81] . However, more work is needed to 
understand the role and regulation of Th 17 cells in asthma, 
as they may represent important new targets for future 
therapies.  

    Natural killer T-cells 

   A subset of CD4  �   T-cells termed invariant natural killer 
T ( i NKT) cells, which secrete IL-4 and IL-13, has been 
shown to account for 60% of all CD4  �   T-cells in bronchial 
biopsies from asthmatic patients  [82] , but this has been dis-
puted in another study, which failed to show any increase 
in  i NKT-cell numbers in bronchial biopsies, BAL or spu-
tum of either asthma patients or COPD patients  [83] . Th e 
role of  i NKT cells in asthma is currently uncertain as there 
appears to be a discrepancy between the data from murine 
models of asthma and humans with the disease  [84] .  

    CD8  �   cells 

   CD8  �   (cytotoxic) T-cells are present in patients with more 
severe disease and irreversible airfl ow obstruction  [85]  and 
these cells may be of either the T C 1 or the T C 2 type, releas-
ing the same patterns of cytokines as CD4  �   cells  [86] .   

    B-lymphocytes 

   B-cells have an important role in asthma through the release 
of allergen-specifi c IgE which binds to Fc � RI on mast cells 
and basophils and to low-affi  nity Fc � RII on other infl am-
matory cells, including B-cells, macrophages, and possibly 
eosinophils  [87] . Th e Th 2-type cytokines IL-4 and IL-13 
induce B-cells to undergo class switching to produce IgE. 
In both atopic asthma and non-atopic asthma, IgE may be 
produced locally by B-cells in the airways  [88] .  

    Basophils 

   Th e role of basophils in asthma is uncertain, as these cells have 
previously been diffi  cult to detect by immunocytochemistry 
 [89] ; indeed there may be multiple phenotypes of basophils 
with some able to release histamine on IgE challenge and 
others not able to do so  [90] . Using a basophil-specifi c marker, 
a small increase in basophils has been documented in the air-
ways of asthmatic patients, with an increased number after 
allergen challenge. However, these cells are far outnumbered 
by eosinophils  [91] .   

    STRUCTURAL CELLS AND AIRWAY 
REMODELING 

   Structural cells of the airways, including epithelial cells, fi brob-
lasts, and even airway smooth muscle cells are the site of 
infl uence of many of the cytokines, growth factors, and infl am-
matory mediators that characterize the asthmatic diathesis. 
Interestingly they may also be an important source of these 
same molecular entities        [92, 93] . Although the concept is 
poorly defi ned, the idea that there are long-lasting changes in 
the cells that make up the airway wall and that these cells nar-
row the lumen and contribute to chronic airfl ow limitation has 
been termed airway remodeling. Given the absence of a clean 
case defi nition, most investigators agree that certain changes, 
such as thickening of the collagen layer deposited below the 
true basement membrane, is a critical component of this aspect 
of asthma              [94–98] . Indeed, because structural cells far outnum-
ber infl ammatory cells they may become the major source of 
mediators driving chronic infl ammation in asthmatic airways. 
For example, epithelial cells may have a key role in translat-
ing inhaled environmental signals into an airway infl ammatory 
response and are probably a target cell for inhaled glucocorti-
coids and anti-leukotrienes ( Fig. 33.4   )  [99] . 
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   Structural changes in the airways may account for 
the accelerated decline in airway function seen in asthmatic 
patients over several years        [100, 101] . Structural changes in 
asthmatic airways include 

      ●      increased thickness of airway smooth muscle;  

      ●      infi ltration of the airway smooth muscle with mast cells  

      ●      fi brosis (which is predominantly subepithelial);  

      ●      increased mucus-secreting cells;  

      ●      increased numbers of blood vessels (angiogenesis).    

   It is not known if these changes are reversible with 
therapy. Th ese changes may occur in some patients to a greater 
extent than others and may be increased by other factors such 
as concomitant cigarette smoking. It is likely that genetic fac-
tors will infl uence the extent of remodeling that occurs in indi-
vidual patients. 

   Th ere are good data to support the idea that mechani-
cal deformation of the airway epithelium as a result of airway 
smooth muscle constriction results in the creation of a micro-
environment that promotes airway remodeling. Deformed air-
way epithelial cells activate signaling via the epidermal growth 
factor receptor (EGFR) and the urokinase plasminogen acti-
vator system. Experimental data show that soluble signals 
generated by airway epithelial cells can infl uence the pheno-
type of fi broblasts to produce collagen similar to that found in 
remodeled airways          [102–104] . Th ese data could help explain 
why combination treatments with inhaled steroids and long-
acting  β -agonists are eff ective asthma therapies.  

    INFLAMMATORY MEDIATORS 

   Many diff erent mediators have been implicated in asthma. 
Th ey may have a variety of eff ects on the airways, which could 
account for the pathological features of asthma ( Fig. 33.5   ) 
       [105, 106] . Mediators such as histamine, prostaglandins, and 
leukotrienes contract airway smooth muscle, increase micro-
vascular leakage, increase airway mucus s ecretion, and attract 

other infl ammatory cells. Because each mediator has many 
eff ects in the role of individual mediators in the pathophysi-
ology of asthma is not yet clear. Although the multiplicity of 
mediators makes it unlikely that preventing the synthesis or 
action of a single mediator will have a major impact in clinical 
asthma, recent clinical studies with anti-leukotrienes suggest 
that cysteinyl leukotrienes have a clinically important eff ect. 

    Leukotrienes 

   Th e cysteinyl leukotrienes LTC 4 , LTD 4 , and LTE 4  are potent 
constrictors of human airways and have been reported to 
increase AHR and may play an important role in asthma 
           [107–110]  (see Chapter 24)  . Th e recent development of 
potent specifi c leukotriene antagonists has made it possible to 
evaluate the role of these mediators in asthma. Potent LTD 4  
antagonists protect (by about 50%) against exercise- and 
allergen-induced bronchoconstriction            [111–114] , suggesting 
that leukotrienes contribute to bronchoconstrictor responses. 
Combined treatment with an anti-histamine and an anti-
l eukotriene is particularly eff ective        [115, 116]  Chronic treat-
ment with anti-leukotrienes improves lung function and 
symptoms in asthmatic patients, although the degree of lung 
function improvement is not as great as that seen with an 
inhaled corticosteroid. It is only through the use of specifi c 
antagonists that the role of individual mediators of asthma 
may be defi ned. In the future, pharmaceuticals with specifi c 
targets of action will be of special value in providing patho-
biological insights into the basic mechanisms of asthma; 
their potential role in the treatment of asthma remains to be 
determined.  

    Platelet-activating factor 

   Platelet-activating factor (PAF) and PAF-acetylhydrolase, 
the enzyme that degrades PAF, constitute a potent infl am-
matory mediator system that mimics many of the features 
of asthma, including eosinophil recruitment and activation 
and induction of AHR; yet even potent PAF antagonists, 
such as modipafant, do not control asthma symptoms, at 
least in chronic asthma            [117–120] . However, genetic stud-
ies in Japan, where there is a high frequency of a genetic 
mutation which disables the PAF metabolizing enzyme, 
PAF-ac etylhydrolase, have shown that there is an association 
between the presence of the mutant form of the enzyme and 
severe asthma        [121, 122] . In addition, there are data showing 
that patients with a defi ciency of the enzyme that degrades 
PAF is associated with enhanced asthma severity  [123] . 
Th ese data suggest that there may be certain conditions 
associated with a signifi cant role for PAF in asthma.  

    Cytokines 

   Cytokines are increasingly recognized to be important in 
chronic infl ammation and play a critical role in orchestrating 
the type of infl ammatory response (see Chapter 27)   ( Fig. 33.6   ) 
 [124] . Many infl ammatory cells (macrophages, mast cells, 
eosinophils, and lymphocytes) are capable of sy nthesizing 
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and releasing these proteins, and structural cells such as epi-
thelial cells and endothelial cells may also release a variety of 
cytokines and may therefore participate in the chronic infl am-
matory response        [125, 126] . Th ere are number of major classes 
of cytokines. One class includes T-cell derived cytokines, 
examples of which include interferon (IFN) γ  and TNF α  
from Th 1 cells and IL-4 and IL-5 from Th 2 cells. Another 
class includes pro- and anti-infl ammatory cytokines with IL-
1 β  and IL-10 being respective examples. Chemoattractant 
cytokines, such as CCL11 and CXCL8 (IL-8), and growth 
factors cytokines, including PDGF, TGF- β , and VEGF are 
other major classes. It is now clear that cytokines play a domi-
nant role in chronic infl ammation of asthma. 

   T-cell-derived cytokines play a key role in creating the 
microenvironment that lends itself to initiating and perpet-
uating the chronic infl ammatory response of asthma  [127] . 
Th e key cytokines here are Th 2 cytokines, IL-3, IL-4, and 
IL-5. IL-3 induces eosinophilia  in vivo  and maintains mast 
cell viability. IL-4 induces diff erentiation of Th 2 cells and 
creates the microenvironment in which IgE antibody is syn-
thesized  [128]  and enhances mucin expression in goblet cells 
 [129] . IL-5 enhances eosinophil maturation and prevents 
apoptosis of infl ammatory cells  [130] . Th e recently described 
IL-17 family of cytokines, produced by cells as a result of the 
action of IL-15 or IL-23 on CD4 or CD8 memory cells may 
be important regulators of the asthmatic response          [131–133] . 

   A lack of specifi c small molecule antagonists has made 
cytokine related research in humans diffi  cult. Although 
important observations have been made using specifi c neu-
tralizing antibodies  [134] , interventions involving immune 
function can be diffi  cult. 

   Th ere is increased gene expression of IL-5 in lym-
phocytes in bronchial biopsies of patients with sympto-
matic asthma        [135, 136] . Th e role of IL-5 in eosinophil 
recruitment in asthma has been confi rmed in a study in 
which administration of an anti-IL-5 antibody to asthmatic 

patients was associated with a decrease in eosinophil counts 
in the blood and BAL fl uid  [49] . Interestingly in this study 
there was no eff ect on the physiology of the allergen-
induced asthmatic response; although this is not the last 
word on eosinophils in asthma, it provides evidence that the 
eosinophil, as recruited by IL-5, is not the major pathoge-
netic cell in asthma. Th is has been confi rmed by a study of 
the same antibody in symptomatic asthmatic patients, who 
showed no improvement in asthma control despite a pro-
found reduction in circulating eosinophils  [137] . Another 
Th 2 cytokine produced by peripheral blood cells of patients 
with asthma, IL-9, may play a critical role in airway remod-
eling, eosinophilopoiesis, and may interact with the IL-4 
receptor    α     in mediating some of the pathobiological features 
of asthma            [138–141] . 

   Other cytokines, such as IL-1 β , IL-6, TNF- α , TGF-
 β , and GM-CSF, are released from a variety of cells, includ-
ing macrophages and epithelial cells and may be important 
in amplifying the infl ammatory response. TNF- α  may be an 
amplifying mediator in asthma and is produced in increased 
amounts in asthmatic airways. Inhalation of TNF- α  increased 
airway responsiveness in normal individuals  [142] . TNF- α  
and IL-1 β  both activate the proinfl ammatory transcription 
factors, nuclear factor- κ B (NF- κ B) and activator protein-1 
(AP-1) which then switch on many infl ammatory genes in 
the asthmatic airway  [143] . TGF- β , through ligation of two 
receptors, type I and II, has been linked to tissue remodeling, 
and potentially to subepithelial fi brosis through the  Smad-
 s ignaling pathway which could be a site for therapeutic inter-
vention          [144–146] . 

   Th ymic stromal lymphopoeitin (TSLP) is a cytokine 
that shows a marked increase in expression in airway epi-
thelium and mast cells of asthmatic patients  [66] . TSLP 
appears to play a key role in programming airway dendritic 
cells to release CCL17 and CCL22 to attract Th 2 cells ( Fig. 
33.7   )  [147] . It therefore acts as an upstream cytokine which 
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may play a key role in orchestrating an allergic pattern of 
infl ammation in asthmatic airways.  

    Complement 

   A decade ago it was postulated that complement had little 
role in the biology of asthma. However, studies in mice har-
boring a targeted deletion of the C5a receptor showed dimin-
ished bronchial hyperresponsiveness induced after allergen 
challenge  [148] . In addition, genetic linkage studies in mice 
have linked regions of the mouse genome containing the 
gene for C5a to the phenotype of AHR  [149] . Furthermore, 
the complement peptide C5a has been recovered from BAL 
fl uid of patients after allergen challenge  [148] . Current think-
ing is that complement contributes to the airway infl am-
mation, AHR and mucus production observed in human 
asthma and may also prevent the formation of a Th 2-directed 
immune response to allergens          [150–152] .  

    Oxidative stress 

   In asthma, activation of epithelial cells, and resident macro-
phages, and the recruitment and activation of neutrophils, 
eosinophils, monocytes, and lymphocytes leads to the gen-
eration of reactive oxygen species (ROS) and reactive nitro-
gen species (RNS). Action of many systems but primarily 
NADPH oxidase results in the microenvironmental availabil-
ity of superoxide anions (O 2  

 •  �  ), which are rapidly converted 
to H 2 O 2  through the catalytic action of superoxide dismutase 
(SOD). Hydroxyl ion (  •  OH) is then formed nonenzymati-
cally; this damages tissues, particularly cell membranes by 

peroxidation of their lipid membranes. Phagocytes use heme 
peroxidases (myeloperoxidase, MPO) or eosinophil peroxi-
dase (EPO) to produce ROS; these moieties can also inter-
act with nitrite (NO 2  

 �  ) and hydrogen peroxide (H 2 O 2 ) 
to promote formation of RNS. Eosinophils, a key cell in 
asthma, have several times greater capacity to generate O 2  

 •  �   
and H 2 O 2  than do neutrophils, and the content of EPO in 
eosinophils is 3–10 times higher than the amount of MPO 
present in neutrophils          [153–155] . 

   Evidence for increased oxidative stress in asthma is 
provided by the increased concentrations of 8-isoprostane 
(a product of oxidized arachidonic acid) in exhaled breath 
condensates  [156] , and increased ethane (a product of oxi-
dative lipoid peroxidation) in exhaled breath of asthmatic 
patients          [156–158] . Airfl ow obstruction, airway hyperre-
sponsiveness and airway remodeling have been associated 
with impaired SOD activity        [159, 160] . Oxidative stress is 
increased particularly in patients with severe asthma (p erhaps 
as a result of the neutrophilic infi ltration in these patients) 
and this may reduce the activity of histone d eacetylase 
(HDAC), which may account for the reduced response to 
corticosteroids in these patients        [161, 162] .  

    Endothelins 

   Endothelins are potent peptide mediators that are vasocon-
strictors, bronchoconstrictors and promote fi brosis        [163, 
164] . Endothelin-1 levels are increased in the sputum, serum, 
and BAL fl uid of patients with asthma; these levels are mod-
ulated by allergen exposure and steroid treatment          [165–167] . 
Endothelins also induce airway smooth muscle cell prolifera-
tion and promote a profi brotic phenotype and may therefore 
play a role in the chronic infl ammation of asthma        [164, 168] .  

    Nitric oxide 

   Nitric oxide (NO) is produced by several cells in the airway 
by NO synthases        [169, 170]  (see Chapter 30)  . Although the 
cellular source of NO within the lung is not known, infer-
ences based on mathematical models suggest that it is the 
large airways which are the source of NO  [171] . However, in 
patients with severe asthma NO is also derived form periph-
eral airways  [172] . Current data indicate that the level of 
NO in the exhaled air of patients with asthma is higher than 
the level of NO in the exhaled air of normal subjects (see 
Chapter 30)                [173–177] . Th e elevated levels of NO in asthma 
are closely linked to airway pH          [178–180]  and thus are more 
likely refl ective of infl ammatory mechanisms than of a direct 
pathogenetic role of this gas in asthma        [181, 182] . Th e com-
bination of increased oxidative stress and NO may lead to 
the formation of the potent radical peroxynitrite that may 
result in nitrosylation of proteins in the airways        [183, 184] . 
Asthmatics managed by measurements of exhaled nitric 
oxide achieved equivalent asthma control with less inhaled 
corticosteroids than those managed using conventional algo-
rithms  [185] ; the availability of portable devices to measure 
exhaled nitric oxide may allow management of asthma in 
manner similar to the self management of diabetics  [186] .   
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    EFFECTS OF INFLAMMATION ON 
THE AIRWAYS 

   Th e idea that the chronic infl ammatory response results in 
the characteristic pathophysiological changes associated 
with asthma has been widely promulgated. However, biop-
sies from children with wheezing show many of the charac-
teristic features of asthma  [12] . Th us it is probable that some 
of the diff erences between the condition of the airways in 
normal and asthmatic subjects refl ects the genetic makeup 
of the patient infl uenced by environmental factors such as 
airway infections and allergen exposures. Th e descriptions 
below present the observations without adequate evidence 
to support whether changes are markers for or the result of a 
chronic infl ammatory response. Th e infl ammatory response 
has many eff ects on structural cells of the airways result-
ing an amplifi cation and perpetuation of the infl ammatory 
response ( Fig. 33.8   ). 

    Airway epithelium 

   Airway epithelial cells play a critical role in asthma and 
link environmental infl uences to infl ammatory responses in 
the airway ( Fig. 33.4 ). Airway epithelial shedding may be 
important in contributing to AHR and may explain how 
several diff erent mechanisms, such as ozone exposure, certain 
virus infections, chemical sensitizers and allergen exposure 
can lead to its development, since all these stimuli may lead 
to epithelial disruption. Epithelium may be shed because of 
an infl ammatory milieu made up of eosinophil basic pro-
teins, oxygen-derived free radicals, proteases released from 

infl ammatory cells, and activated complement. Epithelial 
cells shed from the airway wall may be found in clumps in 
the BAL fl uid or sputum (Creola bodies) of asthmatics, sug-
gesting that there has been a loss of attachment to the basal 
layer or basement membrane. Th e damaged epithelium may 
contribute to AHR in a number of ways, including 

      ●      loss of its barrier function to allow penetration of 
allergens and irritants;  

      ●      loss of enzymes (such as neutral endopeptidase) which 
normally degrade infl ammatory mediators such as kinins;  

      ●      loss of a relaxant factor (so-called epithelial-derived 
relaxant factor);  

      ●      edema and swelling that promotes obstruction by 
lumenal encroachment;  

      ●      loss of surfactant function leading to increased increased 
recoil of the airway;  

      ●      exposure of sensory nerves which may lead to refl ex 
neural eff ects on the airway.     

    Fibrosis 

   Th e basement membrane in asthma appears on light micros-
copy to be thickened; on closer inspection by electron micro-
scopy it has been demonstrated that this apparent thickening 
is due to subepithelial fi brosis with deposition of types III 
and V collagen below the true basement membrane; however, 
the ratio of interstitial collagen fi brils to matrix is not dif-
ferent from that found in normal subjects          [187–189] . Data 
from a number of investigative groups show that the thick-
ness of the deposited collagen is related to airway obstruction 
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and airway responsiveness            [190–193] . Th e mechanism of 
the collagen deposition is not known. However, it is known 
that several profi brotic cytokines, including TGF- β  and 
PDGF, and mediators such as endothelin-1, can be pro-
duced by epithelial cells or macrophages in the infl amed 
airway  [126] . Even simple mechanical manipulations can 
alter the phenotype of airway epithelial cells in a profi brotic 
fashion            [102–104, 194] . Th e role of airway fi brosis in asthma 
is unclear, as subepithelial fi brosis has been observed even 
in mild asthmatics at the onset of disease; it is not certain 
whether the collagen deposition has any functional conse-
quences. Subepitheial fi brosis is also seen in patients with 
chronic eosinophilic bronchitis, who usually present with 
cough and have an infi ltration of eosinophils in the airways 
but no AHR or airway obstruction  [195] . Th is suggests that 
the subepithelial fi brosis seen in asthmatics is likely to be 
secondary to eosinophilic infl ammation in the airways and 
may not have important functional consequences.  

    Airway smooth muscle 

   When the concept that asthma was primarily an infl amma-
tory disease was developed in the late 1980s to early 1990s, 
airway smooth muscle was thought to be predominantly a 
bystander tissue. Th at is the infl ammatory process resulted 
in the availability of mediators that led to smooth muscle 
constriction and expression of an asthma phenotype. Th ere 
are now substantial data to support the concept that airway 
smooth muscle in asthma is phenotypically diff erent from 
normal airway smooth muscle and that these changes refl ect 
the impact of the infl ammatory asthmatic airway microenvi-
ronment on smooth muscle                  [15, 196–201] . Although some 
of the abnormalities identifi ed to date in asthma impact on 
the contractility of individual units of airway smooth muscle, 
the more recently identifi ed ones refl ect diff erences in the 
ability of this tissue to proliferate or to function as an endo-
crine tissue ( Fig. 33.9   ). For example, airway smooth muscle 
may increase in mass because of an increased tendency to 
proliferate due to the absence of an inhibitory transcription 
factor C/EBP- α   [197] . 

   Airway smooth muscle is not only infl uenced by 
the infl ammatory mediators and cytokines in which it is 
immersed  [202] , but also recent studies suggest that airway 

smooth muscle modulates the remodeling process by secret-
ing multiple cytokines, growth factors, or matrix proteins 
and by expressing cell adhesion molecules and other poten-
tial costimulatory molecules  [196] . For example, increased 
numbers of mast cells have been identifi ed in airway smooth 
muscle of patients with asthma        [15, 198] . 

   Th e importance of airway smooth muscle in chronic 
asthma was highlighted by a recent trial in which airway 
smooth muscle was rendered dysfunctional by bronchial 
thermoplasty. Although this intervention was limited to rel-
atively large airways there was a measurable, although not 
overwhelming, clinical benefi t  [203] . Th e idea of manipu-
lating the mass or contractile capacity of airway smooth 
m uscle in asthma remains an important and unexplored 
avenue of asthma therapeutics        [199, 204] .  

    Vascular responses 

   It has been known for decades that the subepithelial con-
nective tissue of the asthmatic airway has many more blood 
vessels than are found in similar locations in normal subjects 
 [205] . It is now recognized that bronchial vessels play a key 
role in the pathophysiology of asthma ( Fig. 33.10   ). Despite 
this anatomic knowledge, little is known about the role of 
the bronchial circulation in asthma. Th is is partly because 
of the diffi  culties involved in measuring airway blood fl ow. 
Recent studies using an inhaled absorbable gas have dem-
onstrated increased airway mucosal blood fl ow in asthma 
         [206–208] . 

   Th e bronchial circulation may also play an important 
role in regulating airway caliber, since an increase in the vas-
cular volume may contribute to airway narrowing. Vascular 
blanching of the skin is used to measure the potency of 
topical steroids and a similar mechanism may be involved 
with the eff ects of inhaled steroids in asthma        [207, 209] . 
Increased airway blood fl ow may be important in r emoving 
infl ammatory mediators from the airway, and may play a 
role in the development of exercise-induced asthma  [210] . 
Increased shear stress due to high expiratory pressures may 
lead to gene transduction and enhanced production of nitric 
oxide by type III (endothelial) NO synthase        [211, 212] ; 
there are  in vivo  experimental data in sheep that support the 
importance of this mechanism  [213] . Th ere may also be an 
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increase in the number of blood vessels in asthmatic airways 
as a result of angiogenesis in response to VEGF          [214–216] . 

   Microvascular leakage is an essential component of 
the infl ammatory response and many of the infl ammatory 
mediators implicated in asthma produce this leakage        [217, 
218] . Th ere is a good evidence for microvascular leakage 
in asthma, and it may have several consequences on airway 
function, including increased airway secretions, impaired 
mucociliary clearance, formation of new mediators from 
plasma precursors (such as kinins), and mucosal edema 
which may contribute to airway narrowing and increased 
AHR          [219–221] .  

    Mucus hypersecretion 

   Mucus hypersecretion is a common infl ammatory response 
in secretory tissues and is an important component of the 
infl ammatory response in asthma ( Fig. 33.11   ). Increased 
mucus secretion contributes to the viscid mucus plugs 
which occlude asthmatic airways, particularly in fatal 
asthma. Th ere is evidence for hyperplasia of submucosal 
glands which are confi ned to large airways, and of increased 
numbers of epithelial goblet cells in patients with asthma, 
especially those with severe asthma  [8] . One of the major 
mucin genes, MUC5AC is induced by complement factor 
C3a  [222] , NO  [223] , TNF- α   [224] , EGF family ligands 
 [225] , or neutrophil elastase  [226] . Since both neutrophils 
and enhanced expression of mucin genes have been found 
in great pr ofusion in the airways of patients with severe 
asthma  [52] , it is tempting to speculate that the neutrophils 
may have led to the enhanced mucin gene expression. Th us 
enhanced mucin expression in epithelial cells can be viewed 
as an indicator of the infl ammatory state of the airways. 
Th ese fi ndings are not limited to cell culture, since in intact 
humans with asthma, exercise-induced bronchospasm is 
associated with enhanced expression of MUC5AC  [227] . 
It is highly likely that methods to manipulate mucin gene 
expression in response to infl ammatory stimuli will be iden-
tifi ed and could be of value in the treatment of asthma as 
well as COPD.  

    Neural eff ects 

   Neural mechanisms play an important role in the patho-
genesis in asthma as discussed in Chapter 32    [228] . 
Autonomic nervous control of the airways is complex; in 
addition to classical cholinergic and adrenergic mechanisms, 
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nonadrenergic noncholinergic (NANC) nerves and several 
neuropeptides have been identifi ed in the respiratory tract 
         [229–231] . Many studies have investigated the possibility 
that defects in autonomic control may contribute to AHR 
in asthma, and abnormalities of autonomic function, such as 
enhanced cholinergic and  α -adrenergic responses or reduced 
 β -a drenergic responses, have been proposed. Current think-
ing s uggests that these abnormalities are likely to be second-
ary to the disease, rather than primary defects  [228] . It is 
possible that airway infl ammation may interact with auto-
nomic control by several mechanisms. 

   Th ere is a close interaction between airway infl amma-
tion and airway nerves ( Fig. 33.12   ). Infl ammatory media-
tors may act on various prejunctional receptors on 
airway nerves to modulate the release of neurotransmitters 
       [232, 233] . Th us thromboxane and PGD 2  facilitate the 
release of acetylcholine from cholinergic nerves in canine 
airways, whereas histamine inhibits cholinergic neurotrans-
mission at both parasympathetic ganglia and postganglionic 
nerves via histamine H 3 -receptors. Infl ammatory media-
tors may also activate sensory nerves, resulting in refl ex 
cholinergic bronchoconstriction or release of infl ammatory 
neuropeptides. Infl ammatory products may also sensitize 
sensory nerve endings in the airway epithelium, so that the 
nerves become hyperalgesic. Hyperalgesia and pain (dolor) 
are cardinal signs of infl ammation, and in the asthmatic air-
way may mediate cough and chest tightness, which are such 
characteristic symptoms of asthma. Th e precise mechanisms 
of hyperalgesia are not yet certain, but mediators such as 
prostaglandins, certain cytokines, and neurotrophins may 
be important. Neurotrophins, which may be released from 
various cell types in peripheral tissues, may cause prolifera-
tion and sensitization of airway sensory nerves  [234] . 

   Bronchodilator nerves which are nonadrenergic are 
prominent in human airways and may be dysfunctional in 
asthma  [235] . In human airways, the bronchodilator neuro-
transmitter appears to be NO  [236] . 

   Airway nerves may also release neurotransmitters 
which have proinfl ammatory eff ects. Th us neuropeptides 
such as substance P (SP), neurokinin A, and calcitonin-gene 

related peptide may be released from sensitized infl amma-
tory nerves in the airways which increase and extend the 
ongoing infl ammatory response  [237] . Th ere is evidence 
for an increase in SP-immunoreactive nerves in airways 
of patients with severe asthma  [238] , which may be due 
to proliferation of sensory nerves and increased synthesis 
of sensory neuropeptides as a result of nerve growth fac-
tors released during chronic infl ammation – although this 
has not been confi rmed in milder asthmatic patients  [239] . 
Th ere may also be a reduction in the activity of enzymes, 
such as neutral endopeptidase, which degrade neuropeptides 
such as SP  [240] . Th us chronic asthma may be a ssociated 
with increased neurogenic infl ammation, which may provide 
a mechanism for perpetuating the infl ammatory response 
even in the absence of initiating infl ammatory stimuli.   

    TRANSCRIPTION FACTORS 

   Th e chronic infl ammation of asthma is due to increased 
expression of multiple infl ammatory proteins (cytokines, 
enzymes, receptors, adhesion molecules). In many cases 
these infl ammatory proteins are induced by transcription 
factors, DNA-binding factors that increase the transcrip-
tion of selected target genes ( Fig. 33.13   )  [143] . 

   A proinfl ammatory transcription factor that may play 
a critical role in asthma is nuclear factor-kappa B (NF- κ B) 
which can be activated by multiple stimuli, including protein 
kinase C activators, oxidants, and proinfl ammatory cytokines 
(such as IL-1 β  and TNF- α )          [241–243] . Th ere is evidence 
for increased activation of NF- κ B in asthmatic airways, par-
ticularly in epithelial cells and macrophages  [244] . Although 
many aspects of the asthmatic airway are infl uenced by the 
expression of transcription factors, there are data linking 
the mechanical deformation of the airway to expression of 
proinfl ammatory transcription factors; these fi ndings have 
direct implications for the mechanism of exercise-induced 
asthma and may explain how this physical stimulus could 
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modify the infl ammatory microenvironment of the airway 
           [104, 245–247] . 

   Th e transcription factor GATA-3 (GATA-binding 
protein 3) is crucial for the diff erentiation of uncommitted 

naive T-cells into Th 2 cells and it regulates the secretion 
of T H 2-type cytokines  [248] . Th ere is an increase in the 
number of GATA-3  �   T-cells in the airways of asthmatic 
subjects compared with normal subjects  [249] . Following 
simultaneous ligation of the T-cell receptor (TCR) and 
co-receptor CD28 by antigen-presenting cells, GATA-3 
is phosphorylated and activated by p38 mitogen-activated 
protein kinase. Activated GATA-3 then translocates from 
the cytoplasm to the nucleus, where it activates gene tran-
scription  [250] . GATA-3 expression in T-cells is regulated 
by the transcription factor STAT-6 (signal transducer and 
activator of transcription 6) via IL-4 receptor a ctivation. 
Another transcription factor T-bet has the opposite 
eff ect and promotes Th 1 cells and suppresses Th 2 cells. 
T-bet expression is reduced in T-cells from the airways of 
asthmatic patients compared with nonasthmatic patients 
 [251] . When phosphorylated, T-bet can associate with 
and inhibit the function of GATA-3, by preventing it 
from binding to its DNA target sequences  [252] . GATA-
3 inhibits the production of Th 1-type cytokines by inhibit-
ing STAT-4, the major transcription factor activated by the 
T-bet-inducing cytokine IL-12  [253]  ( Fig. 33.14   ). Nuclear 
factor of activated T-cells (NFAT) is a T-cell-specifi c tran-
scription factor and appears to enhance the transcriptional 
activation of GATA-3 at the IL-4 promoter  [254] . FOXP3 
is a transcription factor that is expressed in Tregs, whereas 
the equivalent transcription factor in Th 17 cells is ROR γ t. 
Th ere appears to be a negative interaction between these 
transcription factors so that a reduction of Tregs in asthma 
may be a factor increasing Th 17 cells  [255] .  
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    ANTI-INFLAMMATORY MECHANISMS IN 
ASTHMA 

   Although most emphasis has been placed on infl ammatory 
mechanisms, there may be important anti-infl ammatory 
mechanisms that may be defective in asthma, resulting in 
increased infl ammatory responses in the airways ( Fig. 33.15   ). 

    Lipid anti-infl ammatory mediators 

   Several lipid mediators appear to have anti-infl ammatory 
eff ects, including PGE 2 , lipoxins, resolvins, and protectins 
       [256, 257] . Th ere is a strong evidence supporting the role of 
signaling through the lipoxin A receptor as being defi cient 
in severe asthma in general and aspirin-sensitive asthma in 
particular                [258–263] . In addition it has now been estab-
lished that presqualene diphosphate (PSDP) is an endog-
enous regulator of phosphatidylinositol 3-kinase (PI3K). 
PSDP, but not presqualene monophosphate (PSMP), 
directly inhibits recombinant human PI3K- γ  activity and 
a new PSDP structural mimetic blocks human neutrophil 
activation and murine lung PI3K activity and infl amma-
tion  [264] . Resolvin E1 (RvE1: 5S,12R,18R-t rihydroxyei
cosapentaenoic acid) is an anti-infl ammatory lipid media-
tor derived from the  ω -3 fatty acid eicosapentaenoic acid. 
RvE1 is involved in the resolution of infl ammation and 
reduces allergic infl ammation in mice exposed to inhaled 
allergen  [265] . 

   Another important anti-infl ammatory mediator is 
protectin D1, a natural lipid based chemical mediator that 
counters leukocyte activation. PD1 has been recovered from 

exhaled breath condensates from healthy subjects but levels 
were signifi cantly lower in condensates from patients with 
asthma exacerbations  [266] . PD1 when administered before 
inhaled allergen challenge, in mice led to decreased airway 
eosinophil and T-lymphocyte recruitment, decreased airway 
mucus, and less of an increment in AHR than without the 
PD1. Th ese data suggest that endogenous PD1 is a novel 
and important counterregulatory signal in allergic airway 
infl ammation.  

    IL-10 

   Airway and alveolar macrophages have a pr edominantly 
s uppressive eff ect in asthma and inhibit T-cell p roliferation. 
Th e mechanism of macrophage-induced i mmunosuppression 
is not yet certain, but PGE 2  and IL-10 secretion may con-
tribute  [267] . IL-10 inhibits many of the infl ammatory 
mechanisms in asthma and its secretion is defective from 
macrophages of asthmatic patients  [268] . IL-10 is secreted 
by a subset of Tregs and this is enhanced by specifi c allergen 
immunotherapy  [267] . Interestingly treatment of asthmatic 
children with an inhaled corticosteroid or with montelukast 
increases serum levels of IL-10  [269] ; these fi ndings sug-
gest that increasing IL-10 may be an important therapeutic 
approach in asthma.   

    GENETIC INFLUENCES 

   Over the past 15 years there have been multiple studies on 
the genetics of asthma (see Chapter 4)  . A number of poten-
tial asthma genes have been identifi ed  [270] , but very few 
have been replicated in multiple populations  [271] . However 
all the data suggest that there is not a single major asthma 
susceptibility gene, but rather there are multiple genes each 
explaining only a small proportion of the total variance in 
the asthma phenotype. Th e keys to fi nd the most important 
asthma genes will be to use comprehensive methods and to 
replicate the fi ndings in an individual population in multiple 
distinct populations. 

    ADAM33  is an asthma gene, discovered by positional 
cloning, that has been replicated in many but not all popu-
lations tested  [272] . It was initially identifi ed in Caucasian 
families from the United States and United Kingdom and 
was associated with asthma characterized by bronchial hyper-
responsiveness. Th ere were many variants within  ADAM33  
that were signifi cantly associated with these phenotypes. 
Subsequently, there have been a large number of case-control 
and family-based association studies focused on  ADAM33 , 
with the majority but not all, confi rming the original fi nding 
 [273] . Current data suggest that  ADAM33  may be involved 
in lung development and remodeling. 

   In genome wide-association studies microarrays capa-
ble of typing 500,000 to 1 million single nucleotide poly-
morphisms are used to identify associations between a given 
phenotype and genotype. Th is technology has been applied 
to childhood asthma  [274] . Th ese investigators identi-
fi ed a strong statistical association between the diagnosis of 
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asthma in childhood in families from the United Kingdom 
and markers located on chromosome 17q21. Th e results were 
replicated in two European populations. Th ey then used the 
genetic data to examine transcript levels in immortalized lym-
phocytes from children harboring the implicated variants and 
showed a strong association between variants in  ORMDL3  
and asthma.  ORMDL3  is a member of a family of genes that 
encode endoplasmic reticulum proteins of unknown function. 
If these studies are replicated, then the community of asthma 
researchers will need to determine how variants in the func-
tion of this gene could lead to childhood asthma. 

   An area of importance is the relationship between 
clinical responses to anti-asthma treatments and genotype 
at various drug targets  [275] . For example, there are known 
to be a number of SNPs in the  β  2 -adrenoceptor gene that 
result in structural changes in the  β  2 -receptor structure asso-
ciated with functional changes in isolated cell systems  [276] . 
Th ese are related to the acute response to bronchodilator
aerosols acting via this receptor        [277, 278]  and with del-
eterious eff ects of chronic use of albuterol        [279, 280] . In a 
double blind randomized controlled trial, the fi rst in a non-
malignant condition where genotype at a specifi c locus was 
an entry criterion, those patients harboring the alleles encod-
ing for homozygous expression of arginine rather than gly-
cine at the 16th amino acid in the  β  2 -adrenergic receptor 
had diminished morning and evening peak fl ow and lower 
FEV 1  after the regularly scheduled use of albuterol than 
when albuterol was used on an  “ as needed only ”  basis  [281] . 
In a retrospective analysis of two other randomized clinical 
trials similar changes have been observed by some groups 
 [282]  but not by others  [283] . However, other retrospective 
analyses of long-acting  β  2 -agonists have not demonstrated 
a functional eff ect of these SNPs  [284] . Similarly, there are 
genetically based functional variants in the regulation of the 
ALOX-5 gene  [285] . Although these variants were originally 
associated with the response to anti-leukotriene treatment 
 [286] , current studies suggest that it is not these variants per 
se, but variants in the ALOX-5 gene in general that may 
confer diff erences in treatment response  [287] .  

    UNANSWERED QUESTIONS 

   As a syndrome much about asthma remains an enigma. 
Although we have reasonably eff ective treatments and a 
general idea of it pathophysiology, there are still many unan-
swered questions about its pathobiology. 

    Why is the prevalence of asthma increasing throughout the 
world as a consequence of Westernization?  
   It is clear that allergic diseases appear as societies become 
more Westernized, but what environmental factors are 
responsible is not known. It is likely that several factors are 
operating together  [288] . Among the factors identifi ed to 
date are diet (reduced intake of antioxidants, reduced unsatu-
rated fats), lack of early childhood infections (with conse-
quent tendency to develop Th 2-driven responses), greater 
exposure to allergens in the home (tight housing, mattresses, 

central heating providing more favorable environment), cig-
arette smoking (pregnancy and early childhood exposure), 
and possibly air pollution due to road traffi  c. Th e role of 
exposures to pets in early childhood remains unresolved and 
because of confounding will be diffi  cult to ascertain using an 
epidemiological approach. 

    Why does asthma once established become chronic in some indi-
viduals but remain intermittent and episodic in others?  
   Is there a genetic diff erence among people or an environ-
mental diff erence among stimuli that results in full resolu-
tion of airway obstruction in some patients and the failure 
for this to occur in others? For example, occupational asthma 
due to chemical sensitizers, such as toluene diisocyanate, 
may remit if the patient is removed from exposure to the 
sensitizer within 6 months of development of asthma symp-
toms, whereas longer exposure is often associated with per-
sistent asthma even when avoidance of exposure is complete 
       [289, 290] . Th is suggests that once infl ammation is estab-
lished it may continue independently of a causal mechanism, 
whereas in others this self perpetuation does not occur. 

    Are there diff erent types of asthma, each characterized by a com-
mon genetic background with its attendant immunological and 
infl ammatory response?  
   Asthma remains a syndromic diagnosis. How can we get 
beyond a physiological and descriptive defi nition to one in 
which the primary disease pathobiology, for each of the many 
asthma syndromes, can be developed? 

    How does infl ammation of the airways translate into clinical 
symptoms of asthma?  
   Airway thickening, as a consequence of the infl ammatory 
response, may contribute to increased responsiveness to spas-
mogens        [193, 291] . However, there is no obvious relationship 
between the infl ammatory response in airways and asthma 
severity; patients with mild asthma may have a similar eosi-
nophil response to patients with severe asthma, suggesting 
that there are other factors that determine clinical severity. 
Th e nature of these  “ factors ”  remains elusive, but we must 
identify them if we are to make true scientifi c progress. 

    How important are genetic factors (genetic polymorphisms) in 
determining the phenotype of asthma?  
   Asthma is a complex genetic disease but likely one in which 
there is both diff erences among individuals in the genes that 
pre-dispose to asthma and a requirement for more than one 
genetic variant in a given person for asthma to be manifest. 
Since each  “ asthma gene ”  may account for such a small pro-
portion of the total genetic variance in asthma, how can we 
use genetics to develop better asthma diagnostics? How can 
we use genetics to help stratify patients to achieve uniform 
cohorts for clinical trials? 

    Are asthma and atopy causally related or just closely linked?  
   Much of our understanding of asthma derives from study of 
models of allergy. Although these models are of great value 
in defi ning the pathobiology of asthma, how closely will they 
relate to the human disease?   
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C H A P T E R                        Pathophysiology of COPD

      INTRODUCTION 

   COPD is a complex infl ammatory disease that 
involves multiple interacting cells and media-
tors and various tissue destruction and repair 
mechanisms leading to structural changes that 
result in progressive airfl ow limitation with lit-
tle reversibility. Th e preceding chapters discuss 
details of the individual infl ammatory cells and 
mediators and the structural changes that are 
found in COPD. Th e links between the cellu-
lar and molecular mechanisms, the pathology, 
the physiological abnormalities, and symptoms 
are still not well understood. Th is is compli-
cated by the fact that there is heterogeneity of 
the disease, with some patients showing a pre-
dominant emphysema pattern, whereas in oth-
ers small airway disease predominates, although 
many patients have a mixed pattern, as ciga-
rette smoking is a common causal mechanism. 
Th ere are diff erences in the degree of mucus 
hypersecretion between patients and in the 
frequency of infective exacerbations. Finally 
it is nowrecognized that COPD aff ects extra-
pulmonary organs, such as skeletal muscle, as 
well as increasing the prevalence of common co-
morbid diseases, such as cardiovascular disease 
and lung cancer, which together are the com-
monest cause of death in patients with COPD. 

   Th e defi nition of COPD adopted by the 
Global initiative on Obstructive Lung Disease 
(GOLD) encompasses the idea that COPD 
is a chronic infl ammatory disease and much of 
the recent research has focused on the nature 
of this infl ammatory response  [1] . COPD is 
an obstructive disease of the lungs which 
slowly progresses over many decades leading to 
death from respiratory failure unless patients 
die of co-morbidities such as heart disease and 
lung cancer before this stage. Although the 

commonest cause of COPD is chronic cigarette 
smoking, some patients, particularly in develop-
ing countries, develop the disease from inhala-
tion of wood smoke from biomass fuels or other 
inhaled irritants  [2] . However, only about 25% 
of smokers develop COPD of at least moder-
ate severity  [3] , although as many as half will 
develop abnormal lung function  [4] , suggest-
ing that there may be genetic or host factors 
that predispose to its development, although 
these have not yet been clearly identifi ed (see 
Chapter 4). Th e disease is thought to be relent-
lessly progressive and, to date, only smoking ces-
sation has been demonstrated to reduce the rate 
of decline in lung function, although as the dis-
ease becomes more severe there is less eff ect of 
smoking cessation and lung infl ammation per-
sists. However, it is not yet clear that all patients 
with mild and moderate COPD show progres-
sion. Some patients may have small lungs due to 
abnormalities in lung development due to fetal 
or early childhood infl uences and develop symp-
toms of COPD as a result of the normal decline 
in lung function with aging but starting from a 
lower peak ( Fig. 34.1   ). Th ese patients may end 
up with airfl ow obstruction without abnormal 
infl ammatory changes.  

    AIRFLOW LIMITATION 

   Airfl ow limitation in COPD may be the result 
of three diff erent pathological mechanisms 
( Fig. 34.2   ): 

    1.     Th ickening and fi brosis of small airways 
(chronic obstructive bronchiolitis) which is 
presumed to be due to the eff ect of chronic 
infl ammation.  
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    2.     Emphysema results in expiratory airway collapse for 
two reasons: Disruption of alveolar attachments permits 
small airways to close on expiration due to lack of elastic 
support; in addition, loss of lung elastic recoil decreases 
the intralumenal pressure, which also predisposes to 
small airway collapse, particularly with forced exhalation.  

    3.     Luminal obstruction with mucus and plasma exudate as a 
result of infl ammation.    

   All three mechanisms may contribute to air trapping 
and lung hyperinfl ation, resulting in dyspnea and exercise 
limitation  [5]  ( Fig. 34.3   ) (see Chapter 5). Th e relative roles 
of emphysema and small airway disease in causing airfl ow 
limitation are debated, but recent studies with measurements 
of emphysema by computerized tomography show that 
varying severity of emphysema can be present with similar 
impairment of FEV 1 , although there may be abnormalities 
in diff usion capacity and hypoxia  [6] . Th e variable asso-
ciation of emphysema with airfl ow limitation has focused 
increased attention on small airways in COPD, but it is dif-
fi cult to measure small airway function in patients and novel 
imaging and physiological approaches are needed  [7] .  
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 FIG. 34.1          Small airways in COPD patients. The airway 

wall is thickened and infi ltrated with infl ammatory cells, 

predominately macrophages and CD8  �   lymphocytes, with 

increased numbers of fi broblasts. In severe COPD there are 

also lymphoid follicles, which consist of a central core of 

B-lymphocytes, surrounded by T-lymphocytes and thought 

to indicate chronic exposure to antigens (bacterial, viral, or 

autoantigens). Similar changes are also reported in larger 

airways. The lumen is often fi lled with an infl ammatory 

exudate and mucus. There is peribronchial fi brosis, and, 

resulting in progressive and irreversible narrowing of the 

airway. Airway smooth muscle may be increased slightly.    

Disrupted alveolar attachments

Inflammatory exudate in lumen

Peribronchial fibrosis
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Thickened wall with inflammatory cells
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 FIG. 34.2          Mechanisms of airfl ow limitation in 

COPD. Small airways are obstructed as a result 

of loss of alveolar attachments, thickening 

and distortion of the airway wall as a result 

of infl ammation and fi brosis and occlusion of 

the airway lumen by mucus and infl ammatory 

exudate.    

    ETIOLOGIC FACTORS 

    Inhalational exposures 

   Th e most important etiologic risk factors for the develop-
ment of COPD are inhalational exposures and cigarette 
smoke is by far the most important of these. Exposures 
other than cigarette smoking, however, also contribute to 
the risk for COPD. Such exposures can both cause COPD 
independently of cigarette smoking and can increase the 
risk for COPD in the presence of concurrent cigarette 
smoking. Exposures leading to COPD include a range of 
both environmental fumes and dusts. Coal dust, for exam-
ple, alone can lead to airfl ow limitation. Use of biomass for 
home cooking can result in signifi cant inhalational exposure 
and a marked increased risk for the development of COPD 
 [8] . Such exposure is a currently a major risk factor for 
COPD in parts of the developing world. Passive cigarette 
smoke exposure also is related to symptoms of cough and 
sputum production and is likely a risk factor for the devel-
opment of airfl ow limitation  [9] . 
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   Some exposures which represent risk factors for the 
development of COPD, for example intravenous drug abuse 
and cadmium may act through pathways distinct from the 
more common inhalational exposures. Intravenous drug 
abuse may lead to the development of COPD by a vas-
cular mechanism, and cadmium, which can cause emphy-
sema without infl ammation, may act by altering the repair 
response. Th ese rare causes of COPD are particularly 
instructive as they indicate that a variety of mechanisms 
may lead to altered lung structure and function. To what 
degree such mechanisms are involved in the more common 
etiologies of COPD remains to be determined. 

   It is likely that the varied inhalational exposures, 
which lead to COPD, share the ability to initiate some of 
the same pathogenetic mechanisms. Th is may account for 
some of the similarities of the disease induced by ciga-
rette smoke and other environmental exposures. Most 
exposures, however, are complex and contain many candi-
date toxins. Importantly, not all exposed individuals will 
develop COPD. Genetic factors, most of which remain to 
be defi ned, can aff ect risk.  

    Infections 

   Infections play a key role in COPD exacerbations 
(see Chapter 37). Up to two-thirds of exacerbations can 
be associated with a potential infectious pathogen, about 
half being bacterial and half being viral. Individuals with 
frequent exacerbations have been demonstrated to have 
an inferior quality of life as assessed by the St. George’s 

Respiratory Questionnaire. Th e suggestion has also been 
made that individuals with frequent exacerbations experi-
ence a more rapid decline in lung function  [10] . Damage 
induced by infections and the ensuing infl ammatory proc-
ess may make the airways more susceptible to subsequent 
infection  [11] . 

   Infections also have been related to increased risk for 
the development of COPD. A history of severe childhood 
viral infection has been associated with reduced lung func-
tion and with increased respiratory symptoms in some stud-
ies. Th ere are several, non-exclusive, possible explanations 
for these associations. First, there might be an increased 
diagnosis of severe infections in children who have underly-
ing airways responsiveness which itself may be a risk fac-
tor. Second, viral infections may be related to another factor 
such as socioeconomic status or birth weight which itself is 
related to COPD. Viral infections, moreover, may directly 
contribute to the development of COPD. In this regard, 
viral infections may result in incorporation of viral DNA 
into airway cells which could alter the response to subse-
quent exposures increasing the risk for COPD. In contrast, 
a more recent study failed to show an accelerated rate of 
decline among adults age 35–45 who had a history of child-
hood infections. However, another study did not demon-
strate an accelerated rate of decline in adults aged 35–45 
who had childhood infections  [12] . 

   Animal studies suggest the incorporation of adeno-
viral DNA can amplify the infl ammatory response induced 
when airway epithelial cells are exposed to cigarette smoke 
and increased levels of adenoviral DNA have been detected 
in the lungs of patients with COPD compared to control 
patients  [13] . In addition, HIV infection has also been 
related to the development of emphysema  [14] . HIV-
induced pulmonary infl ammation may play a role, although 
weight loss associated with HIV infection has also been 
suggested as a possible mechanism.  

    Nutrition 

   Nutritional status, independent of concurrent viral infec-
tion, is also likely a risk factor for the development of 
COPD. Th e famine and resulting starvation in the Warsaw 
ghetto in World War II was associated with the develop-
ment of emphysema. Reduced body weight, often expressed 
as body mass index, is a poor prognostic sign in individu-
als with established COPD. Underweight individuals with 
COPD, moreover, appear to be at risk for the development 
of emphysema. Th e association of starvation and anabolic/
catabolic status with the development of COPD, particu-
larly with emphysema, is also supported by experimental 
studies in animals.  

    Birth weight, lung growth, and 
development 

   Low birth weight has been associated with the development 
of COPD although this association remains controversial. 
Low birth weight has also been associated with increased 
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risk for asthma and with reduced lung function in both 
childhood and young adulthood. In this regard, reduced 
maximal attained lung function may identify individuals 
who are at increased risk for the development of COPD. 
While some of these results are controversial it remains 
possible that developmental problems associated with 
low birth weight represent a risk factor for the development 
of COPD.  

    Aging 

   COPD is a disease of the elderly. While decrements in 
lung function can be observed at any age and decline in 
lung function can begin in young adulthood, clinically sig-
nifi cant COPD is unusual before the fi fth or sixth decade 
of life and is most common even later  [15] . Lung function 
also declines with normal aging and compliance increases. 
Associated with this process are changes in alveolar struc-
ture including increased size and number of alveolar pores 
together with enlargement in alveolar spaces. Th ese changes, 
which are sometimes termed  “ senile emphysema, ”  resemble, 
in at least some features, clinical emphysema. Th is suggests 
the concept that aging may lead to emphysema or may 
accelerate its development. Further supporting a connec-
tion between COPD and aging, circulating lymphocytes 
in smokers have reduced telomere length  [16]  and chronic 
exposure to cigarette smoke can induce senescence in cells 
cultured  in vitro   [17] . In addition, fi broblasts cultured from 
the lungs of COPD patients proliferate more slowly and 
also show markers of senescence        [18, 19] . Finally, emphy-
sema spontaneously develops in mice with genetic forms of 
accelerated aging        [20, 21] . Taken together, these observa-
tions support the concept that COPD may represent a form 
of accelerated senescence in the lung.  

    Reactive airways 

   Asthma and increased airways reactivity have been iden-
tifi ed as risk factors for the development of COPD. Th is  
 relationship was originally proposed by Orie and colleagues 
and termed the Dutch hypothesis. Asthmatics, as a group, 
experience accelerated loss of lung function as do smokers 
with increased airways reactivity. Whether airways reactiv-
ity results from an infl ammatory process, which, in turn, 
also leads to loss of lung function in COPD or whether 
the airways reactivity directly causes COPD remains 
undetermined.  

    Genetics 

   It is likely that many genetic factors interact with and 
increase (or decrease) the risk for developing COPD. 
Family studies have demonstrated an increased risk of 
COPD within families with COPD probands. Some of this 
risk may be due to shared environmental factors, but several 
studies in diverse populations also suggest shared genetic 
risk (see Chapter 4). 

   To date the only well-defi ned genetic risk factor is 
defi ciency of alpha-1 protease inhibitor (PI). Severe defi -
ciency in this major circulating inhibitor of serine proteases 
is associated with development of emphysema in non-
smokers, although not all defi cient individuals are aff ected. 
In smokers, alpha-1 PI defi ciency is associated with the 
accelerated development of emphysema and mortality. 
A number of other genetic factors, while not unequivocally 
established, have been suggested to be related to risk for 
COPD (see Chapter 4).  

    Tissue remodeling 

   Peribronchial fi brosis and narrowing contributes to air-
fl ow limitation in chronic bronchitis. Th e mechanisms 
which lead to this process are unknown. However, injury 
of the small airways, either directly by inhaled toxins such 
as cigarette smoke or indirectly by the action of infl amma-
tory mediators likely initiates repair processes  [22] . In this 
regard, the airway epithelium has considerable capacity to 
mediate repair. Following mechanical injury, for example, 
airway epithelial cells from the edge of the wound rapidly 
fl atten and migrate to cover the defect. 

    In vitro  studies suggest that fi bronectin and trans-
forming growth factor (TGF)- β  produced by the epithelial 
cells present in the wound may help direct these processes. 
Th e newly recruited cells then replicate and undergo an 
orderly sequence of diff erentiation. It is likely that these 
processes often can restore both anatomic structure and air-
way function. In addition to the epithelial cells, mesenchy-
mal cells (fi broblasts and myofi broblasts) are also activated 
in the repair response. Th e wave of accumulation and rep-
lication of epithelial cells which occurs 24       h after mechani-
cal injury is followed about 2 days later by the accumulation 
and proliferation of mesenchymal cells. Under normal 
circumstances, these cells disappear over the next few weeks. 

   However, as in many tissues, repair in the airways 
can result in the excessive deposition of fi brotic extracellu-
lar matrix, and like most scars, these contract  [22] . If this 
were to happen circumferentially around an airway, airway 
narrowing would result. In this context, airway epithelial 
cells can also produce factors which drive fi broblast recruit-
ment, matrix production and remodeling. Interestingly, the 
fi brotic process may be driven by some of the same media-
tors which may also lead to epithelial repair such as TGF- β  
and fi bronectin. Consistent with a role for these mediators, 
both TGF- β  and fi bronectin have been reported in the air-
ways and bronchoalveolar lavage (BAL) fl uid in asthma 
and chronic bronchitis. While the processes which regulate 
airway repair following injury are only partly delineated, it 
seems likely that disordered repair processes can lead to tis-
sue remodeling with altered airway structure and function. 

   Altered repair mechanisms may contribute to the 
development of emphysema  [22] . In this context, the net 
tissue loss which characterizes emphysema may result from 
inadequate repair in the face of injury. Several lines of evi-
dence support this concept. First, several animal models of 
emphysema have been developed in which lung destruc-
tion is induced either by exposure to large concentrations 
of neutrophil elastase (NE), to cigarette smoke or to other 
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similar insults. Such injury is characterized by a rapid loss 
of lung connective tissue consistent with tissue destruction 
taking place. Th ese models, however, are also associated with 
a rapid onset of new connective tissue synthesis. In many 
cases, total tissue matrix macromolecule concentration is 
restored to normal or increased levels within a few weeks 
of tissue injury. Similarly, in mild human emphysema, lung 
collagen content has been reported to be increased consist-
ent with initiation of matrix molecule production. 

   Th e concept that repair processes initiated in model 
systems of emphysema serve to mitigate the severity of the 
resulting emphysema is supported by studies in which repair 
processes are disrupted. For example, starvation can greatly 
potentiate the development of emphysema following elastase 
exposure in rats  [23] . Similarly, inhibition of matrix macro-
molecule cross-linking can also exacerbate the development 
of emphysema. In this context, cigarette smoke can interfere 
with repair processes by a number of mechanisms. Smoke 
can inhibit parenchymal cell recruitment, proliferation, 
matrix production, and tissue remodeling  [22] . Smoke can 
also interfere with matrix macromolecule cross-linking  [24] . 
It is possible, therefore, that smoke can lead to the develop-
ment of emphysema by three interacting mechanisms: (1) 
by initiating an infl ammatory response which causes tissue 
destruction; (2) by interfering with the defenses which nor-
mally protect tissues from injury during infl ammation; and 
(3) by disrupting the repair processes which have the poten-
tial for restoring tissue architecture in the face of injury. 

   Several lines of evidence suggest that tissue repair or 
maintenance may be abnormal in emphysema. Reduced 
VEGF and VEGF receptors in the lungs of patients with 
COPD and, in an animal model, that interruption of 
VEGF signaling can lead to the development of emphy-
sema through apoptosis  [25] . Fibroblasts from patients with 
COPD proliferate more slowly  [18]  and are defi cient in 
several  in vitro  measures of tissue repair  [26] .  

    Pathogenesis: Integrating concepts 

   Taken together, the currently available data suggest that 
the majority of COPD results from exposures to noxious 
agents. Th ese, in turn, lead to activation of infl ammatory 
processes within the lower respiratory tract. Damage to 
lung structures results both from the exposures and, more 
importantly, from the ensuing infl ammatory responses. 
Infl ammation and injury also activate repair responses. 
Some individuals, either on a genetic or on a developmen-
tal basis, appear to be particularly sensitive to the injurious 
eff ects of exposures and infl ammation. Similarly, individuals 
likely diff er in their ability to repair lung injury, diff erences 
which refl ect both genetic and acquired (e.g. nutritional) 
heterogeneity. Th e following sections will review briefl y the 
cells and mediators believed to play a role in COPD.   

    COPD AS AN INFLAMMATORY DISEASE 

   Both the small airway remodeling and narrowing and the 
emphysema are believed to be due to chronic infl ammation 

in the lung periphery. Quantitative studies have shown 
that the infl ammatory response in small airways and lung 
parenchyma increases as the disease progresses  [27]  (see 
Chapter 6). Th ere is a specifi c pattern of infl ammation in 
COPD airways and lung parenchyma with increased num-
bers of macrophages, T-lymphocytes, with predominance 
of CD8  �   (cytotoxic) T-cells, and in more severe disease 
B-lymphocytes with increased numbers of neutrophils in 
the lumen  [28]  ( Fig. 34.4   ). Th e infl ammatory response 
in COPD involves both innate and adaptive immune 
responses. Multiple infl ammatory mediators are increased in 
COPD and are derived from infl ammatory cells and struc-
tural cells of the airways and lungs  [29] . A similar pattern 
of infl ammation is seen in smokers without airfl ow limita-
tion, but in COPD this infl ammation is amplifi ed and even 
further amplifi ed during acute exacerbations of the disease 
which are usually precipitated by bacterial and viral infec-
tions ( Fig. 34.5   ). Th e molecular basis of this amplifi cation 
of infl ammation is not yet understood but may be, at least 
in part, genetically determined. Cigarette smoke and other 
irritants in the respiratory tract may activate surface macro-
phages and airway epithelial cells to release chemotactic fac-
tors that then attract circulating leukocytes into the lungs. 
Amongst chemotactic factors, chemokines predominate 
and therefore play a key role in orchestrating the chronic 
infl ammation in COPD lungs and its further amplifi cation 
during acute exacerbations  [30] . Th ese might be the initial 
infl ammatory events occurring in all smokers. However in 
smokers who develop COPD this infl ammation progresses 
into a more complicated infl ammatory pattern of adaptive 
immunity and involves T- and B-lymphocytes and possibly 
dendritic cells along with a complicated interacting array of 
cytokines and other mediators  [31] . 

    Diff erences from asthma 

   Histopathological studies of COPD show a predominant 
involvement of peripheral airways (bronchioles) and lung 
parenchyma, whereas asthma involves infl ammation in all 
airways (particularly proximal airways) but usually without 
involvement of the lung parenchyma  [32] . In COPD there 
is narrowing of bronchioles, with fi brosis and infi ltration 
with macrophages and T-lymphocytes, along with destruc-
tion of lung parenchyma and an increased number of mac-
rophages and T-lymphocytes, with a greater increase in 
CD8  �   than CD4  �   (helper) cells  [27]  ( Fig. 34.6   ). Bronchial 
biopsies show similar changes with an infi ltration of mac-
rophages and CD8  �   cells and an increased number of 
neutrophils in patients with severe COPD. BAL fl uid and 
induced sputum demonstrate a marked increase in macro-
phages and neutrophils. In contrast to asthma, eosinophils 
are not prominent except during exacerbations or when 
patients have concomitant asthma        [32, 33] . In contrast to 
the epithelial fragility of asthma, the airway epithelium in 
patients with COPD may be metaplastic, as a result of the 
chronic release of epithelial growth factors such as epithelial 
growth factor (EGF) from these cells. Another diff erence 
between COPD and asthma is the pattern of fi brosis, with 
subepithelial fi brosis (sometimes called basement mem-
brane thickening) as a very characteristic feature of asthma, 
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 FIG. 34.5          Amplifi cation of lung infl ammation in COPD. Normal smokers have a mild infl ammatory response, which represents the normal (probably 

protective) reaction of the respiratory mucosa to chronic inhaled irritants. In COPD this same infl ammatory response is markedly amplifi ed, and this 

amplifi cation increases as the disease progresses. It is further increased during exacerbations triggered by infective organisms. The molecular mechanisms 

of this amplifi cation are currently unknown, but may be determined by genetic factors or possibly latent viral infection. Oxidative stress is an important 

amplifying mechanism and may increase the expression of infl ammatory genes through impairing the activity of histone deacetylase-2 (HDAC2), which is 

needed to switch off  infl ammatory genes.    
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Mucus hypersecretion is stimulated by epithelial growth factor (EGF) and TGF- α .    
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whereas in COPD fi brosis is found mainly around small 
airways (peribronchiolar fi brosis). Th e airway smooth mus-
cle layer in asthma may be thickened as a result of hypertro-
phy and hyperplasia of airway smooth muscle cells, whereas 
this layer is not very much increased in patients with 
COPD  [34] . Mucus hypersecretion is a feature of asthma 
and COPD, with hyperplasia of goblet cells and submucosal 
glands  [35]  (see Chapter 17). 

   Although the infl ammatory picture in asthma and 
COPD diff ers, in patients with severe asthma there are 
greater similarities between the two diseases, with increased 
neutrophils, CD8  �   cells, and similar patterns of mediators 
in severe asthma as in COPD  [31] .   

    INFLAMMATORY CELLS 

   For many years, it was believed that the infl ammatory reac-
tion in the lungs of smokers consisted of neutrophils and 
macrophages and those proteinases from these cells were 
responsible for the lung destruction in COPD. More 
recently it has been recognized that there is a prominent T-
cell infi ltration in the lungs of patients with COPD, with 
a predominance of CD8  �   T-cells, although CD4  �   (helper) 
T-cells are also numerous. Although abnormal numbers of 
infl ammatory cells have been documented in COPD, the 
relationship between these cell types and the sequence of 
their appearance and their persistence are not yet under-
stood in detail  [28] . Most studies have been cross-sectional, 
based on selection of patients with diff erent stages of the 
disease, and comparisons have been made between smokers 
without airfl ow limitation (normal smokers) and those with 
COPD who have smoked a similar amount. Th ere are no 
serial studies; selection biases (such as selecting tissue from 
patients suitable for lung volume reduction surgery) may 

give misleading results. Nonetheless, there is a progressive 
increase in the numbers of infl ammatory cells in small air-
ways and lung parenchyma as COPD becomes more severe 
even though the patients with most severe obstruction have 
stopped smoking for many years  [27] , indicating the exist-
ence of mechanisms which perpetuate the infl ammatory 
reaction in COPD. Th is is in contrast to many other chronic 
infl ammatory diseases, such as rheumatoid arthritis, where 
the infl ammation tends to diminish in severe disease. Th e 
infl ammation of COPD lungs involves both innate immu-
nity (neutrophils, macrophages, eosinophils, mast cells, NK 
cells,  γ  δ -T-cells, and dendritic cells) and adaptive immunity 
(T- and B-cells). 

   Th e infl ammation in the airways of COPD patients 
does not seem to disappear after smoking cessation, even 
after a period of several years        [36, 37] . 

    Epithelial cells 

   Epithelial cells are activated by cigarette smoke to pro-
duce infl ammatory mediators, including tumor necrosis 
factor (TNF)- α , interleukin (IL)-1 β , IL-6, granulocyte-
macrophage colony-stimulating factor (GM-CSF) and 
CXCL8 (IL-8). Epithelial cells in small airways may be an 
important source of TGF- β , which then induces local fi bro-
sis. Airway epithelial cells are also important in defense of 
the airways, with mucus production from goblet cells, and 
secretion of antioxidants, antiproteases, and defensins (see 
Chapter 16). It is possible that cigarette smoke and other 
noxious agents impair these innate and adaptive immune 
responses of the airway epithelium, increasing susceptibil-
ity to infection. Th e airway epithelium in chronic bronchitis 
and COPD often shows squamous metaplasia, which may 
result from increased proliferation of basal airway epithe-
lial cells but the nature of the growth factors involved in 
epithelial cell proliferation, cell cycle, and diff erentiation in 
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COPD are not yet known. Epidermal growth factor recep-
tors (EGFR) show increased expression in airway epithelial 
cells of smokers and may contribute to basal cell prolifera-
tion, resulting in squamous metaplasia and an increased risk 
of bronchial carcinoma  [38] .  

    Mesenchymal cells 

   Mesenchymal cells, including fi broblasts, myofi broblasts, 
and smooth muscle cells, are the major structural cells 
responsible for the production and maintenance of the 
interstitial connective tissue. As such, they play a major 
role in the tissue remodeling that characterizes the struc-
tural alterations of COPD. In addition, mesenchymal cells 
can also produce infl ammatory mediators and may play 
a role in persistent infl ammation in asthma and possibly 
COPD. Fibroblasts from the lung parenchyma of patients 
with COPD proliferate more slowly  [18]  and are less active 
in chemotaxis and contraction of extracellular matrix  [26] . 
Th is suggests that defi cient repair could contribute to the 
development of emphysema. Conversely, a  “ pro-fi brotic ”  
phenotype has been reported in fi broblasts from various 
fi brotic diseases        [39, 40] . Whether such cells play a role in 
the airways fi brosis in COPD is unknown.  

    Neutrophils 

   Increased numbers of activated neutrophils are found in 
sputum and BAL fl uid of patients with COPD  [41] , yet are 
relatively little increased in the airways or lung parenchyma. 
Th is may refl ect their rapid transit through the airways and 
parenchyma. Th e role of neutrophils in COPD is not yet 
clear, however, neutrophil numbers in induced sputum are 
correlated with COPD disease severity  [41]  and with the 
rate of decline in lung function  [42] . Smoking has a direct 
stimulatory eff ect on granulocyte production and release 
from the bone marrow and survival in the respiratory 
tract, possibly mediated by GM-CSF and G-CSF released 
from lung macrophages  [43] . Smoking may also increase 
intravascular neutrophil retention in the lung. Neutrophil 
recruitment to the airways and parenchyma involves adhe-
sion to endothelial cells and E-selectin which is up-regu-
lated on endothelial cells in the airways of COPD patients 
 [44] . Adherent neutrophils then migrate into the respiratory 
tract under the direction of neutrophil chemotactic factors. 
Th ere are several chemotactic signals that have the potential 
for neutrophil recruitment in COPD, including leukotriene 
(LT)B 4 , CXCL8, and related CXC chemokines, includ-
ing CXCL1 (GRO- α ) and CXCL5 (ENA-78), which are 
increased in COPD airways  [45]  ( Fig. 34.7   ). Th ese media-
tors may be derived form alveolar macrophages T-cells and 
epithelial cells, but the neutrophil itself may be a major 
source of CXCL8. Neutrophils from the circulation mar-
ginate in the pulmonary circulation and adhere to endothe-
lial cells in the alveolar wall before passing into the alveolar 
space. Th e neutrophils recruited to the airways of COPD 
patients are activated as there is increased concentration 
of granule proteins, such as myeloperoxidase (MPO) and 
human neutrophil lipocalin, in the sputum supernatant  [46] . 

Neutrophils secrete serine proteases, including NE, cathep-
sin G, and proteinase-3, as well as matrix metalloproteinase 
(MMP)-8 and MMP-9, which may contribute to alveolar 
destruction. Neutrophils have the capacity to induce tissue 
damage through the release of serine proteases and oxidants. 
However, while neutrophils have the capacity to cause elas-
tolysis, this is not a prominent feature of other pulmonary 
diseases where chronic airway neutrophilia is even more 
prominent, including cystic fi brosis and bronchiectasis. Th is 
suggests that other factors are involved in the generation of 
emphysema. Indeed neutrophils are not a prominent feature 
of parenchymal infl ammation in COPD. It is likely that 
airway neutrophilia is more linked to mucus hypersecretion 
in chronic bronchitis. Serine proteases from neutrophils, 
including NE, cathepsin G, and proteinase-3 are all potent 
stimulants of mucus secretion from submucosal glands and 
goblet cells in the epithelium. Th ere is a marked increase in 
neutrophil numbers in the airways in acute exacerbations of 
COPD accounting for the increased purulence of sputum. 
Th is may refl ect increased production of neutrophil chemo-
tactic factors including LTB 4  and CXCL8        [47, 48] .  

    Macrophages 

   Macrophages appear to play a pivotal role in the pathophysi-
ology of COPD and can account for most of the known 
features of the disease  [49]  ( Fig. 34.8   ). Th ere is a marked 
increase (5- to 10-fold) in the numbers of macrophages 
in airways, lung parenchyma, BAL fl uid, and sputum in 
patients with COPD. A careful morphometric analysis of 
macrophage numbers in the parenchyma of patients with 
emphysema showed a 15-fold increase in the numbers of 
macrophages in the tissue and alveolar space compared with 
normal smokers  [50] . Furthermore, macrophages are local-
ized to sites of alveolar wall destruction in patients with 
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 FIG. 34.7          Neutrophils in COPD. Neutrophils are attracted to the lungs of 

COPD patients by neutrophil chemotactic mediators, such as leukotriene 

B 4  (LTB 4 ) and the chemokines CXCL1 (also known as GRO- α ) and CXCL8 

(also known as IL-8). Activated neutrophils release more LTB 4  and CXCL8 

to attract even more neutrophils, reactive oxygen species, such as 

superoxide anions (O 2   �  ), and myeloperoxidase (MPO). They also release the 

serine proteinases NE, cathpsin G, and proteinase-3, as well as the matrix 

metalloproteinases (MMP)-8 and MMP-9. These proteinases stimulate 

mucus hypersecretion and elastolysis, resulting in emphysema.    
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emphysema and there is a correlation between macrophage 
numbers in the parenchyma and severity of emphysema  [51] . 
Macrophages may be activated by cigarette smoke extract to 
release infl ammatory mediators including TNF- α , CXCL8 
and other CXC chemokines, CCL2 (MCP-1), LTB 4 , and 
reactive oxygen species (ROS), providing a cellular mecha-
nism that links smoking with infl ammation in COPD. 
Alveolar macrophages also secrete elastolytic enzymes, 
including MMP-2, MMP-9, MMP-12, cathepsins K, L and 
S, and NE taken up from neutrophils  [52] . Alveolar mac-
rophages from patients with COPD secrete more infl am-
matory proteins and have a greater elastolytic activity at 
baseline than those from normal smokers and this is further 
increased by exposure to cigarette smoke  [52] . Macrophages 
demonstrate this diff erence even when maintained in culture 
for 3 days and therefore appear to be intrinsically diff erent
from the macrophages of normal smokers and non-
smoking normal control subjects  [52] . Th e predominant 
elastolytic enzyme secreted by alveolar macrophages in 
COPD patients is MMP-9. Most of the infl ammatory 
proteins that are up-regulated in COPD macrophages are 
regulated by the transcription factor nuclear factor- κ B (NF-
 κ B) which is activated in alveolar macrophages of COPD 
patients, particularly during exacerbations  [53] . 

   Th e increased numbers of macrophages in smokers 
and COPD patients may be due to increased recruitment 
of monocytes from the circulation in response to the mono-
cyte-selective chemokines CCL2 and CXCL1, which are 
increased in sputum and BAL of patients with COPD  [45] . 
Monocytes from patients with COPD show a greater chem-
otactic response to GRO- α  than cells from normal smokers 
and non-smokers, but this is not explained by an increase 
in CXCR2  [54] . Interestingly, while all monocytes express 
CCR2, the receptor for CCL2, only ~30% of monocytes 
express CXCR2. It is possible that these CXCR2 express-
ing monocytes transform into macrophages that are more 
infl ammatory. Macrophages also release the chemokines 
CXCL9, CXCL10, and CXCL11, which are chemotactic 
for CD8  �   Tc1 and CD4  �   Th 1 cells, via interaction with the 
chemokine receptor CXCR3 expressed on these cells  [55] . 

   Th e increased numbers of macrophages in COPD are 
mainly be due to increased recruitment of monocytes, as 
macrophages have a very low proliferation rate in the lungs. 
Macrophages have a long survival time so this is diffi  cult to 
measure directly. However, in macrophages from smokers, 
there is markedly increased expression of the anti-apoptotic 
protein Bcl-X L  and increased expression of p21 CIP/WAF1  in 
the cytoplasm  [56] . Th is suggests that macrophages may have 
a prolonged survival in smokers and patients with COPD. 
Once activated, macrophages will increase production of 
ROS, nitric oxide, and lysosomal enzymes and will increase 
secretion of many cytokines, including TNF- α , IL-1 β , IL-6, 
CXCL8, and IL-18 among others. Th is activated macro-
phage response increases the effi  ciency of killing of organisms 
but may promote tissue damage and further infl ammation. 

   Corticosteroids are ineff ective in suppressing infl am-
mation, including cytokines, chemokines, and proteases, in 
patients with COPD  [57] .  In vitro  the release of CXCL8, 
TNF- α , and MMP-9 macrophages from normal sub-
jects and normal smokers are inhibited by corticosteroids, 
whereas corticosteroids are ineff ective in macrophages from 
patients with COPD  [58] . Th e reasons for resistance to cor-
ticosteroids in COPD and to a lesser extent macrophages 
from smokers may be the marked reduction in activity of 
histone deacetylase-2 (HDAC2)  [59] , which is recruited to 
activated infl ammatory genes by glucocorticoid receptors 
(GRs) to switch off  infl ammatory genes. Th e reduction in 
HDAC activity in macrophages is correlated with increased 
secretion of cytokines like TNF- α  and CXCL8 and reduced 
response to corticosteroids. Th e reduction of HDAC activ-
ity in COPD patients may be mediated through oxidative 
stress and peroxynitrite formation  [60] .  

    Eosinophils 

   While eosinophils are the predominant leukocyte in asthma, 
their role in COPD is much less certain. In some studies, 
increased numbers of eosinophils have been described in the 
airways and BAL of patients with stable COPD, whereas 

Cigarette smoke
Wood smoke

Neutrophils Monocytes CD8 � cells
Emphysema

Elastolysis

MMP-9, MMP-12

Cathepsins K,L,S

LTB4
CXCL8

CXCL1 CCL2
CXCL1

CCL10
CCL11
CCL12

↑ Numbers
↑ Secretion

ROS

NO

CXCR3CXCR2
CXCR2

TGF-β1 Fibrosis

CTGFPeroxynitrite
 FIG. 34.8          Macrophages in COPD. Macrophages 

may play a pivotal role in COPD as they are activated 

by cigarette smoke extract and secrete many 

infl ammatory proteins that may orchestrate the 

infl ammatory process in COPD. Neutrophils may 

be attracted by CXCL8, CXCL1 and leukotriene B 4  

(LTB 4 ), monocytes by CCL2, and CD8  �   lymphocytes 

by CXCL10 and CXCL11. Release of elastolytic 

enzymes including matrix metalloproteinases (MMP) 

and cathepsins cause elastolysis, and release of 

transforming growth factor (TGF)- β 1 and connective 

tissue growth factor (CTGF). Macrophages also 

generate reactive oxygen species (ROS) and nitric 

oxide (NO) which together form peroxynitrite and 

may contribute to steroid resistance.    



Asthma and COPD: Basic Mechanisms and Clinical Management

434

others have not found increased numbers in airway biop-
sies, BAL or induced sputum. Th e presence of eosinophils in 
patients with COPD predicts a response to corticosteroids 
and may indicate coexisting asthma  [33] . Increased numbers 
of eosinophils have been reported in bronchial biopsies and 
BAL fl uid during acute exacerbations of chronic bronchi-
tis  [61] . Surprisingly the levels of eosinophil basic proteins 
in induced sputum are as elevated in COPD, as in asthma, 
despite the absence of eosinophils, suggesting the eosinophils 
may have degranulated and are no longer recognizable by 
microscopy  [46] . Perhaps this is due to the high levels of NE 
that have been shown to cause degranulation of eosinophils.  

    Dendritic cells 

   Dendritic cells play a central role in the initiation of the 
innate and adaptive immune response and it is believed 
that they provide a link between them  [62] . Th e airways 
and lungs contain a rich network of dendritic cells that are 
localized near the surface, so that they are ideally located 
to signal the entry of foreign substances that are inhaled. 
Dendritic cells can activate a variety of other infl amma-
tory and immune cells, including macrophages, neutrophils, 
T- and B-lymphocytes so dendritic cells may play an impor-
tant role in the pulmonary response to cigarette smoke and 
other inhaled noxious agents. However, there does not 
appear to be an increase in dendritic cells in the airways of 
COPD patients, in contrast to asthma patients  [63] .  

    T-lymphocytes 

   Th ere is an increase in the total numbers of T-lymphocytes 
in lung parenchyma, peripheral and central airways of 
patients with COPD, with the greater increase in CD8  �   
than CD4  �   cells        [27, 55] . Th ere is a correlation between the 
numbers of T-cells and the amount of alveolar destruction 
and the severity of airfl ow obstruction. Furthermore, the 
only signifi cant diff erence in the infl ammatory cell infi ltrate 
in asymptomatic smokers and smokers with COPD is an 
increase in T-cells, mainly CD8  �  , in patients with COPD. 
Th ere is also an increase in the absolute number of CD4  �   
T-cells albeit in smaller numbers, in the airways of smok-
ers with COPD and these cells express activated STAT-4, a 
transcription factor that is essential for activation and com-
mitment of the Th 1 lineage and IFN- γ   [64] . 

   Th e ratio of CD4  �   and CD8  �   cells are reversed in 
COPD. Th e majority of T-cells in the lung in COPD are of 
the Tc1 and Th 1 subtypes  [55] . Th ere is a marked increase 
in T-cells in the walls of small airways in patients with 
severe COPD and the T-cells are formed into lymphoid 
follicles, surrounding B-lymphocytes  [27] . 

   Th e mechanisms by which CD8  �  , and to a lesser 
extent CD4  �   cells, accumulate in the airways and paren-
chyma of patients with COPD is not yet understood  [65] . 
However, homing of T-cells to the lung must depend upon 
some initial activation (only activated T-cells can home to 
the organ source of antigenic products), then adhesion and 
selective chemotaxis. CD4  �   and CD8  �   T-cells in the lung 
of COPD patients show increased expression of CXCR3, 

a receptor activated by the chemokines CXCL9 (Mig), 
CXCL10 (IP-10), and CXCL11 (I-TAC), all of which 
are increased in COPD  [66] . Th ere is increased expression 
of CXCL10 by bronchiolar epithelial cells and this could 
contribute to the accumulation of CD4  �   and CD8  �   T-
cells, which preferentially express CXCR3  [67]  ( Fig. 34.9   ). 
CD8  �   cells are typically increased in airway infections and 
it is possible that the chronic colonization of the lower 
respiratory tract of COPD patients by bacterial and viral 
pathogens is responsible for this infl ammatory response. It 
is possible that cigarette-induce lung injury may uncover 
previously sequestered autoantigens or cigarette smoke 
itself may damage lung interstitial and structural cells and 
make them antigenic  [68] . Th e role of increased numbers of 
CD4  �   cells in COPD, particularly in severe disease is also 
unknown  [50] ; however, it is now clear that T-cell help is 
required for the priming of cytotoxic T-cell responses, for 
maintaining CD8  �   T-cell memory and for ensuring CD8  �   
T-cell survival. It is also possible that CD4  �   T-cells have 
immunological memory and play a role in perpetuating the 
infl ammatory process in the absence of cigarette smoking. 
In a mouse model of cigarette-induced emphysema there is 
a predominance of T-cells which are directly related to the 
severity of emphysema  [69] . 

   Th e role of T-cells in the pathophysiology of COPD 
is not yet certain, although they have the potential to pro-
duce extensive damage in the lung. CD8  �   cells have the 
capacity cause cytolysis and apoptosis of alveolar epithelial 
cells through release of perforins, granzyme B, and TNF- α  
       [70, 71] . Th ere is an association between CD8  �   cells and 
apoptosis of alveolar cells in emphysema  [72] . Apoptotic 
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 FIG. 34.9          T-lymphocytes in COPD. Epithelial cells and macrophages 

are stimulated by interferon- γ  (IFN- γ ) to release the chemokines CXC-

chemokine ligand 9 (CXCL9), CXCL10, and CXCL11, which together act on 

CXC-chemokine receptor 3 (CXCR3) expressed on T helper 1 (Th1) cells 

and type 1 cytotoxic T (Tc1) cells to attract them into the lungs. Tc1 cells, 

through the release of perforin and granzyme B, induce apoptosis of type 1 

pneumocytes, thereby contributing to emphysema. IFN- γ  released by Th1 

and Tc1 cells then stimulates further release of CXCR3 ligands, resulting in a 

persistent infl ammatory activation.    
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cells are potential sources of antigenic material that could 
reach the DC and perpetrate the T-cell response. In addi-
tion CD8  �   T-cells also produce a number of cytokines of 
the Tc1 phenotype including TNF- α , lymphotoxin, and 
IFN- γ , and there is evidence that CD8  �   in the lungs of 
COPD patients expresses IFN- γ   [73] . All these cytokines 
would enhance the infl ammatory reaction in the lung 
besides the direct killing by CD8  �   cells. COPD has been 
considered an autoimmune disease triggered by smoking, 
as previously suggested  [68]  and the presence of highly 
activated oligoclonal T-cells in emphysema patients sup-
ports this  [74] . Th ere is evidence for anti-elastin antibodies 
in experimental models of COPD and in COPD patients 
 [75] . In addition to activated Th 1 cells there is some evi-
dence for an increase in Th 2 cells that express IL-4 in BAL 
fl uid of COPD patients in COPD patients  [76] . 

   NK cells are also increased in COPD lungs and may 
contribute to epithelial cell apoptosis in emphysema  [77] . 
Invariant NK T-cells are CD4  �   cells that release IL-4 but 
are not increased in COPD  [78] .   

    MEDIATORS OF INFLAMMATION 

   Many infl ammatory mediators have now been implicated in 
COPD, including lipids, free radicals, cytokines, chemok-
ines, and growth factors  [29] . Th ese mediators are derived 
from infl ammatory and structural cells in the lung and 
interact with each other in a complex manner. 

    Lipid mediators 

   Th e profi le of lipid mediators in exhaled breath condensates 
of patients with COPD shows an increase in prostaglandins 
and leukotrienes  [79] . Th ere is a signifi cant increase in 
PGE 2  and PGF 2 α   and an increase in LTB 4  but not cystei-
nyl leukotrienes. Th is is a diff erent pattern to that seen in 
asthma, in which increases in thromboxane and cysteinyl 
leukotrienes have been shown. Th e increased production 
of prostanoids in COPD is likely to be secondary to the 
induction of cyclo-oxygenase-2 (COX2) by infl ammatory 
cytokines and increased expression of COX2 is found in 
alveolar macrophages of COPD patients. LTB 4  concentra-
tions are also increased in induced sputum and are further 
increased in sputum and exhaled breath condensate during 
acute exacerbations  [47] . LTB 4  is a potent chemoattractant 
for neutrophils, acting through high affi  nity BLT 1 -
receptors. A BLT 1 -receptor antagonist reduces the neu-
trophil chemotactic activity of sputum by ~25%  [80] . 
Recently BLT 1 -receptors have been identifi ed on T-lym-
phocytes and there is evidence that LTB 4  is involved in 
recruitment of T-cells.  

    Oxidative stress 

   Oxidative stress occurs when ROS are produced in excess 
of the antioxidant defense mechanisms and result in 

harmful eff ects including damage to lipids, proteins, and 
DNA. Th ere is increasing evidence that oxidative stress is 
an important feature in COPD  [81]  (see Chapter 25). 
Infl ammatory and structural cells that are activated in the 
airways of patients with COPD produce ROS, including, 
neutrophils, eosinophils, macrophages, and epithelial cells. 
Superoxide anions (O 2  

 �  ) are generated by NADPH oxidase 
and converted to hydrogen peroxide (H 2 O 2 ) by superoxide 
dismutases (SODs). H 2 O 2  is then dismuted to water by 
catalase. O 2  

 �   and H 2 O 2  may interact in the presence of free 
iron to form the highly reactive hydroxyl radical (OH). O 2  

 �   
may also combine with NO to form peroxynitrite, which 
also generates OH. Oxidative stress leads to the oxidation 
of arachidonic acid and the formation of a new series of 
prostanoid mediators called isoprostanes, which may exert 
signifi cant functional eff ects including bronchoconstriction 
and plasma exudation  [82]  ( Fig. 34.10   ). 

   Th e normal production of oxidants is counteracted by 
several antioxidant mechanisms in the human respiratory 
tract  [81] . Th e major intracellular antioxidants in the airways 
are catalase, SOD, and glutathione, formed by the enzyme  γ -
glutamyl cysteine synthetase, and glutathione synthetase. In 
the lung intracellular antioxidants are expressed at relatively 
low levels and are not induced by oxidative stress, whereas the 
major antioxidants are extracellular. A transcription factor Nrf2 
plays a key role in switching on several genes for antioxidants 
in response to oxidative stress and there is evidence that Nrf2 
knock-out mice are more susceptible to developing emphy-
sema after cigarette smoke exposure        [83, 84] . Extracellular 
antioxidants, particularly glutathione peroxidase, are mark-
edly up-regulated in response to cigarette smoke and oxida-
tive stress. Extracellular antioxidants also include the dietary
antioxidants vitamin C (ascorbic acid) and vitamin E 
( α -tocopherol), uric acid, lactoferrin, and extracellular super-
oxide dismutase (SOD3), which is highly expressed in human 
lung, but its role in COPD is not yet clear. 

   ROS have several eff ects on the airways and paren-
chyma and increase the infl ammatory response. ROS 
activate NF- κ B, which switches on multiple infl amma-
tory genes resulting in amplifi cation of the infl ammatory 
response. Th e molecular pathways by which oxidative stress 
activates NF- κ B have not been fully elucidated, but there 
are several redox-sensitive steps in the activation pathway. 
Oxidative stress results in activation of histone acetyltrans-
ferase activity which opens up the chromatin structure 
and is associated with increased transcription of multiple 
infl ammatory genes  [85] . Exogenous oxidants may also 
be important in worsening airway disease. Th ere is con-
siderable evidence for increased oxidative stress in COPD 
 [81] . Cigarette smoke itself contains a high concentration 
of ROS. Infl ammatory cells, such as activated macrophages 
and neutrophils, also generate ROS, as discussed earlier. 
Th ere are several markers of oxidative stress that may be 
detected in the breath and several studies have demon-
strated increased production of oxidants, such as H 2 O 2 , 
8-isoprostane, and ethane, in exhaled air or breath conden-
sates, particularly during exacerbations  [47] . 

   Th e increased oxidative stress in the lung epithelium 
of COPD patient may play an important pathophysi-
ological role in the disease by amplifying the infl ammatory
response in COPD. Th is may refl ect the activation of 
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 FIG. 34.11          Mechanism of corticosteroid resistance in COPD. Stimulation of normal alveolar macrophages activates nuclear factor- κ B (NF- κ B) and other 

transcription factors to switch on histone acetyltransferase leading to histone acetylation and subsequently to transcription of genes encoding infl ammatory 

proteins, such as tumor necrosis factor- α  (TNF- α ) and CXCL8 (IL-8). Corticosteroids reverse this by binding to glucocorticoid receptors (GRs) and recruiting 

histone deacetylase-2 (HDAC2). This reverses the histone acetylation induced by NF- κ B and switches off  the activated infl ammatory genes. In COPD patients 

cigarette smoke activates macrophages, as in normal subjects, but oxidative stress (acting in part through the formation of peroxynitrite) impairs the activity 

of HDAC2. This amplifi es the infl ammatory response to NF- κ B activation, but also reduces the anti-infl ammatory eff ect of corticosteroids as HDAC2 is now 

unable to reverse histone acetylation.    
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 FIG. 34.10          Oxidative stress in COPD. Oxidative 

stress plays a key role in the pathophysiology 

of COPD and amplifi es the infl ammatory and 

destructive process. Reactive oxygen species 

from cigarette smoke or from infl ammatory cells 

(particularly macrophages and neutrophils) result 

in several damaging eff ects in COPD, including 

decreased anti-protease defenses, such as 

 α 1-antitrypsin (AT) and secretory leukoprotease 

inhibitor (SLPI), activation of nuclear factor- κ B 

(NF- κ B) resulting in increased secretion of the 

cytokines CXCL8 and tumor necrosis factor- α  

(TNF- α ), increased production of isoprostanes and 

direct eff ects on airway function. In addition recent 

evidence suggests that oxidative stress induces 

steroid resistance.    

NF- κ B and AP-1, which then induce a neutrophilic infl am-
mation via increased expression of CXC chemokines, 
TNF- α , and MMP-9. Oxidative stress may also impair 
the function of antiproteases such as  α  1 -antitrypsin and 
SLPI, and thereby accelerates the breakdown of elastin in 
lung parenchyma. Corticosteroids are much less eff ective in 
COPD than in asthma and do not reduce the progression or 
mortality of the disease. Alveolar macrophages from patients 
with COPD show a marked reduction in responsiveness to 

the anti-infl ammatory eff ects of corticosteroids, compared 
to cells from normal smokers and non-smokers  [58] . In 
patients with COPD there is a marked reduction in activ-
ity of HDAC and reduced expression of HDAC2 in alveolar 
macrophages and peripheral lung tissue  [59] , which is cor-
related with increased expression of infl ammatory cytokines 
and a reduced response to corticosteroids. Th is may result 
directly or indirectly from oxidative stress and is mimicked 
by the eff ects of H 2 O 2  in cell lines  [86]  ( Fig. 34.11   ).  
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    Nitrative stress 

   Th e increase in exhaled nitric oxide (NO) is less marked in 
COPD than in asthma, partly because cigarette smoking 
reduces exhaled NO. Recently exhaled NO has been par-
titioned into central and peripheral portions and this shows 
reduced NO in the bronchial fraction but increased NO in 
the peripheral fraction, which includes lung parenchyma 
and small airways  [87]  (see Chapter 30). Th e increased 
peripheral NO in COPD patients may refl ect increased 
expression of inducible NO synthase in epithelial cells and 
macrophages of patients with COPD  [88] . NO and super-
oxide anions combine to form peroxynitrite which nitrates 
certain tyrosine residues in proteins and there is increased 
expression of 3-nitrotyrosine in peripheral lung and macro-
phages of COPD patients  [88] . Th ere is tyrosine nitration 
of HDAC2 which may lead to impaired activity and degra-
dation of this enzyme, resulting in steroid resistance  [86] .  

    Infl ammatory cytokines 

   Cytokines are the mediators of chronic infl ammation and 
several have now been implicated in COPD        [29, 89] . Th ere 
is an increase in concentration of TNF- α  in induced spu-
tum in stable COPD with a further increase during exacer-
bations        [41, 48] . TNF- α  production from peripheral blood 
monocytes is also increased in COPD patients and has 
been implicated in the cachexia and skeletal muscle apop-
tosis found in some patients with severe disease. TNF- α 
is a potent activator of NF-κB and this may amplify the 
infl ammatory response. Unfortunately anti-TNF therapies 
have not proved to be eff ective in COPD patients. IL-1 β  
and IL-6 are proinfl ammatory cytokines that may amplify 
the infl ammation in COPD and may be important for sys-
temic eff ects.  

    Chemokines 

   Chemokines are small chemotactic cytokines that play a 
key role in the recruitment and activation if infl ammatory 
cells through specifi c chemokine receptors. Several chem-
okines have now been implicated in COPD and have been 
of particular interest since chemokine receptors are G-
protein coupled receptors, for which small molecule antago-
nists have now been developed        [30, 89] . CXCL8 concentra-
tions are increased in induced sputum of COPD patients 
and increase further during exacerbations        [41, 48] . CXCL8 
is secreted from macrophages, T-cells, epithelial cells, and 
neutrophils. CXCL8 activates neutrophils via low affi  n-
ity specifi c receptors CXCR1, and is chemotactic for neu-
trophils via high affi  nity receptors CXCR2, which are also 
activated by related CXC chemokines such as CXCL1. 
CXCL1 concentrations are markedly elevated in sputum and 
BAL fl uid of COPD patients and this chemokine may be 
more important as a chemoattractant than CXCL8, acting 
via CXCR2 which are expressed on neutrophils and mono-
cytes  [45] . CXCL1 induces signifi cantly more chemotaxis of 
monocytes of COPD patient compared to those of normal 
smokers and this may refl ect increased turnover and recovery 

of CXCR2 in monocytes of COPD patients  [54] . CXCL5 
shows a marked increase in expression in airway epithelial 
cells during exacerbations of COPD and this is accompa-
nied by a marked up-regulation of epithelial CXCR2. 

   CCL2 is increased in concentration in COPD spu-
tum and BAL fl uid  [45]  and plays a role in monocyte 
chemotaxis via activation of CCR2. CCL2 appears to 
cooperate with CXCL1 in recruiting monocytes into the 
lungs. Th e chemokine CCL5 (RANTES) is also expressed 
in airways of COPD patients during exacerbations and acti-
vates CCR5 on T-cells and CCR3 on eosinophils, which 
may account for the increased eosinophils and T-cells in 
the wall of large airways that have been reported during 
exacerbations of chronic bronchitis. As discussed earlier, 
CXCR3 are up-regulated on Tc1 and Th 1 cells of COPD 
patients with increased expression of their ligands CXCL9, 
CXCL10, and CXCL11.  

    Growth factors 

   Several growth factors have been implicated in COPD and 
mediate the structural changes that are found in the airways 
(see Chapter 29). TGF- β 1 is expressed in alveolar macro-
phages and airway epithelial cells of COPD patients and 
is released from epithelial cells of small airways. TGF- β  
is released in a latent form and is activated by various fac-
tors including MMP-9. TGF- β  may play an important 
role in the characteristic peribronchiolar fi brosis of small 
airways, either directly or through the release of connective 
tissue growth factor ( Fig. 34.12   ). TGF- β  down-regulates 
 β  2 -adrenergic receptors by inhibiting gene transcription 
in human cell lines and may reduce the bronchodilator 
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 FIG. 34.12          Transforming growth factor (TGF)- β  in COPD. TGF- β  is released 

in a latent form that may be activated by matrix metalloproteinase-9 

(MMP-9). It may then cause fi brosis directly through eff ects on fi broblasts 

or indirectly via the release of connective tissue growth factor (CTGF). TGF- β  

may also down-regulate  β  2 -adrenoceptors on cells such as airway smooth 

muscle to diminish the bronchodilator response to  β -agonists.    
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response to  β -agonists in airway smooth muscle. TGF- β  
is also a potent anti-infl ammatory molecule and TGF- β 1 
defi cient mice die early from overwhelming infl ammation, 
which occurs even in germ-free animals  [90] . In contrast, 
mice defi cient in Smad3, a TGF β  signal transducing mol-
ecule are resistant the development of fi brotic lung disease 
but spontaneously develop emphysema  [91] . 

   Alveolar macrophages produce TGF- α  in greater 
amounts than TGF- β  and this may be a major endogenous 
activator of epithelial growth factor receptors (EGFR) that 
play a key role in regulating mucus secretion in response to 
many stimuli, including cigarette smoke. Cigarette smoke 
activates TNF- α  converting enzyme on airway epithelial 
cells which results in the shedding of TGF- α  and the acti-
vation of EGFR, resulting in increased mucus secretion        [92, 
93]  ( Fig. 34.13   ). 

   VEGF is a major regulator of vascular growth and is 
likely to be involved in the pulmonary vascular remodeling 
that occurs as a result of hypoxic pulmonary vasoconstriction 
in severe COPD. Th ere is increased expression of VEGF in 
pulmonary vascular smooth muscle of patients with mild and 
moderate COPD but paradoxically a reduction in expression 
in severe COPD with emphysema  [94] . Inhibition of VEGF 
receptors using a selective inhibitor induces apoptosis of 
alveolar endothelial cells in rats, resulting in emphysema and 
this appears to be driven by oxidative stress  [25]  and may 
be mediated via the sphingolipid ceramide  [95] . In addition, 
VEGF is also an important proinfl ammatory cytokine pro-
duced by epithelial and endothelial cells, macrophages, and 

activated T-cells, which acts by increasing endothelial cell 
permeability, by inducing expression of endothelial adhesion 
molecules and via its ability to act as a monocyte chemoat-
tractant. VEGF also stimulates the expression of CXCL10 
and its receptor CXCR3. Th us VEGF is acts as an interme-
diary between cell-mediated immune infl ammation and the 
associated angiogenesis reaction.  

    Proteinases 

   An imbalance between proteinases that degrade connec-
tive tissue and anti-proteinases has long been postulated 
in COPD ( Fig. 34.14   ). Th ere has been debate about which 
are the most important proteinases involved in emphysema. 
While previous attention focused on NE, more recently 
a role of MMP has been recognized (see Chapter 28). 
MMP-9 appears to be particularly important in degrad-
ing elastin fi bers in lung parenchyma and is secreted in 
large amounts by alveolar macrophages of COPD patients 
       [52, 96] . MMP-9 also activates TGF- β  accounting for the 
simultaneous occurrence of lung destruction and fi brosis 
in COPD ( Fig. 34.15   ). In the mouse, MMP-12 appears 
to play a key role in the development of cigarette smoke-
induced emphysema as MMP-12 derived elastin fragments 
are major factors driving macrophage recruitment  [97] . A 
role for MMP-1 has also been suggested in both human 
and animal studies  [98] .   

    SYSTEMIC MANIFESTATIONS 

   It is now recognized that COPD involves organs out-
side the lung, but the mechanism for these systemic 
eff ects of COPD are not well understood (see Chapter 
44). Infl ammatory cytokines, such as TNF- α  and IL-6, 
may spill over from the lung periphery into the systemic 
circulation, where they may have detrimental eff ects on 
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 FIG. 34.13          Epidermal growth factor receptors (EGFR) in COPD. EGFR 

play a key role in the regulation of mucus hypersecretion, with increased 

expression of mucin genes (MUC5AC, MUCB) and diff erentiation of goblet 

cells and hyperplasia of mucus-secreting cells. These eff ects are mediated 

via the activation of mitogen-activated protein (MAP) kinases. EGFR 

are activated by transforming growth factor- α  (TGF- α ), which is in turn 

activated by tumor necrosis factor- α  converting enzyme (TACE), activated 

via release of oxidants from cigarette smoke and neutrophils. EGFR may 

also be activated by EGF.    

Neutrophil elastase
Cathepsins
MMPs (1, 2, 9,12)
Others........

α1-Antitrypsin
SLPI
Elafin
TIMPs
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include  α  1 -antitrypsin, elafi n, secretory leukoprotease inhibitor (SLPI), and 

tissue inhibitors of matrix metalloproteinases (TIMPs).    



34Pathophysiology of COPD

439

skeletal muscle function and endothelial function  [99]  
( Fig. 34.16   ). IL-6 causes the release of the acute phase pro-
tein C-reactive protein, which is increased in the circulation 
of patients with COPD and correlates with disease severity 
 [100] . Skeletal muscle wasting is a feature of severe COPD 
and this may in part be due to systemic infl ammation but 
is more likely due to disuse atrophy as a result of impaired 
exercise performance.  

    CONCLUSIONS 

   Cigarette smoke exposure induces a fl orid infl amma-
tory response in the lung involving structural and infl am-
matory cells and a large array of infl ammatory mediators. 
Th e interaction of these complex steps eventually leads to 
airway remodeling and obstruction and emphysema, albeit 
variable among individual smokers. Of interest, the main 
diff erence between smokers who develop COPD and the 
ones who do not seems to be the presence of an adaptive 
immune response with CD8  �  , CD4  �  , and B-cells, which 
express obvious signs of being activated eff ector cells. It is 
likely that genetic and epigenetic factors (such as histone 
acetylation) are involved in determining the progression 
of the infl ammatory cascade, as this is supported by ani-
mal models, where diff erent strains appear to have diff er-
ent sensitivities to cigarette smoke. COPD is a complex 
infl ammatory disease and the interactions between diff er-
ent infl ammatory cells and mediators are still uncertain. Th e 
role played by structural cells in responding to infl ammatory 
cell-mediated injury and the degree to which it is defi cient 
in COPD remains to be fully defi ned. More research into 
these mechanisms is needed in order to identify novel tar-
gets that may lead to the discovery of more eff ective thera-
pies that are able to prevent disease progression and reduce 
the high mortality of this common disease  [102] .   
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C H A P T E R             Allergens 

    HISTORY 

    Introduction 

   Allergy, that is type I IgE-mediated sensitization 
and sequelae to predominantly inhaled allergens, 
has become increasingly recognized as important 
in the pathogenesis of asthma. Th e development 
of this increased recognition is briefl y outlined 
focusing on identifi cation of allergy and its 
mechanisms, on the relevance of allergen in the 
pathogenesis of asthma, and on increased preva-
lence of the condition(s).  

    Allergy 

   Although  rose catarrh  (likely actually due to 
grass pollen) had been known for some time, the 
fi rst comprehensive clinical description of aller-
gic rhinitis is attributed to John Bostock in 1819 
 [1] . Th e disease was given the medical name 
 catarrhus aestivus  (summer cold) but was rec-
ognized in the lay literature as  hay fever , a label 
which persists to this day. Th is disease was felt to 
be limited to the middle and upper classes, and 
a major prevailing hypothesis was that it was 
due to the eff ects of summer heat and/or sun-
shine  [1] . Grass pollen had been suggested as a 
potential cause, but this was not confi rmed until 
the elegant experiments of Charles Blackley in 
1873  [2] . Th e term  allergy  (diff erent from nor-
mal) was coined by Von Pirquet in 1906  [3] . In 
1912, allergy skin testing was fi rst used in the 
investigation of this type of hypersensitivity  [4] . 
With the mistaken belief that pollen contained 
a toxin, the concept of pollen immunization 
was introduced by Dunbar  [5]  and popularized 

by Noon in 1911        [6, 7] . Prausnitz and Kustner 
disproved the toxin hypothesis by the demon-
stration of passive transfer of allergic sensitivity 
using the injection of the serum of a sensitized 
individual into the skin of a nonsensitized sub-
ject  [8]  – the basis of the so-called PK test. 
Coca demonstrated that a heat labile serum fac-
tor that could not be precipitated from serum 
by the usual methods was the case of this sen-
sitivity and, in 1923, he coined the terms  atopy  
(strange disease) and  atopic reagin  as the name 
for this serum factor  [9] . Reaginic antibody was 
eventually identifi ed as IgE by Ishizaka in 1967 
 [10] . Th e complete allergen response, including 
allergen presenting cells, lymphocytes (T-helper 
2 or Th 2 and B cells), mast cells, basophils, and 
mediators, is still being elucidated.  

    Allergy and asthma 

   Th e recognition of allergens as potential causes 
of asthma parallels the recognition of allergy. 
Classic asthma symptoms were a major compo-
nent of Bostock’s original description of  catarrhus 
aestivus   [1] . Pollen, both ragweed  [11]  and grass 
 [2] , was specifi cally shown to provoke attacks of 
asthma in the 1870s. Cat, horse, and house-dust 
mite were identifi ed as relevant asthma produc-
ing allergens in the early part of the 20th century 
 [12] , and more recently fungal spore sensitivity 
has been identifi ed as a risk factor for asthma 
 [13] . Asthma became lumped with the atopic 
diseases by many in the early part of the 20th 
century. However, the very infl uential Osler’s 
textbook had stated that asthma was a  neurosis  
 [14] , an opinion that continued to hold weight 
for many years. Th e opposing view, namely that 
asthma was primarily an atopic allergic disease, 
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was argued by Cooke and colleagues  [15] . Th is controversy 
persisted well into the 20th century. Th e identifi cation of 
allergen-induced late asthmatic responses  [16] , allergen-
induced airway hyperresponsiveness      1     [17] , and allergen-
induced airway infl ammation  [18] , that is features that defi ne 
clinical asthma, has led to allergens becoming recognized as 
important position in the pathogenesis of asthma. Although 
still a subject of some controversy  [19] , many investigators 
now regard the majority, that is 75–80%, of nonselected asth-
matics as being atopic        [20, 21] .  

    Prevalence 

   Th ere has been a striking increase in the prevalence of 
allergic rhinitis from the beginning to the end of the 19th 
century  [22] . Within this time, frame allergic disease has 
gone from rare in the early 1800s to a common disorder 
by 1900  . A case can be made that this is at least in part 
related to earlier under-recognition of a condition whose 
symptoms (rhinitis, wheezing) resemble other conditions 
believed to have been more common, and whose symp-
toms are often so mild as to potentially go unreported at 
a time when there were many more serious diseases to be 
concerned with. As early as 1873, Blackley noted the ris-
ing prevalence of allergic disease and felt that this could 
not adequately be explained by increased recognition 
which he admitted did play a role  [2] . Th e prevalence of 
atopic disease and asthma in particular has continued to 
increase throughout the 20th century with more objective 
data to support these trends. Th e reasons for the remark-
able increase in the prevalence of atopy and asthma are not 
completely understood. Genetics play a role in determining 
the presence and severity of atopy, however, large changes 
in prevalence over a short period cannot be due to genet-
ics and therefore must be due to one or more environmen-
tal factors. One hypothesis is that increased exposure to 
allergens, particularly indoor allergens in modern air-tight 
homes, may lead to increased atopy and asthma  [23] . Th is 
has been demonstrated prospectively in Papua New Guinea 
where blanket introduction was followed by house-dust 
mites  , house-dust mite sensitivity, and an asthma epidemic 
 [24] . Another intriguing hypothesis is the  hygiene hypoth-
esis   [25] . Th is hypothesis suggests that early childhood 
infections drive the immune system toward the T helper 
1 (Th 1) paradigm that suppresses or reduces the Th 2 arm 
of the immune system. Control/prevention of infections 
will remove this Th 2 suppression and lead to an increased 
prevalence of Th 2-related atopic disease. Th e evidence for 
this, including family size studies and epidemiologic studies 
related to infection, is stronger for atopy than for asthma 
alone  [25] . Other factors related to lifestyle issues including 
diet and level of activity may be important  [23] .   

    ATOPY 

   Atopy is the tendency to develop IgE antibodies to com-
monly encountered environmental allergens by natural expo-
sure in which the route of entry of allergen is across intact 
mucosal surfaces  [26] . Th e recognized familial nature of atopy 
is due to complex (multiple gene) inheritance (genetic het-
erogeneity)        [21, 27] . Th e remarkable relatively short-term 
increase in atopic prevalence indicates that environmental 
factors are also important            [22–25] . Th e pathophysiologic basis 
for subjects developing atopy is uncertain and is the topic of 
a recent symposium  [28] . An old hypothesis favoring aller-
gen handling perhaps at the mucosal surface  [29]  rather than 
increased capacity to produce IgE has not been excluded. 

   Th e prevalence of atopy in random populations, 
defi ned as the presence of positive(s) on prick skin testing 
with a small battery of common relevant allergens, ranges 
from 30% to almost 50%          [30–32] . Th e peak period of sen-
sitization is in the third decade; thereafter the prevalence 
falls  [26] . Our experience with a random young population 
would suggest that about 50% of atopic (skin test positive) 
subjects will have symptoms referable to atopy, which will 
include asthma in about 50%  [32] . Th us, atopy is common, 
aff ecting about one in three, with about one in six having 
symptomatic atopy and about one in twelve having atopic 
asthma; the prevalences will be proportionately higher in 
populations with a higher prevalence of atopy.  

    ALLERGENS 

   Inhaled complete allergens that provoke asthma by IgE-
mediated mechanisms are soluble organic high molecular 
weight (20,000–40,000       MW) protein or protein-containing 
molecules, which may be derived from any phylum of either 
the plant or the animal kingdoms (including bacteria)        [33, 
34] . Th e structural characteristics that make a protein aller-
genic have been recently reviewed  [35] . In clinical nonoc-
cupational settings, the important inhalant allergens fall 
into four groups; pollen, fungal spores, animal danders, and 
household arthropods (mite and insects)  [36] . 

   Pollen allergens that trigger asthma are predominantly 
from wind-pollinated plants, namely trees, grass, and weeds 
 [36] . Th e relevant allergens and seasonal fl uctuations will vary 
with geography and climate, with tree pollens predominant in 
spring months, grasses in summer, and weeds in late summer 
and autumn  [34] . Although whole pollen grains may have 
limited access to the lower respiratory tract  [37] , the relation-
ship of pollen to clinical asthma is convincing  [36] . 

   Atmospheric fungal spores of many groups of fungi are 
smaller and more respirable than pollen, and are recognized 
as causing atopic sensitization  [13] . Th eir role in trigger-
ing asthma is less certain than pollen        [34, 36] . Fungal spore 
types and seasons will also vary with geographic and climatic 
(temperature and humidity) conditions. Fungal spores are 
associated with decaying vegetation resulting in a late sum-
mer and autumn peak for common fungal spores,  Alternaria , 
 Cladosporium ,  Aspergillus ,  Sporobolomyces , etc.  [34] . A spring 

    1   Th e term  “ airway (hyper)responsiveness ”  throughout this chapter, unless 
otherwise stated, refers to the nonallergic (hyper)responsiveness to hista-
mine, cholinergic agonists, exercise, etc., which is a characteristic feature of 
symptomatic asthma.    
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peak for atmospheric fungal spores may be seen in some areas 
especially where late melting of snow cover leads to so-called 
snow mold  [34] . Th us, atmospheric fungal spores may be 
responsible for fall or spring–fall asthma symptoms. Fungi 
may also be present inside living areas in moist basements, 
food storage areas, and waste receptacles  [34] .  Aspergillus  may 
cause a distinct clinical syndrome, allergic bronchopulmonary 
aspergillosis, which will be covered separately. 

   Household animals  [34] , particularly cats and dogs, 
but also small mammals (gerbils, hamsters, rabbits, etc.) and 
birds, may release allergens in secretions (e.g. saliva) or excre-
tions (e.g. urine, feces). Large animals, particularly horses, 
may also provoke atopic sensitivity. House dust, due to its 
content of mite antigens from various  Dermatophagoides  spe-
cies or insect antigens such as cockroach  [38] , is an impor-
tant source of atopic sensitization.  Dermatophagoides  spp., in 
particular, are likely the most important cause of atopic sen-
sitization worldwide. Again, climatic conditions are impor-
tant, since areas of low indoor relative humidity do not favor 
growth of house-dust mites        [34, 39] . 

   Other allergens are encountered less frequently, often 
in occupational settings, and include various plant parts 
[castor bean, cocoa bean, tobacco leaf, psyllium (laxative), 
vegetable gums, etc.], insect dusts, bacterial enzymes, and in 
the very highly sensitized even atmospheric molecular levels 
of foods (e.g. cooking fi sh)  [34] .  

    INHALED ALLERGENS 

    Patterns of airway response 

   Airway responses to inhaled allergens have been assessed 
by the somewhat artifi cial inhalation tests in the laboratory 
with aqueous allergen extracts          [17, 40, 41] . Nevertheless, the 
results of such challenges, especially the late sequelae, appear 
to be clinically relevant        [42, 43] , and allergen inhalation 
tests allow study of both the pharmacology and the patho-
physiology of allergen-induced asthma. Airway responses 
to allergen can be divided into early and late sequelae. 
Th e early asthmatic response (EAR) is an episode of air-
fl ow obstruction which is maximal 10–20       min after allergen 
inhalation and resolves spontaneously in 1–2       h            [17, 40, 41, 
44] . Th e late sequelae include the late asthmatic response 
(LAR)                    [16, 17, 40, 41, 43–46] , airway hyperresponsiveness 
         [17, 41, 42] , recurrent nocturnal asthma  [46] , and airway 
infl ammation        [18, 47] . Th e LAR is an episode of airfl ow 
obstruction which develops after spontaneous resolution 
of the EAR between 3 and 5       h after exposure, occasionally 
earlier, rarely later                [17, 40, 41,43,44,45] . Resolution usually 
begins by 6–8       h but may require in excess of 12       h          [41, 43, 
44] . Modest late responses respond well to bronchodila-
tors  [48] ; unpublished observations suggest bronchodila-
tors may be required often (e.g. up to 2       h). More severe late 
airway obstruction is not always completely reversible by 
bronchodilator  [44] . Examples of early and late responses 
are shown in  Fig. 35.1   . Allergen-induced increase in air-
way responsiveness (e.g. to histamine/methacholine) occurs 

following both experimental            [17, 41, 42, 47]  and natural 
         [42, 50, 51]  allergen exposure. Th is is correlated with the 
occurrence and severity of the late response, often appear-
ing with small, previously ignored, late responses (5–15% 
FEV 1  (1-s forced expiratory volume) fall)        [17, 41] . Airway 
responsiveness develops between 2  [52]  and 3       h          [53–55]  
after exposure, is present at 7–8       h          [17, 41, 52] , and may 
persist for days, occasionally worsening despite the return 
of airway caliber to baseline  [41]  ( Fig. 35.2   ). As expected 
 [56] , the increased airway responsiveness is associated with 
symptoms of asthma        [17, 41] , including recurrent nocturnal 
asthma  [46] . Both the LAR        [18, 47]  and the increased air-
way responsiveness  [47]  are associated with increases in air-
way infl ammation. Th e occurrence of seasonal increases in 
airway responsiveness          [42, 50, 51] , and airway infl ammation 
 [57]  provides support for both the relevance of the bron-
choprovocation model and the importance of the infl am-
mation in the pathogenesis of the late sequelae.  
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 FIG. 35.1          Early and dual asthmatic responses to allergen. The top graph 

shows an isolated EAR following ragweed pollen inhalation and the 

bottom graph a dual asthmatic response (in another subject) following 

grass pollen inhalation. Modifi ed and reproduced from Ref.  [49]  with 

permission.    
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    Pharmacology 

   Pharmacologic inhibition of airway responses to inhaled 
allergen has been studied for both its therapeutic relevance 
and further understanding of the pathophysiology of the 
responses. 

   Inhaled  β  2 -agonists are the best inhibitors of the EAR 
             [45, 58–61]  due to a combination of eff ects on smooth mus-
cle and on mediator release        [62, 63] . Despite the latter, inter-
mediate acting inhaled  β  2 -agonists (salbutamol, terbutaline, 
etc.) do not inhibit the LAR            [45, 58, 59, 61]  or the increased 
airway responsiveness  [61] . Th e long acting inhaled  β  2 -
agonists salmeterol and formoterol completely inhibit or 
mask all aspects of the allergen-induced airway response        [64, 
65] , likely due to functional antagonism rather than anti-
infl ammatory eff ect  [65] . Regular use of inhaled  β  2 -agonists 
for a week or more increases the EAR            [66, 68, 69] , the LAR 
       [69, 70, 184] , mast cell mediator release  [69] , and allergen-
induced airway infl ammation        [69, 70] . A larger dose of aller-
gen can be administered after an inhaled  β  2 -agonist and will 
lead to a larger LAR  [71] . Th ese features, failure to inhibit 
the LAR, enhanced airway responses, and ability to tolerate 
a larger dose of allergen, may be relevant in  β  2 -agonist-wors-
ened asthma control  [72] . 

   Muscarinic blockers cause variable minor inhibition 
of the EAR            [60, 73–75]  and no inhibition of the LAR        [73, 
75] . Allergen-induced airway hyperresponsiveness appears 

uninfl uenced by anticholinergics  [75] . Th e enhanced airway 
responsiveness to histamine following allergen inhalation is 
no more responsive to atropine than it was prior to allergen 
inhalation  [76] . 

   Ingested theophylline off ers partial protection against 
both the EAR and the LAR            [77–80]  and variable protec-
tion against the induced airway hyperresponsiveness          [78–
80] . It is not clear whether this is a functional antagonist or 
an anti-infl ammatory eff ect. 

   Inhaled sodium cromoglycate (SCG) given prior to 
allergen exposure inhibits both the EAR and LAR                [44, 45, 
58, 61, 78, 81] , as well as the allergen-induced increased 
responsiveness to both histamine  [61]  and methacholine  [78]   . 
Nedocromil sodium appears to have similar eff ects on aller-
gen-induced asthmatic responses  [82] . SCG given after the 
EAR will slightly delay but not inhibit the LAR        [67] . 

   Th e leukotriene pathway can be altered in several ways. 
Leukotriene receptor antagonists (LTRAs) are the most com-
monly used leukotriene modifi ers. LTRAs provide protection 
against both EAR          [83–85]  and LAR        [83, 84] . In addition, 
5-lipoxygenase inhibitors  [86]  or 5-lipoxygenase activating 
protein inhibitors  [87]  provide some protection. Recently, the 
combination of desloratadine (H 1  blocker) and montelukast 
(LTRA) has shown a synergistic eff ect regarding inhibition of 
the EAR  [85] ; hence, studies on the LAR are required. 

   A single dose of inhaled corticosteroid, given prior to 
allergen, has no infl uence on the EAR but provides eff ective 
and often complete inhibition of the LAR                            [44, 45, 58, 61, 
66, 67, 81, 82, 89, 90, 91, 92] . A single dose given after the 
EAR will inhibit the LAR        [67] . Longer treatment periods 
with inhaled corticosteroids will partially inhibit the EAR 
as well          [68, 91, 92] . Corticosteroid-induced improvement 
in airway responsiveness          [68, 93, 94]  provides only partial 
explanation  [68] . Reduction in mucosal mast cells          [95–97]  
is likely more important. 

   H 1  blockers partially inhibit the early portion of the 
EAR              [45, 58, 98–100] . Newer H 1  blockers may also show 
some inhibition of the LAR  [100] ; hence, further studies 
are necessary. Ingested antiallergic drugs such as ketotifen 
and repirinast have produced variable eff ects on allergen-
induced asthma                  [101–107] . Most studies have failed to 
show any signifi cant protection            [101, 102, 106, 107] . Non-
steroidal anti-infl ammatory agents (cyclooxygenase inhibi-
tors), particularly indomethacin, appear to have no eff ect or 
perhaps enhance the EAR  [108] ; there is confl icting evi-
dence regarding the late response          [88, 109, 110] . Allergen-
induced increase in airway responsiveness appears to be 
partially inhibited by indomethacin  [88] . A thromboxane 
synthetase inhibitor had no eff ect on allergen-induced early 
or late responses or increased airway responsiveness  [111] . 
A platelet-activating factor antagonist proved ineff ective 
against allergen-induced asthma  [112] . Inhaled furosemide 
provides inhibition of both EAR and LAR  [113] . Allergen 
injection therapy has produced variable results in modulat-
ing the EAR        [114, 115]  but may be particularly eff ective 
versus the LAR  [116] . A novel recombinant anti-IgE mole-
cule directed against the Fc component of IgE is very eff ec-
tive at inhibiting both the EAR  [117]  and the LAR  [118] . 
Anti-IL-5  [119]  and IL-12  [120]  suppressed allergen-
induced eosinophilia with little eff ect on allergen-induced 
airways hyperresponsiveness (AHR) casting some doubt on 
the causal relationship between infl ammation and AHR.  
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    Mechanisms 

   Th e mechanisms of allergen-induced asthmatic responses 
have been studied in humans by indirect means. Animal 
studies,  in vitro  studies on excised human tracheobronchial 
smooth muscle, drug-inhibition studies and, more recently, 
bronchoalveolar lavage (BAL), and induced sputum, have 
all been used to assess mechanisms. Th e EAR is due to 
the allergen-IgE mast cell acute mediator release includ-
ing histamine  [121] , prostaglandins  [122] , and leukotrienes 
 [123]  and is primarily bronchospastic. Individual mediator 
blockers are only partially eff ective in inhibiting the EAR 
             [83, 84, 85, 98, 99] , however, an  in vitro  study on human 
tracheal smooth muscle demonstrated complete inhibi-
tion of the EAR by combined H 1  blocker, cyclooxygenase 
inhibitor, and lipoxygenase inhibitor  [124] . Th e pathogen-
esis of the LAR is not so clear. An outdated hypothesis that 
late responses were type III precipitin-mediated responses 
 [44] , controversial at that time  [58] , has been disproved 
since both cutaneous        [125, 126]  and pulmonary        [118, 127]  
late responses are IgE mediated. Animal studies have docu-
mented the requirement for infl ammatory cells (eosinophils, 
neutrophils) in the LAR        [128, 129]  and induced airway 
hyperresponsiveness          [130–132] . Th is has been confi rmed in 
humans using BAL        [18, 133]  and induced sputum        [47, 84] . 
Th e precise role of the chemokines and their cellular ori-
gin in the recruitment of infl ammatory cells are a topic of 
c urrent research          [134–136] .  

    Allergens as a cause of asthma 

   Th e importance of allergens as a  cause  of asthma (i.e. sympto-
matic airway hyperresponsiveness and airway infl ammation 
 [137] , which was hypothesized several years ago  [49]  ( Fig. 
35.3   ), is now generally accepted  [138] . Th e lines of reason-
ing include the high prevalence of atopy amongst asthmatics 

       [20, 21] , the correlation of both airway h yperresponsiveness 
and asthma with atopy in epidemiologic population studies 
                 [32,139–144]  ( Fig. 35.4   ), the relationship of both seasonal 
             [42, 50, 51, 145, 146]  and indoor          [23, 24, 39]  allergen expo-
sure to symptoms and airway hyperresponsiveness, and their 
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reduction with allergen avoidance  [147, 183] . It is speculated 
that, in sensitized individuals, the duration and magnitude 
of airways allergic exposure, if not suppressed pharmacologi-
cally, may lead not only to transient but also to persistent 
airway hyperresponsiveness and clinical asthma  [49] . Th is is 
supported by parallel observations in animals  [148]  and in 
human occupational asthma        [149, 150] .   

    INGESTED/INJECTED ALLERGENS 

   Isolated asthma caused by allergens introduced via routes 
other than inhalation is uncommon but has been reported 
       [151, 152] . Ingested allergens  [152]  (foods, drugs) or injected 
allergens  [153]  (hyposensitization injections, intradermal 
allergen tests, drugs, insect bites, and stings) can produce IgE-
mediated hypersensitivity reactions. Most often, these produce 
systemic allergen reactions        [151, 153]  (violent gastrointestinal 
upset, urticaria, angioedema, laryngeal edema, anaphylactic 
shock, with or without bronchospasm). However, occasionally 
such exposures produce reactions that appear to be centered 
primarily in the lung        [152, 154] . It is likely that these rep-
resent systemic allergen reactions in subjects with pre-exist-
ing asthma and high levels of airway hyperresponsiveness 
who develop disproportionately severe bronchospasm. Some 
cases of food/bite/sting-induced  asthma  may actually repre-
sent laryngeal spasm or edema which has been misdiagnosed. 
Although relatively uncommon, allergen (asthmatic or other-
wise) responses to both ingested and injected allergens occur 
rapidly and can be exceedingly severe. We have seen subjects 
with sudden severe asthma due to foods (nuts, shellfi sh) and 
two subjects with sudden onset status asthmaticus circum-
stantially linked to unrecognized black fl y bites.  

    CLINICAL FEATURES 

    Clinical presentation 

   Allergic asthma usually begins at a young age, between about 
2 and 20, but can develop at any time. A positive family his-
tory of asthma or atopy is common. Other atopic symptoms 
are often present and include food sensitivity (infancy), child-
hood eczema, urticaria, conjunctivitis, and allergic rhinitis. 
Asthma or asthma exacerbations should correlate with aller-
gen exposure or seasons. Spring, summer, or fall exacerba-
tions suggest fungal spore or pollen sensitivity whereas winter 
exacerbations are typical of indoor allergen sensitivity but 
may also occur in nonatopic asthmatics. Th e polyallergic sub-
ject may show little seasonal variability. Because of the grad-
ual onset of airway infl ammation and hyperresponsiveness, 
allergen-induced asthma exacerbations are usually of gradual 
onset often lagging behind and persisting beyond allergen 
exposure. An acute exposure–symptom relationship may be 
lacking. For these reasons, the patient and physician may miss 
the importance of a llergens. When present, nonrespiratory, 

particularly ocular or cutaneous and, to a lesser extent, nasal 
symptoms will bear a much closer relationship to exposure 
and may provide an important historical clue to sensitization. 
Irritant- and exercise-induced bronchospasm are sympto-
matic of underlying airway hyperresponsiveness and, conse-
quently, can be due to (often unrecognized) allergen exposure 
that may not be acutely temporally related. 

   Sudden severe symptoms can occur following inhaled 
allergen exposure if the exposure is marked, if the individ-
ual is highly sensitized, or if previous asthma symptoms/
airfl ow obstruction have been either under-perceived or 
ignored. However, genuinely sudden asthma exacerbations 
raise the possibility of ingested or injected allergen (foods, 
drugs, bites, stings, allergen shots); this clinical scenario 
should prompt an aggressive historical review for relevant 
clues. Non-IgE-mediated responses to ASA and NSAIDs, 
 β -adrenergic blockers, food additives (e.g. metabisulphites), 
or cholinesterase inhibiting insecticides are included in the 
diff erential diagnosis of sudden severe asthma.  

    Diagnosis 

   Th e diagnosis of allergic asthma rests predominantly on the 
historical features noted above. Th e inquiry into possible 
allergens should not stop with the home but must include 
work, school, social, and recreational exposures. Because of 
the frequently subtle exposure–symptom relationships, non-
respiratory symptoms related to allergen exposure should be 
sought. Following completion of a complete history, allergen 
prick-skin testing with a small series of relevant allergens 
should be done.  

    Treatment 

   Th e treatment of allergen-induced asthma is the same as for 
asthma in general and is outlined elsewhere in this book. 
Th e pathophysiologic and clinical features outlined above 
stress the importance of environmental control. Th e possibil-
ity that chronic allergen exposure might lead to permanent 
pathology suggests that therapeutic strategies that are largely 
eff ective by preventing the allergic response and sequelae 
(allergen avoidance, cromones, anti-IgE) will be less eff ective 
if their introduction is delayed.  

    Allergic bronchopulmonary mycoses 

   A distinctive clinical syndrome occurs when atopic indi-
viduals have organisms, against which they have IgE anti-
bodies, growing in their airways. Th e prototype, by far the 
commonest of these  “ allergic bronchopulmonary mycoses, ”  
is allergic bronchopulmonary aspergillosis (ABPA) usu-
ally caused by  Aspergillus fumigatus             [155–158] . Other fungi, 
including  Helminthosporium         [159, 160] ,  Curvularia  and 
 Drechslera         [160, 161] ,  Stemphylium   [162] ,  Candida   [163] , 
 Fusarium   [164] , and rarely bacteria such as  Pseudomonas  
 [165] , may cause a similar syndrome. Th e syndrome that 
these organisms can produce involves complex immuno-
logic and mechanical pathogenesis. 
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   Th e pathogenesis of ABPA initially involves acquisi-
tion of IgE-mediated type I hypersensitivity to the fungus. 
 Aspergillus  fungal spores released from decaying vegetation, 
particularly in the autumn germinate and grow in the airway 
provoking reduced airway caliber and mucous hypersecre-
tion leading to mucous plugs containing fungal hyphae pro-
ducing  “ cast-like ”  outlines of the bronchial tree. Th e chronic 
high-level allergen exposure leads to very high levels of both 
allergen-specifi c and total serum IgE, an intense peripheral 
and bronchial eosinophilia, and in most, but not all, to the 
development of IgG precipitating antibodies. Other immu-
nologic responses including cell-mediated immunity may 
be stimulated. Th e continuous airways allergic reaction will 
lead to exacerbation of asthma while the other immuno-
logic reactions may be responsible for bronchial and paren-
chymal damage that includes (proximal) bronchiectasis 
and (upper lobe) interstitial pulmonary fi brosis. Fleeting or 
fi xed pulmonary infi ltrates may be produced by immuno-
logic reactions within the lung, by the mechanical eff ect of 
obstruction of major bronchi by mucous plugs, or both. 

   ABPA is a fairly common condition in some areas; 
the precise prevalence is not certain. Amongst asthmatics, 
the prevalence of type I (IgE) sensitivity to  Aspergillus  may 
approximate 25%          [166–168] , and the prevalence of type 
III (IgG) sensitivity to  Aspergillus  is approximately half of 
this        [169, 170] . By contrast, on the dry Canadian prairies, 
 Aspergillus  skin sensitivity is uncommon, and we have seen 
no new cases of ABPA in over 20 years. Other organisms 
(e.g.  Helminthosporium ) are involved only rarely. Th e clinical 
picture is generally that of a subject with pre-existent atopy, 
and usually previous asthma, presenting with exacerbation 
of asthma accompanied by the expectoration of characteris-
tic fi rm brown plugs  [155] . Pulmonary infi ltrates with eosi-
nophils with or without fever may be seen. Chronic disease 
may manifest as bronchiectasis with chronic or recurrent 
pulmonary infection or pulmonary fi brosis with progressive 
dyspnea or both        [155, 156] . 

   Th e two features that must be present in all subjects 
with ABPA are type I hypersensitivity to the  Aspergillus  
and the presence of  Aspergillus  in the airways. However, it 
is not always possible to grow the organism  [171] . Specifi c 
IgG precipitating antibodies are found in about 90% of 
cases  [157] . Other features that are commonly seen include 
intense peripheral and bronchial eosinophilia  [171] , marked 
elevations of total serum IgE  [172] , and transient pul-
monary infi ltrates            [155–158] ; these all tend to correlate 
with activity of disease. Chronic changes in established or 
recurrent disease include radiographic demonstration of 
an unusual and essentially pathognomonic  proximal  bron-
chiectasis  [173]  and, in more severe cases, progressive upper 
lobe interstitial pulmonary fi brosis similar to tuberculosis 
and other upper lobe scarring conditions  [156] . Th e com-
puterized tomographic scan may be particularly helpful as 
an adjunct to the diagnosis of ABPA        [174, 175] . ABPA 
is a common complication of cystic fi brosis  [176] ; the 2% 
prevalence in one observational cohort was felt to repre-
sent under recognition  [177] . Atopic skin testing has been 
suggested as a useful screen in this population  [176] , how-
ever, may not be reliable  [178] ; specifi c skin tests, allergen-
specifi c IgE, total IgE, and precipitins are recommended in 
this population  [178] . 

   Allergic bronchopulmonary infestations with 
 Aspergillus  or other fungal organisms are not true infec-
tions; progression to invasive fungal infections or mycetoma 
formation is uncommon. Treatment is directed against 
the asthma and the immunologic abnormalities; intensive 
asthma treatment with systemic corticosteroids in doses 
suffi  cient to suppress clinical and laboratory features of the 
disease is indicated          [171, 179, 180] . Total serum IgE may 
be useful to predict exacerbations  [180] . With such treat-
ment, the prognosis is favorable; however, under-treatment 
can lead to substantial, even severe, permanent bronchopul-
monary damage. Itraconazole has been reported to be eff ec-
tive in reducing corticosteroid requirements in ABPA  [181]  
and may be useful in cystic fi brosis  [176] . However, a recent 
Cochrane Database report concludes there is insuffi  cient 
information available to recommend the use of azoles (itra-
conazole, ketoconazole) in this condition  [182] .   

    SUMMARY 

        1.     Th e majority of subjects with asthma are atopic.  

    2.     Allergen-induced airway hyperresponsiveness and airway 
infl ammation point to allergens as a  cause  of asthma 
(i.e. symptomatic airway hyperresponsiveness with 
infl ammation).  

    3.     Th e remarkable rise in the prevalence of atopy ( “ hygiene ”  
hypothesis, airtight home/indoor allergen exposure 
hypothesis, other hypotheses or some combination) over 
the past 200 years may explain in whole or in part the 
rising prevalence of asthma.  

    4.     Chronic/recurrent allergen exposure may lead to 
persistent asthma.  

    5.     Th is provides a plausible basis to suggest that early 
prophylactically or actively anti-infl ammatory therapeutic 
strategies should improve long-term outcomes in allergic 
asthma.  

    6.     Th is also provides a rationale to speculate re- primary  
prevention of (allergic) asthma.     
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C H A P T E R

         

    Occupational Agents 

    OCCUPATIONAL ASTHMA   

    Defi nition 

   A proposed defi nition of occupational asthma 
(OA) should take into account at least two essen-
tial aspects of the condition. First, it should refl ect 
the fact that OA shares the clinical, functional, 
and pathological features of asthma, that is vari-
able, spontaneously or as a result of treatment, 
symptomatic airway caliber, hyperresponsive-
ness, and infl ammation of the airways. Second, 
it should state that OA is caused by the work-
place in which, in most cases, an agent has been 
identifi ed. Th e defi nition of OA which has been 
retained in a textbook on OA reads as follows: 
 “ OA is a disease characterized by variable airfl ow 
limitation and/or airway hyperresponsiveness 
and/or infl ammation due to causes and conditions 
attributable to a particular occupational environ-
ment and not to stimuli encountered outside the 
workplace ”   [1] . Within this defi nition, two types 
of OA are distinguished by whether they appear 
after or without a latency period.  

    Agents that cause OA and the 
pathophysiological mechanisms   

   Over 300 agents in the workplace have been 
implicated in causing asthma  [2] .  Table 36.1    
shows a list of the more common agents respon-
sible for OA. Th e agents can be divided into two 
groups according to the pathogenic mechanisms: 
those that give rise to asthma by immunologi-
cal mechanisms and those by nonimmunological 
mechanisms. Agents in the former group can cause 
asthma by immunoglobulin (Ig)E-d ependent or 
IgE-independent mechanisms. Irritant-induced 

asthma (IIA) is a type of OA caused by an appar-
ently nonimmunological mechanism  [3] .  

    Agents that induce OA by 
immunological mechanisms 

    Agents that induce asthma by 

IgE-dependent mechanisms 

   Th e agents causing OA by IgE-dependent 
mechanisms include both high molecular weight 
compounds ( � 10       kDa) and some low molecular 
weight compounds ( � 10       kDa). High molecular 
weight compounds are usually proteins or polysac-
charides and induce specifi c IgE antibodies. Some 
low molecular weight agents, such as platinum  [4]  
and acid anhydrides  [5] , can also induce specifi c 
IgE antibodies by acting as haptens, which com-
bine with a body protein to form complete anti-
gens. Th ere is evidence to support the fact that 
the asthmogenic potency of a compound is deter-
mined to a certain extent by its chemical structure 
       [6, 7] . Often, agents such as trimellitic anhydride 
and isocyanates can modify body proteins, an 
important step toward becoming a hapten, and 
thus stimulate the immune system. 

   Th ese agents often aff ect atopic subjects. 
Th e inhaled occupational sensitizer can bind to 
specifi c IgE antibodies on the surface of mast 
cells, basophils, and possibly macrophages and 
eosinophils. Th e mechanism of asthma induction 
by these sensitizers is similar to nonoccupational 
allergens  [8] .  

    Agents that induce asthma by 

IgE-independent mechanisms 

   Th e agents that give rise to OA through IgE-
i ndependent mechanisms are mostly low molec-
ular weight compounds such as isocyanates and 
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plicatic acid (the agent responsible for Western red cedar 
asthma)  [8] . In subjects with both isocyanate and Western 
red cedar asthma, specifi c IgE antibodies have been found 
in only a small proportion proven to have the disease  [9]  
although, if present in high concentrations, they appear 
specifi c for the disease  [10]  though, apparently, not causal 
for the disease  [11] . It is still uncertain whether the pres-
ence of specifi c IgG antibodies is a marker of the disease or 
merely of exposure. In Western red cedar asthma, the sig-
nifi cance of the presence of specifi c IgE antibodies is not 
clear since anti-IgE antibodies failed to inhibit the release 
of histamine by plicatic acid from granulocytes of patients 
with the d isease  [12] . 

   Studies of both isocyanate and Western red cedar 
asthma have demonstrated that T-lymphocytes might play 
a direct role in mediating the infl ammatory response in the 
airways        [13, 14] . In patients with isocyanate-induced asthma, 
the majority of T-cell clones derived from bronchial mucosa 
of subjects were found to be CD8  �   T-lymphocytes that pro-
duced IL-5  [13] . Among patients with Western red cedar 
asthma, peripheral blood lymphocytes released IL-5 and 
IFN- γ  after stimulation with plicatic acid in sensitized subjects 
 [14] . Animal studies have shown that diisocyanate-induced 
asthma is driven primarily by CD4  �   T-cells and is depend-
ent upon the expression of Th 2 cytokines. However, animal 
m odels are not always refl ective of human responses  [15] . 

   A more recent study of bronchial biopsies taken after 
specifi c inhalation challenge testing from patients suspected of 
diisocyanate-induced asthma showed a striking absence of C 
and IL-4 mRNA-positive cells in bronchial biopsy specimens 
irrespective of whether the response was positive or negative 
indicating the absence of IgE involvement at least in a pro-
portion of patients with diisocyanate-induced asthma  [11] . 

   Toluene diisocyanate was also found to induce pro-
duction of proinfl ammatory cytokines and chemokines from 
bronchial epithelial cells through the epidermal growth fac-
tor receptor and p38 mitogen-activated protein kinase path-
ways  [16] .   

    Agents that induce OA by 
nonimmunological mechanism 

   Irritant-induced asthma is apparently a nonimmunologically 
induced type of asthma. Th ere seems to be a dose-dependent 
relationship between exposure and likelihood of permanent 
disability/impairment            [3, 17–19] .  

    Pathology 

    Immunologically mediated OA 

   Th ere is no diff erence between the pathology of the airways 
of patients with occupational and those with nonoccupational 
asthma. Studies of bronchoalveolar lavage (BAL) fl uid have 
shown infl ux of eosinophils and neutrophils and a marked 
increase in albumin concentration during late asthmatic reac-
tion after inhalation challenge with isocyanates  [20] . In patients 
with Western red cedar asthma, increases in eosinophils and 
epithelial cells, as well as in albumin, h istamine, and LTE4, 

 TABLE 36.1          Agents that cause immunologically mediated occupational 

asthma  .

     Common sources of exposure 

    High molecular weight agents    

   Animal-derived material 

                      Dander 

         Excreta

 Secretions

          Serum 

 Animal, poultry and insect work, 

veterinary medicine, fi shing and 

fi sh processing, laboratory work 

   Plant-derived material   
          Flour  Bakery 

          Grain  Grain elevator and terminal and 

feed mill 

          Castor bean  Oil manufacture 

          Coff ee bean  Food processing 

          Wood dust  Sawmill, carpentry, furniture work 

          Vegetable gum  Printing 

          Psyllium  Health care 

          Latex  Latex 

   Enzymes   
           α -amylase  Bakery 

          Papain  Food processing 

          Alcalase  Pharmaceutical industry 

            Bacillus subtilis -derived 

enzyme 

 Detergent enzyme industry 

    Low molecular weight agents    

   Spray paints   
          Toluene diisocyanate  Manufacture of plastic, foam 

          Dimethylphenyl diisocyanate  Insulation 

          Hexamethylene diisocyanate  Automobile spray paint 

   Wood dust   
          Western red cedar  Sawmill worker, carpenter, 

furniture maker 

   Acid anhydride  Users of plastics, epoxy resins 

   Biocides   
          Formaldehyde  Health care workers 

          Glutaraldehyde   

     Chloramine T   

   Colophny fl uxes  Electronic workers 

    Irritant agents    

   Chlorine  Pulp and paper mills 

   Acetic acid  Hospital setting 

   Isocyanates  Spray paint 

  For further information see Ref. [2].  
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have also been found in the BAL fl uid  [21] . Irrespective of the 
sensitizing agent, the pathological features in the airways are 
similar. Th ere is subepithelial fi brosis, hypertrophy of airway 
smooth muscle, edema of the airway wall, accumulation of 
infl ammatory cells, mostly eosinophils, and obstruction of the 
airway lumen by exudate and/or mucus in patients with OA 
 [22] . Cessation of exposure to the sensitizing agent is associ-
ated with a decrease in the number of infl ammatory cells in 
the airway mucosa  [23] . In isocyanate-induced asthma, some 
reversal of the subepithelial fi brosis has been found  [24]  but 
airway eosinophilia and neutrophilia may persist. Studies of 
induced sputum of patients with OA after cessation of expo-
sure for a mean interval of 8.7 years indeed showed that some 
subjects still had increased levels of neutrophils and eosinophils 
in induced sputum  [25] .  

    Nonimmunologically induced asthma 

   Th e mechanism of IIA is not known. IIA is a  “ big bang ”  
phenomenon. Exposure to a high level of the irritant leads to 
acute sloughing of the epithelium  [3] . Th ere are some diff er-
ences between the pathological features of IIA and those of 
immunologically mediated asthma. In general, subepithelial 
fi brosis is more evident in IIA  [26] . In the acute phase, the 
airway epithelium is extensively damaged and the submucosa 
infi ltrated by mononuclear cells  [27] . One study reported 
fewer T-lymphocytes in the airway mucosa in IIA than in 
allergen-induced asthma  [28] .   

    Epidemiology: Frequency and 
determinants 

    Frequency 

   OA has become one of the two most common occu-
pational lung diseases in developed countries (the other is 

m esothelioma)  [29] . Estimates of incidence of OA have been 
made using registers based on mandated or voluntary physi-
cian reporting, medicolegal statistics, and various national or 
disability registers. Th ere are considerable between-country 
diff erences in the estimated incidence of OA ranging from 
22 per million per year in the United Kingdom to 187 per 
million per year in Finland. Th e diff erences are likely due in 
part to the methods used to derive these estimates. However, 
community-based studies on population-attributable risk 
(PAR) of occupational exposure for asthma carried out in 
countries involved in the European Community Respiratory 
Health Survey using similar methodology have shown con-
siderable variation from 5% in Spain to 41% in New Zealand 
depending on the local industries, options for employment, 
and the population’s susceptibility          [30–32] . Studies in the 
United States of adult patients with new-onset asthma have 
shown that about 8% reported a history of exposure to sen-
sitizers at work and 13% when irritants were included        [33, 
34] . Th e generally accepted PAR of occupational exposure 
for asthma is around 9–15%        [35, 36] . 

    Table 36.2    summarizes the fi ndings from selected 
cross-sectional studies for various workplaces                        [37–46] . Th ere 
is considerable variation in the prevalence of OA in diff erent 
industries, ranging from 2% in latex-exposed workers to 50% 
among detergent-enzyme workers  [37] . While the between-
workforce diff erences can be due to varying data collection 
methodology, diff erent defi nitions used for OA, and intensity 
of exposure, it is quite possible that the asthmogenic poten-
tial of the agents is diff erent. 

   Few longitudinal studies have been carried out in high-
risk apprenticeship programs including baking        [47, 48]  and 
students (bakers, animal health technicians and veterinarians, 
dental hygienists, welders, spray painters) exposed to various 
high        [49, 50]  and low        [51, 52]  molecular weight agents. Th is 
model is particularly interesting because it assesses young indi-
viduals who have not been previously exposed to the relevant 

 TABLE 36.2          Prevalence and determinants of work-related asthma: results of selected studies.  

 Prevalence 

       Exposure/Industry  No.  Latency (months) 

 Work-related 

asthma (%) 

 Smoking 

(%) 

 Atopy 

(%) 

    High molecular weight compounds            

   Enzyme/detergent  [37]    98  N/A  50  52  64 

   Clam/Shrimp  [38]    59  N/A  26 (8)  49  21 

   Snow-crab processor  [39]   303  number unknown  21 (16)  67  11 

   Laboratory animal worker  [40]   238  26   6  30  40 

   Bakery  [41]   344  26   6  57  34 

   Latex/Hospital workers  [42]   289  120   2 (3)  22  25 

    Low molecular weight compounds            

   Platinum refi nery  [43]    91  12–24  54  63  33 

   Anhydrides, TCPA [44]   329  Up to 24  3.2  50  22 

   Toluene diisocyanate  [45]   241  Up to 36  9.5  51  35 

   Plicatic acid/Red cedar sawmills  [46]   652  N/A   4  38  19 

  For further information see Ref. [1].  
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workplace allergens and can best evaluate the natural history 
of sensitization, symptoms, and disease even after beginning 
of exposure and even after removal of exposure.  

    Host determinants 

   Atopy (defi ned as positive skin test to one or more common 
allergens) has been shown to be associated with sensitiza-
tion to some high molecular weight agents but not others 
( Table 36.2 ). Th e positive predictive value of atopy in various 
studies of OA is low: 34% in animal laboratory workers        [53, 
54]  and 7% in psyllium workers  [55] . Moreover, over 40% 
of young adults have positive skin-test reactions to common 
allergens. Th ese fi ndings do not justify routine screening for 
atopy in high-risk workplaces. 

   Th e relationship between smoking and OA is com-
plex and fi ndings of studies are often contradictory  [56] . It 
appears that the eff ect of smoking is dependent on the type 
of occupational agent. An interaction between smoking and 
atopy has been found in OA in animal laboratory handlers 
 [54]  and in workers exposed to tetrachlorophthalic anhy-
dride  [54] ; atopic smokers had the highest prevalence of 
sensitization and nonatopic nonsmokers, the lowest. Among 
platinum workers, smoking, not atopy, is the most important 
risk factor for sensitization  [43] . Cigarette smoke probably 
acts as an adjuvant to promote IgE sensitization  [57] . When 
agents cause OA by IgE-independent mechanisms, as in the 
cases of isocyanate-induced asthma and Western red cedar 
asthma, both atopy and smoking are unimportant  [58] . 

   Studies of genetics of OA has proven to be diffi  cult 
because of the small numbers of patients with asthma due 
to one type of occupational agents and the diffi  culties of get-
ting appropriate controls. Nevertheless, there have been some 
studies showing association between HLA class II genes 
and several types of OA such as isocyanate- [59] , trimellitic 
a nhydride- [60] , Western red cedar- [61] , and platinum-
induced asthma  [62] . However, such fi ndings should be con-
sidered as preliminary  [63]  and this type of testing cannot be 
used for screening of susceptible subjects. Exposure to diiso-
cyanates increases reactive oxygen species which are taken up 
by the glutathione S-transferase enzyme  [64] . Individuals 
with the glutathione S-transferase M1 null gene had a two-
fold increase risk of diisocyanate-induced asthma  [65] . Th e 
combination of GSTM1 null and GTM3 AA phenotype 
was strongly associated with lack of diisocyanate-specifi c 
IgE antibodies and with late asthmatic reaction  [65] .  

    Exposure factors 

   Improved industrial hygiene techniques have resulted in 
the ability to measure several low molecular weight com-
pounds such as isocyanates, formaldehyde, and amines  [66] . 
Immunochemical techniques for quantitating aeroallergens 
have been developed and used in a number of workforce-
based studies        [67, 68] . 

   Several studies have shown that there is a dose-response 
relationship between the level of exposure to occupational 
agents and the prevalence of sensitization and/or nonallergic 
bronchial hyperresponsiveness and/or asthma. Th ese include 
exposure to high molecular weight allergens such as  α -a mylase 
 [69] , animal laboratory allergen  [70] , and low molecular 
weight compounds such as Western red cedar  [71] , acid 

anhydride  [44] , and colophony  [72] . As a result, a  “ permissi-
ble exposure limit ”  has been proposed for a few occupational 
agents  [67] . Th e minimum concentration of occupational aller-
gen that causes sensitization may be one to two orders of mag-
nitude greater than the concentration for eliciting symptoms. 
Once an individual is sensitized to an agent, a minute dose can 
trigger an attack of asthma. Concomitant environmental expo-
sures, such as low levels of irritants and cigarette smoke, may 
enhance sensitization to some occupational agents. Further 
studies are required in this area.   

    Diagnosis 

   All asthmatic subjects should be questioned regarding possible 
exposure to causal agents in their current or previous work-
places. It has been estimated that approximately 5% of all asth-
matics seen in a specialized asthma clinic may suff er from OA. 
Also, it has to be remembered that because aff ected subjects 
could be left with permanent asthma after removal from the 
workplace, their current asthma symptoms could result from 
previous exposure to occupational causal agents. Physicians 
should be aware that certain workplaces have a high risk of 
exposing subjects to asthma-causing agents. Information on 
workplaces at risk and on all agents causing OA is available 
on the web site ASMANET.COM as prepared and reviewed 
by Henriette Dhivert-Donnadieu and on ASTHMA-
WORKPLACE.COM. Safety data sheets (SDS) on all prod-
ucts used in the workplace can be obtained from employers 
and/or from safety agencies. However, these SDS do not nec-
essarily report all products present in the workplace. Although 
fl our and isocyanates are still the most frequent causes of OA, 
many other high and low molecular weight agents emerge 
every year on the list of agents that often cause OA. 

   Clinical questionnaires should be sensitive although, 
in general, they are not very specifi c tools        [73, 74] . Exposure 
to a known causal agent at work and the presence of asthma 
should be suffi  cient to alert the physician to the possibil-
ity of OA even though the temporal relationship between 
exposure and symptoms may seem discordant. Th e possibil-
ity of the presence of nasal or conjunctival symptoms should 
be addressed. Ocular and nasal symptoms often accompany 
or even precede, in the case of high molecular weight agents, 
the occurrence of OA. Moreover, ocular and nasal symptoms 
are good predictors of OA in the case of high molecular 
weight agents  [74] . 

   Skin-prick tests can be done with extracts derived from 
specifi c high molecular weight agents although these extracts 
are not generally standardized. Th e presence of immediate 
skin sensitivity only indicates the presence of sensitization 
and does not confi rm the diagnosis of OA. Th e target organ, 
in this case the bronchial, should be shown to be hyperre-
sponsive. Th is can be done through the assessment of non-
allergic airway responsiveness. Th e combination of positive 
skin-test reaction to a relevant occupational allergen and 
nonallergic airway hyperresponsiveness in a subject means 
that there is an  � 80% likelihood that he/she has OA  [55] . 
Nonallergic airway hyperresponsiveness can be shown either 
by assessing the response to bronchodilators if there is airway 
obstruction, or by estimating the degree of bronchoconstric-
tive response to a pharmacological agent. If the worker is still 
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employed, n onallergic airway responsiveness should be evalu-
ated on a working day after a minimum period of 2 weeks at 
work. Th e absence of nonallergic airway hyperresponsiveness 
in a subject when still working and exposed to the agent(s) 
suspected of causing OA virtually excludes OA. 

   Serial measurement of peak expiratory fl ow rates (PEF) 
in the diagnosis and management of asthma        [75, 76]  has been 
used since the late 1970s in the investigation of OA  [77] . 
Workers are asked to measure and register their PEF at least 
four times a day and to record their medication, symptoms, 
and whether they are at work or away from work. Although 
monitoring of PEF has been found to be a useful tool in the 
investigation of OA  [77] , there are several pitfalls including 
generally unsatisfactory compliance  [78]  and tracing, analysis 
and interpretation of results, for which computerized methods 
have been suggested.  [79] . In our hands, while positive tracings 

are most likely associated with confi rmed diagnosis, negative 
graphs cannot exclude OA  [80] . Adding markers of airway 
infl ammation (exhaled NO, induced sputum) for a period at 
work and off  work improves the accuracy of diagnosis  [81] . 

   Exposing individuals to the potential causal agent(s) 
in a hospital laboratory, or at the workplace under careful 
supervision, is a good method to confi rm OA. Th is method 
was fi rst proposed in the 1970s by Professor Jack Pepys at the 
Brompton Hospital in London, UK  [82] . However, such tests 
require the expertise of highly trained personnel and can only 
be done in specialized centers. Th ey should be performed 
in a dose-response manner, exposing subjects to increasing 
concentrations but nonirritant levels of the agent with serial 
monitoring of FEV 1  following exposure for at least 8       h  [83] . 

   Th e investigation of OA is a stepwise procedure, as 
illustrated in  Fig. 36.1   .  

Compatible clinical history
and exposure to possible causal agents 

Skin and RAST tests
(if possible) 

Assessment of bronchial responsiveness
to pharmacological agents

Normal Increased 

Subject still at work

No asthma Occupational asthma Nonoccupational asthma

Subject still at work Subject no longer
at work 

Laboratory challenges
with the suspected occupational agent

Positive Negative 

Consider return to work

Positive Negative 

Workplace or laboratory challenges
with the suspected occupational agent

and/or PEF monitoring

Clinical Investigation of Occupational Asthma

 FIG. 36.1          Flow chart for the investigation of OA.    
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    Management and compensation 

   Physicians may be asked to screen for OA in subjects exposed 
to known causal agents or in a workplace where cases of 
OA have been identifi ed. Th ese surveillance programs may 
include preemployment testing and periodic assessment. A 
cost-eff ectiveness examination of such programs needs to be 
done. Preemployment testing to document the baseline status 
may include a questionnaire, spirometry with assessment of 
nonallergic airway responsiveness, and skin testing to work-
related allergens in the case of exposure to high molecular 
weight allergens. Workers with preexisting asthma should 
not be excluded as there is no reason to believe that asth-
matic subjects are more likely to develop OA than anyone 
else. It is diffi  cult to recommend the frequency for screen-
ing assessments. It has been estimated that 40% of subjects 
with OA due to low molecular weight agents develop their 
symptoms during the fi rst year of exposure, while the cor-
responding fi gure for high molecular weight agents is 20% 
 [84] . After that, there is a progressive reduction in the rate of 
development of OA. 

   Prevention is relevant in high-risk workplaces where 
inhalational accidents leading to IIA can occur. Assessment 
of airway responsiveness should also be considered as a 
preemployment test so that if an accident occurs compari-
sons are possible  [85] . 

   Once the diagnosis of OA is confi rmed, subjects should 
be advised to avoid exposure to the causal agent. Whereas 
wearing cartridge masks does not apparently reduce symp-
tomatology or functional abnormalities  [86] , helmet masks 
may eliminate exposure completely and may be considered in 
some instances. Treatment with inhaled steroids, while keep-
ing the subject at work, improves the asthma but not to the 
extent of removal from exposure complemented by inhaled 
steroids  [87] , especially when steroids are given early after 
removal  [88] . Subjects with OA whose symptoms persist 
after removal from exposure should be treated in the same 
way as patients with non-OA. 

   As for OA with a latency period, there might be func-
tional recovery in the 2 years following the inhalation acci-
dent leading to IIA  [89] . Steroids may be benefi cial  [90] . 

   Patients with OA should be off ered suitable help in 
fi nding another job where there is no further exposure to 
the causal agent, either with the same employer or another 
one. Subjects aged 55 or over should be off ered early retire-
ment, and young subjects should be retrained for a new job, 
all with fi nancial compensation. Compensation boards or 
similar medicolegal agencies should off er these programs to 
workers and assess their cost-eff ectiveness. Th e time needed 
to make a diagnosis of OA and to implement a program is 
generally too long, causing hardship to the subjects        [91, 92] . 
It has been estimated that during the 1990s, a single case of 
OA in Québec cost approximately C$50,000, a fi gure that 
is currently C$75,000  [91] . 

   Because OA can lead to permanent impairment/dis-
ability, subjects should be reassessed periodically. Th e fi rst 
assessment should take place 2 years after removal from 
exposure, when a plateau of improvement can occur, as in the 
case of a high molecular weight agent such as snow crab  [93] , 
although improvement can also occur at a later stage though 
at a slower pace  [94] . Th e three main criteria for assessing 

impairment/disability for asthma are: (1) airway caliber; (2) 
airway responsiveness to a bronchodilator if airway obstruc-
tion is present or to a bronchoconstrictor if it is not the case; 
(3) the need for medication, which is a refl ection of the clini-
cal severity of asthma  [95] . Adding evaluation of persistent 
airway infl ammation may help in this assessment  [96] .  

    Conclusion 

   Asthma is a common respiratory occupational ailment. 
Whereas improvement in diagnostic tools and pathophysi-
ological mechanisms still need to be considered, emphasis 
should be put on prevention programs through identifi cation 
and application of permissible respirable levels and of aff ected 
subjects at an early stage of sensitization or disease to prevent 
long-term sequelae of permanent asthma.   

    COPD 

   In most patients, COPD is caused by chronic inhalation 
of polluted air, specifi cally, air contaminated by proinfl am-
matory agents. Th e air can be polluted by personal choice 
(e.g. cigarette smoking), or by exposure sources in the ambient 
or work environment. Many patients may have been exposed 
to multiple sources, and the relative contributions of each may 
be impossible to disentangle. COPD is the symptomatic and 
functional consequence of chronic exposure to these polluted 
air sources. Th erefore, it seems appropriate to pose a defi ni-
tion for occupational COPD that allows it to coexist with 
 “ smoking-induced COPD ”  or  “ urban air p ollution-induced 
COPD. ”  For the purpose of this section, we will defi ne occu-
pational COPD as  “ the existence of COPD in a patient with 
a history of chronic exposure to proinfl ammatory agents in 
workplace air. ”  Th is defi nition is useful for clinical manage-
ment and public health prevention as it points to the poten-
tial for eliminating or modifying occupational risk factors for 
the disease. Additional challenges with defi ning occupational 
COPD for legal or compensation purposes will be discussed 
below. 

    Epidemiology: Frequency and 
determinants 

   Th e general population prevalence of occupational COPD 
is diffi  cult to estimate due to the lack of occupational expo-
sure information in most population-based studies. After 
reviewing all available published evidence from general 
population epidemiologic studies, an  ad hoc  committee of 
the American Th oracic Society recently estimated the con-
tribution of occupational exposure to the overall population 
burden of COPD to be at least 15%  [97] . A 2001 study of 
517 lifetime nonsmokers referred to a hospital pulmonary 
function laboratory estimated the PAR among nonsmokers 
from occupational exposure to be 23.6% for bronchitis and 
29.6% for obstructive lung disease  [98] . 

   Occupational COPD is associated with chronic expo-
sure to mineral and/or metal particulate matter and fumes, 
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organic particulate matter, combustion products, irritant 
gases, and various combinations of these exposures. Evidence 
for this has emerged primarily from epidemiological studies, 
some of which are listed in  Fig. 36.2   . 

    Mineral particulate 

   Prevalence rates for COPD with airfl ow obstruction among 
miners range from 6% to 20% among nonsmokers, and 
up to 60% among smokers            [104–107] . Exposure-response 
relationships are also seen. Airfl ow obstruction was seen 
among 10.5% of nonsmoking British coal miners exposed 
to low dust levels and 20.6% of those exposed to medium 
and high dust levels  [106] . Similarly, among nonsmoking 
US underground coal miners the corresponding rates were 
7.4% in the lower dust exposure category and 14.3% in the 
higher dust exposure category        [108, 109] . Chronic bron-
chitis symptoms related to mining exposures are persistent 
even after cessation of exposure, as was seen among former 
Swedish iron ore miners after an average of 16 years of not 
being exposed  [110] . 

   Mine dust with greater crystalline silica content 
appears to produce even higher COPD rates. Among South 
African gold miners the estimated eff ect of dust exposure on 
airfl ow obstruction was approximately ten times greater than 
that seen among coal miners        [107, 111] . COPD mortality 
is signifi cantly increased (in a dose-related fashion) among 
workers exposed to silica, especially in the presence of silico-
sis        [112, 113] . COPD has also been clearly demonstrated in 
association with asbestos exposure              [114–118] . From the evi-
dence to date, airfl ow obstruction appears more pronounced 
among workers installing or handling asbestos products 
than among miners  [116] ; however, only a few studies have 

looked specifi cally for airfl ow obstruction in these popula-
tions. Among miners and millers of wollastonite (another 
fi brous dust) signifi cant dose-response relationships for 
cumulative dust and airfl ow obstruction were seen in both 
nonsmokers and smokers  [119] . COPD is also linked to 
particulate exposure (with and without crystalline silica) in 
other industries, such as quarrying, carbon black manufac-
turing          [120–122] , and cement manufacturing  [123] .  

    Metal fumes, irritant gases, combustion products 

   Exposure to metal fumes, irritant gases, and combustion 
products appears to augment the eff ect of exposure to dust 
alone on COPD. Th is has been seen in mining and smelter 
workers        [124, 125] , workers in rubber manufacturing        [126, 
127] , welders              [128–132] , tunnel workers  [133] , and fi re 
fi ghters            [134–137] . Th ere is some evidence that the risk of 
airfl ow obstruction in welders and smelter workers may be 
higher among atopic workers, raising the possibility that at 
least some of the excess airfl ow obstruction seen in these 
groups may be related to asthma  [130] . Indeed, as discussed 
above in the section on OA, several metal fumes and irritant 
gases are recognized risk factors for OA.  

    Organic dusts 

   Although organic dust exposure is also associated with asthma 
and hypersensitivity pneumonitis, there is increasing evidence 
that chronic respiratory symptoms and nonasthmatic airfl ow 
obstruction are caused in part by exposure to both  “ aller-
genic ”  and  “ nonallergenic ”  organic dusts. For example, a recent 
study of nonasthmatic cedar sawmill workers found that the 
annual decline in FVC was signifi cantly related to cumulative 
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 FIG. 36.2          Prevalence rates for airfl ow obstruction (defi ned as FEV 1 /FVC % below the lower 95% confi dence limit, based on age) among nonsmokers, aged 

50 and over, exposed to mixed dusts and fumes and organic dusts, compared with a blue-collar control population  [100]  and to  “ expected rates ”   [101] ; from 

studies conducted by the UBC Occupational Lung Diseases Research Unit          [99, 102, 103] .    
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dust exposure, even when the average dust exposure was well 
below the accepted limit  [138] . Studies of sawmill and furni-
ture workers exposed to wood dusts from species not currently 
known to cause asthma also show exposure-related airfl ow 
obstruction                [139–144] . Generally, in these studies, the excess 
airfl ow obstruction linked to dust exposure is similar among 
nonsmokers and smokers. 

   Th ere is also considerable evidence confi rming a link 
between grain dust and COPD in both smokers and non-
smokers, with consistent dose-response relationships found 
               [145–150] . Among retired grain workers, moderate to 
severe airfl ow obstruction was found in 40% of nonsmokers 
and 50% of smokers  [151] . 

   Mixed exposure to grains, other animal feeds, and 
animal by-products are found in animal confi nement build-
ings, and there is growing evidence that exposure to these 
environments leads to COPD. Th ere is clear evidence of 
excess chronic bronchitis among farmers and workers in 
poultry and swine confi nement buildings, with prevalence 
rates remarkably consistent across studies at about 25–35% 
                 [99, 152–157] . Evidence for nonasthmatic chronic airfl ow 
obstruction in this industry is mixed        [99, 157]  although the 
majority of studies indicate reductions in airfl ow rates asso-
ciated with duration of exposure          [155, 158, 159] . COPD was 
found among 17% of 105 European farmers who had never 
smoked and who worked in animal confi nement buildings, 
with 10% having moderate or severe disease by GOLD 
criteria. Th e highest disease prevalence was seen in farmers 
with the highest dust and endotoxin exposure levels  [160] .   

    Relationship between cigarette smoking 
and occupational exposures 

   Th e research indicates that occupational exposure plays a 
clinically important role in the development of COPD in 
exposed workers. Among aluminum smelter workers, the 
impact of a 30-year working career with particulate expo-
sure at the permitted level was about the same as smoking, 
75       g/week  [161] . Among tunnel workers exposed to dust 
and diesel exhaust, the decline in FEV 1  associated with each 
year of tunnel work was twice that associated with each 
pack year of cigarette smoking  [133] . Among fi re fi ghters, 
the cumulative impact of  “ being a fi re fi ghter ”  on longitudi-
nal decline in FEV 1  was about half as strong as the impact 
of cigarette smoking  [162] . 

   Cigarette smoking and dust exposure appear to exert 
their eff ect on airways in a roughly additive fashion regard-
less of the dust type          [106, 111, 138]  although there is a sug-
gestion that the eff ect is more than additive in patients with 
marked airfl ow obstruction, and in the presence of high 
crystalline silica  [163] .  

    Natural history 

   Most research suggests that the natural history of COPD is 
similar regardless of the source of the polluted air. However, 
there is growing evidence that there may be a link between 
early rapid decline in airfl ow rates due to occupational 
e xposures and later airfl ow obstruction. Th is has been seen in 

British  [106] , US  [108] , and Italian  [164]  coal miners, among 
workers exposed to asbestos        [165, 166] , and grain        [151, 156] .  

    Assessment of exposure 

   Th e relevant exposure for COPD is that to which the patient 
was exposed in the past. Th erefore, the best clinical tool for 
assessing this is a detailed occupational history, augmented 
by specifi c inquiry about exposures to dusts, gases, and 
fumes. In fact, research has shown that a positive response to 
the simple question  “ have you been exposed to dusts, gases, 
or fumes at work? ”  is linked to a more rapid decline in FEV 1  
and increased prevalence of chronic bronchitis in population 
studies        [167, 168] . Ideally, the occupational history should 
be reviewed by a professional with knowledge of the typical 
occupational exposures in the region. However, evidence has 
shown that the patient is also a reliable source of informa-
tion about exposure duration and intensity. For each main 
job, the patient should be asked what year the job began and 
ended (to estimate duration of exposure); whether or not 
there was noticeable dust, fumes, or gas exposure; and if so, 
how often (to estimate intensity of exposure). 

   Although it is not possible to provide a clear answer 
to the question,  “ How much exposure is necessary before 
one should suspect an occupational contribution to COPD? ”  
most research indicates that the relevant exposure duration 
is measured in years (or even decades), not months or days. 
Many patients will have held more than one job, and expo-
sure duration should be summed over all jobs with relevant 
exposures. Time spent in irregular work environments should 
also be considered (e.g. in the armed forces, in prison, dur-
ing extended periods of casual or temporary employment) as 
hazardous exposures are common in these situations. Dust 
and fume exposures are seldom present every day, all day, so 
patients should be asked whether exposure occurred most 
days, only a few times a month, or only seldom (i.e. a few days 
a year). Exposure that occurred at least a few times a month 
should be considered relevant. 

   Clinicians should be cautious about assuming that 
workplace exposures within  “ safe ”  limits were not high enough 
to produce disease. Many of the studies discussed above found 
signifi cant airfl ow obstruction among workers exposed at or 
below regulated allowable limits. It is useful to consider the 
example of grain dust, which in many countries (including 
Canada and much of the United States) is still regulated with 
reference to the  “ nuisance dust ”  standard, despite overwhelm-
ing evidence that this standard is unacceptable. Th e American 
Conference of Governmental and Industrial Hygienists has 
adopted the term  “ particulate not otherwise classifi ed ”  rather 
than nuisance dust, to indicate  “ that all materials are poten-
tially toxic and to avoid the implication that these materials 
are harmless ”  and to emphasize that  “ although these materials 
may not cause fi brosis and systemic eff ects, they are not bio-
logically inert ”   [169] .  

    Occupational COPD among women 

   Th ere is growing evidence that COPD mortality and mor-
bidity is rising among women relative to men and it has 



36Occupational Agents

465

been hypothesized that this may be linked to an increase 
in tobacco exposure or susceptibility among women        [170, 
171] . However, other evidence indicates that smoking rates 
among adult women have declined in parallel with men 
since the 1980s, at least in Western countries  [172] , sug-
gesting that other factors must also be contributing to the 
apparent COPD increase among women. Environmental 
(or domestic occupational) exposure to biomass particulate 
matter (from indoor cooking) has been strongly linked to 
COPD among women in developing countries. Th e poten-
tial impact on COPD of women’s work and changing occu-
pational environments has only been explored in a few very 
recent studies, but there is some evidence of possible dif-
ferential susceptibility to biological dusts among women. In 
a 20-year follow-up study of Chinese cotton textile work-
ers, nonsmoking men demonstrated a small improvement 
in airfl ow rates after cessation of exposure (reduced decline 
in FEV 1 ), whereas no such improvement was seen among 
women, despite higher dust and endotoxin exposures 
among men  [173] . Among a random sample of Australians, 
employment in a job with exposure to biological dust was 
a strong and a signifi cant risk factor for COPD among 
women (sevenfold increase in risk); this eff ect was not seen 
in men (no increased risk)  [174] . Jobs with biological dust 
exposure held by women in this study included health care 
professions, food and textile workers, artists, and clean-
ers. An analysis of data from the US National Health and 
Nutrition Examination Survey  [175]  indicated an increased 
risk for COPD, using GOLD criteria (compared to the 
population as a whole) among women in personal services, 
agriculture, textiles, rubber and plastics industries, and sales-
related jobs. Th ese very preliminary fi ndings require further 
investigation to understand and quantify the potential role 
of occupational exposures in contributing to the growing 
prevalence of COPD among women. Th ey do point, how-
ever, to the importance of considering occupational risks 
even among female patients with jobs not traditionally con-
sidered  “ dusty ”  or  “ industrial. ”   

    Management and compensation 

   When the clinician sees a patient (male or female) with 
chronic nonspecifi c airfl ow limitation (regardless of whether 
or not that patient is a smoker), it is useful to consider the 
possibility that occupational exposures may have contrib-
uted to the disease. Th is is important as continued occupa-
tional exposure may contribute to a worsening of the disease 
(in the patient, or in others in that workplace), if no preven-
tive action is taken. For the patient still exposed to particu-
late or irritant gases or fumes, a recommendation should be 
made to reduce or eliminate the potential for the exposure. 
For the patient no longer exposed (or no longer working), it 
is important to record and report the disease as  “ potentially 
occupational ”  in order that public health offi  cials can assess 
the role of the occupational exposure and use this informa-
tion to direct prevention activities in the workplace. 

   Whether or not a patient with occupational COPD is 
entitled to compensation or disability, benefi ts will depend 
on the specifi c requirements of the compensation or insur-
ance carrier. Th ese requirements vary broadly. Disability 

evaluation should be carried out without reference to the 
question of etiology, as the level of disability or impairment 
is unaff ected by the cause. Th e decision to attach the label 
 “ possibly occupational ”  to the diagnosis should also be based 
on the occupational history. Although requirements vary 
among jurisdictions, it should be the attending physician’s 
role to raise the possibility of occupational etiology, not to 
make the fi nal determination in law. General guidance can 
be found in the following statement from the BC Workers ’  
Compensation Board policy manual:  “ Since workers ’  com-
pensation  …  operates on an enquiry basis rather than on an 
adversarial basis, there is no onus on the worker to prove his 
or her case. All that is needed is for the worker to describe 
his or her experience of the disease and the reasons why they 
suspect the disease has an occupational basis. Th en it is the 
responsibility of the Board to research the available scientifi c 
literature and carry out any other investigations into the ori-
gin of the worker’s condition which may be necessary. ”  

   Th at said, unfortunately, physicians do fi nd them-
selves called upon by legal tribunals, to quantify the relative 
contribution of occupational exposure to COPD. Th is can 
be extremely diffi  cult, if not impossible, in the absence of 
detailed exposure information and the expertise to interpret 
it. A useful benchmark may be the research among smelter 
workers, discussed earlier in this section, that found the 
eff ect of working for 30 years at today’s  “ accepted ”  exposure 
concentration had an impact on airfl ow of about the same 
magnitude as a similar duration of cigarette smoking.  

    Prevention 

   Some evidence suggests that a rapid decline in FEV 1  (but 
still in the  “ normal ”  range) in young exposed workers may be 
associated with a worse prognosis. Th erefore, although these 
workers are unlikely to seek treatment, if such a patient is 
encountered (e.g. as a result of routine screening or for other 
reasons) the index of concern should rise. Th e evidence 
is not strong enough to suggest that such a worker should 
be removed from exposure, but the patient should be made 
aware of his or her excess decline in lung function and the 
potential role of occupational exposure should be explored. 

   Global prevention of occupational COPD will require 
increased recognition of the disease (by physicians, by regula-
tors, and by employers), and a willingness by regulators and 
employers to act to reduce exposure to particulates and irritant 
gases and fumes in the work environment. Primary care and 
pulmonary physicians can play a major role in prevention by 
increasing the recognition of the disease, by reporting it, even 
if just as  “ suspect ”  or  “ possible ”  occupational COPD, to the 
local agency responsible for occupational disease prevention.    
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    Infections 

    INTRODUCTION 

   Asthma and chronic obstructive pulmonary 
disease (COPD) are common diseases and 
both result in signifi cant morbidity and mortal-
ity. Although they share some clinical features 
and although they may coexist in the same 
individual, they are distinct disease syndromes 
with diff erent pathogenetic mechanisms. In 
each case much of the morbidity and mortal-
ity is associated with exacerbations of disease, 
in response to a variety of trigger factors. A 
common feature of asthma and COPD is the 
important role of infection in triggering exac-
erbations. Infections have also been implicated 
in the etiology of the two diseases. Th is chapter 
will review the epidemiological evidence impli-
cating infectious pathogens as triggers and will 
discuss the mechanisms of interaction between 
the host–pathogen response and preexisting 
airway pathology that result in an exacerbation.  

    ASTHMA 

   Asthma aff ects 20–33% of children in the 
United Kingdom  [1] . It is a multifaceted syn-
drome involving atopy, bronchial hyperreac-
tivity, and IgE and non-IgE-mediated acute 
and chronic immune responses. Th e asthmatic 
airway is characterized by an infi ltrate of eosi-
nophils and of T-lymphocytes expressing the 
type 2 cytokines IL-4, IL-5, and IL-13. Trigger 
factors associated with acute exacerbations 
of asthma include exposure to environmental 
allergens, especially animals, molds, pollens and 
mites, cold, exercise, and drugs. Th e link between 

respiratory infection and asthma exacerba-
tions is well established although incompletely 
understood. In the 1950s this association was 
attributed to bacterial allergy  [2]  but it is now 
clear that the majority of exacerbations are due 
to viral rather than bacterial infection. 

    Epidemiology 

   Viral respiratory tract infections are a major 
cause of wheezing in infants and in adult 
patients with asthma. Th eir role may have been 
underestimated in early epidemiological stud-
ies because of diffi  culties in isolation and iden-
tifi cation  [3] . Th e introduction of PCR to such 
studies has implicated viral infection in the 
majority of asthma exacerbations. 

   Indirect evidence from population studies 
has established a signifi cant correlation between 
the seasonal variation in wheezing episodes in 
young children and peaks of virus identifi ca-
tion  [4] . Seasonal patterns of identifi cation of 
respiratory viruses are associated with peaks 
in hospital admissions for both children and 
adults with asthma indicating a role for such 
infections in severe asthma attacks  [5] . Direct 
evidence implicating viral infection in asthma 
exacerbations has been provided by studies 
showing an increased rate of virus detection in 
individuals suff ering asthma attacks. Viruses 
have been detected in 80–85% of asthma exac-
erbations in children                  [4–10]  and in 75–80% in 
adults            [11–14] . Th e highest rates of identifi ca-
tion are in those studies where subjects were 
followed prospectively allowing collection of 
clinical specimens early in the course of the ill-
ness, where PCR-based methods of diagnosis 
were used instead of or in addition to serology 
and culture, and where the methodology used 
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allowed for detection of rhinoviruses. Th e rate of detec-
tion of viruses between exacerbations when individuals are 
asymptomatic is only of the order of 3–12%. In contrast a 
study of transtracheal aspirates in adult asthmatics during 
exacerbations  [15]  yielded sparse bacterial cultures with no 
correlation to clinical illness and no diff erence from those 
of normal subjects. 

   In almost all studies of asthmatics, the predominant 
viruses are rhinoviruses (RV), infl uenza, RSV, and parain-
fl uenza viruses. RV alone are detected in around 50% of 
virus-induced asthma attacks. Adenoviruses, enteroviruses, 
metapneumoviruses, bocaviruses, and coronaviruses are also 
detected but less frequently. Infl uenza is only found during 
annual epidemics.  

    Experimental virus infection 

   Th e eff ects of respiratory virus infection in the nasal mucosa 
and upper respiratory tract have been extensively inves-
tigated. Th e eff ects of such viruses in the lower respira-
tory tract have been studied but detailed knowledge of the 
pathogenetic mechanisms involved in asthma exacerbations 
remains limited. Experimental respiratory virus infection 
in human volunteers is limited to mild disease by concerns 
of safety  [16] . Most such studies have therefore focused 
on the experimental innoculation of rhinovirus in allergic 
rhinitic or mild asthmatic individuals and normal control 
subjects                            [17–28] . Such studies provide a useful model of 
natural virus infection in asthma and off er the advantages 
of patient selection and monitoring, under controlled con-
ditions before, during, and after infection, of administra-
tion of active and placebo medication, of ability to sample 
the lower airway with timing from onset of infection accu-
rately defi ned and the study of RV-induced eff ects includ-
ing asthma symptomatology, lung function, and airway 
pathology/immunology. 

   Recent epidemiological evidence confi rms a synergis-
tic interaction between virus infection and allergen expo-
sure in precipitating hospital admissions for asthma        [29, 
30] . Other trigger factors that may interact with infection 
include air pollution. A study of asthmatic children demon-
strated an increased risk of developing an asthmatic episode 
within 7 days of an upper respiratory tract infection if the 
nitrogen dioxide level was greater than 28        μ g/m 3         [9, 31] . 

   Most studies of experimental virus infection in aller-
gic subjects are performed outside the relevant season for 
allergen exposure. One attempt to provide a model combin-
ing allergen exposure and virus infection utilized RV infec-
tion in subjects with allergic rhinitis. Individuals received 
three high dose allergen challenges in the week prior to 
innoculation to try to mimic combined allergen exposure 
and virus infection  [32] . Interestingly, prior allergen chal-
lenge in this model, somewhat unexpectedly, appeared to 
protect against an RV cold with delayed nasal leukocytosis, 
increased generation of the proinfl ammatory cytokines IL-6 
and IL-8 and a delayed, less severe clinical course. Th ere was 
an inverse correlation between nasal lavage eosinophilia and 
the severity of cold symptoms. Th e explanation proposed by 
the authors of this study is that limited high dose allergen 
challenge may not reproduce the eff ects of chronic low dose 

allergen exposure and may stimulate the production of anti-
infl ammatory mediators such as IL-10 or antiviral cytokines 
such as IFN- γ  or TNF- α . In work by de Kluijver  et al . the 
eff ects of a 10-day period of low dose allergen exposure in 
house-dust mite sensitive and/or experimental RV16 infec-
tion were studied. No synergistic or additive eff ects were 
observed as regards lung function parameters  [33] . Further 
development of models of experimental combined allergen 
exposure and virus infection is clearly required. 

   We have recently adopted the approach of infect-
ing asthmatic volunteers with RV and then sending them 
home to continue their normal allergen exposure in the 
natural environment  [34] . We investigated physiologic, 
virologic, and immunopathologic responses to experimental 
rhinovirus infection in blood, induced sputum, and bron-
chial lavage in 10 atopic mild asthmatic and 15 nonatopic 
normal volunteers. Rhinovirus infection induced signifi -
cantly greater lower respiratory symptoms, lung function 
impairment, increases in bronchial hyperreactivity, and 
eosinophilic lower airway infl ammation in asthmatic com-
pared to normal subjects. We also saw trends to increased 
neutrophils and lymphocytes in the lower airway in asth-
matics, and coincident reductions in blood lymphocytes, 
suggesting traffi  cking to the airway. In asthmatic, but not 
normal subjects, virus load was signifi cantly related to lower 
respiratory symptoms, bronchial hyperreactivity, and reduc-
tions in blood total and CD8  �   lymphocytes and lung func-
tion impairment was signifi cantly related to neutrophilic 
and eosinophilic lower airway infl ammation. Th is study 
demonstrated increased rhinovirus-induced clinical illness 
severity in asthmatic compared to normal subjects, provided 
evidence of strong relationships between virus load, lower 
airway virus-induced infl ammation, and asthma exacerba-
tion severity and suggests that this approach could provide 
a very good model in which to examine asthma exacerba-
tion pathogenesis as well as treatment interventions.  

    Rhinovirus infection of the lower airway 

   Whereas other respiratory viruses such as infl uenza, parain-
fl uenza, RSV, and adenovirus are well recognized causes of 
lower airway syndromes such as pneumonia and bronchioli-
tis and are capable of replication in the lower airway, until 
recently there was uncertainty as to whether RV infection 
occurred in the lower airway or solely in the upper respi-
ratory tract  . Although the possibility of nasopharyngeal 
contamination cannot be ruled out, RV has been detected 
in lower airway clinical specimens such as sputum  [35] , 
tracheal brushings  [26] , and BAL  [36]  by both RT-PCR 
and culture. RV has been cultured in cell lines of bronchial 
epithelial cell origin  [37]  and replication has been dem-
onstrated in primary cultures of bronchial epithelial cells 
         [38–40] . Th e preference of RV for culture at 33°C rather 
than 37°C has been used as an argument against lower air-
way infection but there is now evidence that replication 
does occur at lower airway temperatures  [41] . Finally the 
use of  in situ  hybridization has conclusively demonstrated 
RV replication in bronchial biopsies of subjects following 
experimental infection  [38]  and recent immunochemistry 
data suggests a preference for basal cells  [42] . Th ese data 



37Infections

473

confi rm that RV infection of the lower airway does occur 
and directly implicate lower airway infection in the patho-
genesis of asthma exacerbations.  

    A mouse model of rhinovirus-induced 
asthma exacerbation 

   Investigation into the pathogenesis of rhinovirus infections 
and rhinovirus-induced asthma exacerbations has been 
severely hampered for the  � 50 years since their discovery, 
as it has been believed that rhinoviruses only infect humans 
and chimpanzees. However, a mouse model of rhinovirus 
infection has recently been successfully developed for the 
fi rst time. New methods of purifi cation and concentration 
of rhinoviruses, were used to show that for the minor group 
of rhinoviruses (the  � 10% that use the LDL receptor as 
their mode of entry into cells), wild-type BALB/c mice 
can be successfully infected and that most of the disease-
related outcomes observed in humans were reproduced in 
this unique new model. Th ese outcomes include induction 
of both innate and acquired immune responses, induction 
of mucin synthesis and secretion, induction of both acute 
neutrophilic and prolonged lymphocytic airway infl amma-
tion, and induction of chemokines responsible for chemo-
attraction of neutrophils, lymphocytes and dendritic cells as 
well as a range of proinfl ammatory cytokines. Mice trans-
genic for a chimera of ICAM-1, the receptor for the major 
group ( � 90%) of rhinoviruses, in which the rhinovirus-
binding domains were human, but the remainder of the 
molecule mouse were then developed. Th is transgenic mouse 
was then able to be infected by major group strains, thus 
generating mouse models capable of being infected by all 
rhinovirus serotypes. Finally an established mouse model of 
allergic airway infl ammation was used to demonstrate that 
rhinovirus infection of this model resulted in rhinovirus-
induced exacerbation of allergic airway infl ammation. Th e 
asthma-related outcomes exacerbated by infection in this 
model include exacerbation of airway hyperresponsiveness, 
exacerbation of mucin synthesis and secretion (MUC5AC 
and MUC5B), exacerbation of neutrophilic, eosinophilic, 
and lymphocytic airway infl ammation, and augmented 
induction of both Th 1 (IFN- γ ) and Th 2 (IL-4 and -13) 
cytokines. Th e development of this novel mouse model of 
rhinovirus-induced asthma exacerbations, should allow 
mechanisms of disease to be investigated  in vivo  and true 
causation be established  in vivo .  [43] .  

    Physiological eff ects of experimental 
rhinovirus infection 

   Subjects with asthma and/or allergic rhinitis exhibit 
increased pathophysiological eff ects as a result of RV infec-
tion as compared to nonatopic, nonasthmatic controls. 
With detailed monitoring, it is possible to detect reductions 
in both peak fl ow  [44]  and home recordings of FEV 1   [24]  
in atopic asthmatic patients in the acute phase of experi-
mental RV16 infection. Th ere is an enhanced sensitivity 
to histamine and allergen challenge after RV16 innocula-
tion in nonasthmatic atopic rhinitic subjects        [19, 45] . RV16 

increases asthma symptoms, coinciding with an increase in 
the maximal bronchoconstrictive response to methacholine 
up to 15 days after infection  [20] . Th ere is also a signifi cant 
increase in sensitivity to histamine in asthmatic subjects 
after RV16 infection, most pronounced in those with severe 
cold symptoms  [25]  and our recent study confi rmed that 
these reductions in lung function and increases in symp-
toms and airway hyperresponsiveness were observed only in 
asthmatic, but not in normal subjects  [34] .  

    Components of the antiviral immune 
response 

   Current concepts of a typical antiviral immune response, as 
reviewed in detail elsewhere        [46, 47] , result from research in 
human volunteers and patients but also in experimental ani-
mals, especially inbred mice. Results of animal studies may 
not be directly applicable to the outbreed human population 
but ethical considerations often limit direct investigation of 
the human immune system. All immune responses are a 
combination of nonspecifi c (innate) and specifi c (adaptive) 
immunity. 

   Nonspecifi c or innate  [48]  elements include: phago-
cytes such as neutrophils and macrophages that engulf and 
destroy viruses; natural killer (NK) cells that recognize and 
destroy virus-infected cells on the basis of reduced HLA 
class I expression; cells including NK cells, neutrophils, 
macrophages, mast cells, basophils, epithelial cells that 
release cytokines, such as interferons, with immunoregula-
tory or antiviral actions; components of body fl uids such 
as complement, defensins, and surfactant proteins that are 
capable of neutralizing viruses independently of, or in com-
bination with, antibodies. 

    Complement 

   Some viruses may also cause complement-mediated dam-
age. Complement components bind to epithelial cells both 
 in vitro  and  in vivo  during RSV infections. C3a and C5a 
are increased in human volunteers infected with infl uenza 
A virus  [49] . Th ere is little information on the role of com-
plement in immunity to RV. Recent data suggests that the 
RV 3C protease cleaves the complement factors C3 and C5 
which may interfere with the destruction of virus-infected 
cells  [50] . For other viruses, for example infl uenza, the com-
plement system forms an important link between the innate 
and specifi c immune systems. Mice defi cient for the third 
component of complement are highly susceptible to pri-
mary infl uenza, showing reduced priming of T-helper cells 
and cytotoxic T-cells in lung draining lymph nodes and 
severely impaired recruitment into the lung of virus-specifi c 
CD4  �   and CD8  �   eff ector T-cells producing IFN- γ   [51] . 
Activation of the complement cascade may be necessary for 
the function of other innate antiviral proteins such as serum 
mannose-binding protein  [52]   

    Defensins 

   Th e  α  and  β  defensins are small cationic antimicrobial pep-
tides which have the capacity to kill bacteria, fungi, and 
enveloped viruses by disruption of the microbial membrane. 
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 In vivo  they are probably most important in phagocytic vac-
uoles and on the surface of skin and mucosal epithelia. In 
addition to their direct antibiotic role, defensins are increas-
ingly being found to have immunomodulatory actions  [53]  
and to play a role in cell recruitment through activation of 
certain chemokine receptors, for example hBD3 and CCR6 
on dendritic cell (DC). 

   Specifi c immunity involves production of antibody 
by B-lymphocytes and the activities of cytotoxic T-cells 
following processing and presentation of viral antigens by 
additional cells of the immune system, the most impor-
tant of which are probably dendritic cells. Immunological 
memory modifi es the overall response to reinfection by pre-
viously encountered virus and alters the timing and magni-
tude of contributions due to diff erent components.   

    Time course of innate and adaptive 
immunity in primary and secondary 
infections 

   In primary infection, viruses replicate in the respiratory tract 
reaching peak levels at around days 2–4. At this time type I 
interferons are fi rst detected, peaking around days 2–3 and 
falling to become undetectable once active replication has 
ceased. Interferons activate NK cells, fi rst detectable around 
day 3 and peaking around day 4. In addition to destruction 
of virally infected cells NK cells release cytokines includ-
ing IFN- γ  that activate additional infl ammatory cells in the 
airway including macrophages. Such nonspecifi c immune 
mechanisms are essential in early defense against virus 
in the fi rst few days. In addition, the innate immune sys-
tem plays a role in stimulating specifi c immunity and may 
infl uence the nature of the specifi c response, for example 
whether this is characterized by type 1 or type 2 cytokines. 

   Meanwhile, viral antigens are processed locally and 
in regional lymph nodes by dendritic cells and presented 
to T-cells. CD4  �   and CD8  �   T-cells are detectable from 
around day 4 then generally decline as infection resolves to 
become undetectable by day 14. However, memory CD4  �   
and CD8  �   responses may persist for life. T-cell recruit-
ment is dependent on the production of chemokines and 
on alterations in the expression of adhesion molecules on 
the endothelium of infl amed tissues. Time is also required 
to generate B-cell responses. Mucosal IgA may be detected 
around day 3, serum IgM from days 5–6 and IgG days 7–8, 
increasing in amount and avidity over the next 2–3 weeks. 
IgA falls normally to low or undetectable levels over 3–6 
months. Serum IgG may remain detectable for life. Specifi c 
immune mechanisms such as CD8  �   T-cells and immu-
noglobulin are responsible for the eradication of infectious 
virus usually by 7–10 days after infection. 

   Secondary infection with the same virus results in 
rapid mobilization of B- and T-cell specifi c immunity with 
an earlier T-cell peak coinciding with the NK cell peak 
around days 3–4. If reinfection is with the same serotype a 
rapid increase in levels of preexisting neutralizing antibodies 
may limit viral replication to such an extent that infection is 
clinically silent. Because this results in fewer infected cells 

there is relatively less activation of nonspecifi c immunity 
and it may be diffi  cult to detect a CD8  �   T-cell response. 

   Following experimental infection of seronegative sub-
jects with RV2  [54]  serum-specifi c antibodies are detectable 
at 1–2 weeks, reach a maximum at 5 weeks, persist for at 
least a year and may remain elevated many years after infec-
tion. Local specifi c antibody levels may be lost more rap-
idly. High levels of serum neutralizing antibody or specifi c 
IgA protect against reinfection with the same rhinovirus 
serotype. However, since it appears relatively late, recovery 
from illness for seronegative hosts which usually occurs at 
7–10 days must be due to other components of the immune 
response. In seropositive subjects preexisting serum neutral-
izing antibodies to RV39 and to RV-Hanks modify experi-
mental infections in human subjects        [55, 56] . Local IgA and 
IgG passing from the vasculature into the pulmonary inter-
stitium contribute to viral clearance. However, the 100 �  RV 
serotypes mean that repeated infection with RV to which an 
individual lacks appropriate antibodies is common  . 

   T-cell responses to RV demonstrate MHC class I 
restricted cross-reactivity between serotypes due to specifi -
city for conserved epitopes within the capsid proteins VP 
1–3  [57] . RV16- and RV49-specifi c T-cell clones from 
human peripheral blood demonstrate recognition of both 
serotype specifi c and shared viral epitopes  [58] . Vigorous 
proliferation of and IFN- γ  production by PBMC in 
response to RV16 in seronegative subjects is associated 
with reduced viral shedding after inoculation  [59] , thus 
T-cells responses also appear protective.  

    Interactions between virus infection and 
asthmatic airway infl ammation 

   Th e interaction of respiratory virus infection and chronic 
asthmatic airway infl ammation results in respiratory symp-
toms that are more severe than those suff ered by nonas-
thmatic individuals        [34, 60]  and case-control studies have 
demonstrated clear synergistic interactions between virus 
infection and allergen exposure in increasing risk of exac-
erbation        [29, 30] . Th e detailed immunological mechanisms 
underlying this interaction are currently being investigated, 
but recent data suggest defi cient production of type I ( β ), 
type II ( γ ), and type III ( λ ) IFNs, as well as Th 1 cytokines 
(IL-12) and anti-infl ammatory cytokines (IL-10), are likely 
to increase virus-induced lower airway infl ammation          [34, 
61, 62] . Th ese defi ciencies are also accompanied by aug-
mented production of Th 2 cytokines suggesting that per-
haps allergen-induced infl ammation is also increased in the 
pathogenesis of virus-induced asthma exacerbations. 

   Bronchial infl ammation is likely therefore a central 
event for virus-induced asthma exacerbations. Th e processes 
involved include interacting cascades from the complement, 
coagulation, fi brinolytic, and kinin systems of the plasma as 
well as cell-derived cytokines, chemokines, and arachidonic 
acid metabolites. Our understanding of the interaction of 
viruses with these cascades in asthma is incomplete and it 
is likely that diff erent viruses interact with each system to 
diff erent extents. However, it is reasonable to believe that in 
all cases the initial trigger of the infl ammatory reactions is 
epithelial cell–virus interaction. 
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    Table 37.1    summarizes some of the current hypoth-
eses proposed to explain the mechanisms of exacerbation of 
asthma following respiratory virus infection. Th e evidence 
supporting these hypotheses is reviewed in detail below.  

    The role of the airway epithelial cell 

   Th e airway epithelium is an important component of anti-
viral defense. In addition to its function as a physical bar-
rier to the entry of viruses, the responses of epithelial cells 
(EC) following viral infection, whether or not this results in 
destruction of the cell, contribute to both innate and adap-
tive antiviral immune responses. Information regarding the 
eff ects of RV on EC comes from  in vivo  studies and from 
 in vitro  models using either cultured primary airway EC or 
cell lines of epithelial cell origin such as A549, BEAS-2B, 
and H292. 

   EC contribute to the immune response following 
virus infection through the production of cytokines and 
chemokines ( Fig. 37.1   ). Th ey may also act as antigen pre-
senting cells particularly during secondary respiratory viral 
infections. Epithelial cells express MHC class I and the 
costimulatory molecules B7-1 and B7-2 and this expression 
is upregulated  in vitro  by RV16  [63]  ( Fig. 37.2   ). 

   Th e extent of epithelial cell destruction observed in 
the airway varies according to virus type. Infl uenza typically 
causes extensive necrosis  [64] , whereas RV causes little or 
only patchy damage. Destruction of epithelial cells results 
in both an increase in epithelial permeability, and increased 
penetration of irritants and allergens, and exposure of the 
extensive network of aff erent nerve fi bers. Both eff ects may 
contribute to increased bronchial hyperresponsiveness. 

 TABLE 37.1          Current hypotheses for the pathogenesis of virus-induced 

asthma exacerbations.  

    Epithelial disruption  Reduced ciliary clearance 

     Increased permeability 

     Loss of protective functions 

      Kinins 

   Mediator production  Complement 

     Arachidonic acid metabolites 

     Nitric oxide 

     Reactive oxygen products 

     Cytokines 

   Induction of infl ammation  Chemokines 

     Immune cell activation 

     Adhesion molecule induction 

     Impaired innate IFN production 

   Immune dysregulation  Impaired apoptosis 

     Impaired Th1 immunity 

     Impaired IL-10 production 

     Augmented Th2 immunity 

     Increased total IgE 

   IgE dysregulation  Antiviral IgE production 

     Airway smooth muscle 

   Airway remodeling  Fibroblasts 

     Myofi broblasts 

     Growth factors 

     Increased cholinergic sensitivity 

   Alterations of neural responses  Neuropeptide metabolism

 modulation 

      β -adrenergic receptor dysfunction 

 FIG. 37.1          Airway epithelial cells participate in the immune response to respiratory virus, producing a variety of cytokines and chemokines with actions on 

other cells. In addition the migration of infl ammatory cells is aided by the upregulation of adhesion molecules and interferons help to establish an antiviral 

state in neighboring epithelial cells. Upregulation of MHC class I may facilitate presentation of viral antigens.    
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    In vivo  RV causes some shedding of infected ciliated 
EC  [65] , but the extent of viral infection of the epithelium 
may be incomplete even in the nose  [66] .  In vitro  stud-
ies exposing monolayer cultures of nasal epithelial cells to 
respiratory viruses at 10 3 –10 4  TCID 50 /ml demonstrate no 
detectable CPE (carboxypeptidase E) with RV or corona-
virus in contrast to the extensive destruction with infl uenza 
and adenovirus  [67] .  Ex vivo  infection of cells from both 
the upper and the lower respiratory tract suggest that less 
than 10% of cells in the epithelium are infected by RV  [68] , 
however the extent of virus-induced epithelial damage may 
be considerably greater in asthmatic than in normal sub-
jects, as asthmatic epithelium has been shown to be much 
more susceptible  in vitro   [61] .  In vivo  studies of degrees 
of epithelial damage would be technically challenging, but 
could generate interesting fi ndings.  

    Receptors for entry of RV into host cells 

   Viruses enter into and replicate within airway EC. Entry is 
dependent on the interaction with host cell surface proteins 
which function as receptors. In the case of the major group 
RV this is ICAM-1  [69]  and infection can be blocked by 
antibodies to ICAM-1 or with soluble ICAM-1  [37] . Th ere 
is relatively limited expression of ICAM-1 in airway epi-
thelium prior to RV infection  [70]  and this may explain the 

patchy nature of infection. Th e upregulation of ICAM-1 
in the asthmatic airway is one possible explanation for the 
increased severity of RV infection in asthma. RV upregulates 
expression of its own receptor ICAM-1 both  in vitro  and 
 in vivo . Following experimental infection with RV, ICAM-1 
expression is upregulated in nasal epithelium within 24       h, 
declining by day 5  [71] . RV has similar eff ects on EC from 
the lower airway. RV has been shown to upregulate ICAM-1 
in primary bronchial EC  in vitro   [72]  and ICAM-1 is 
upregulated in bronchial biopsies following experimental 
infection of asthmatic subjects with RV16  [73] . 

   Th ere are two forms of ICAM-1: membrane bound 
(mICAM-1) which favors viral infection by acting as a 
virus receptor and soluble (sICAM-1) which binds virus 
outside the cell and can thereby inhibit virus infection. RV 
infection of EC is reported to alter the balance in favor of 
further infection by inducing mRNA for mICAM-1 whilst 
suppressing that of sICAM-1  [74] . Th e LDL receptor is the 
receptor for the minor group RV. RV2 infection of primary 
human tracheal EC (PHTEC) is blocked by an antibody to 
the LDL receptor and is also reported to upregulate LDL-R 
expression  [48] . 

   ICAM-1 expression by human nasal EC is upregulated 
 in vitro  by exposure to a number of infl ammatory cytokines 
and mediators including IL-1 β , IL-8, IFN- γ , TNF- λ , and 
the eosinophil-derived proteins MBP and ECP  [75] . IL-1 β  
in particular may be important in RV-induced induction of 
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 FIG. 37.2          Preexisting asthmatic airway infl ammation may modify a predominantly Th1 antiviral immune response, favoring a Th2 or mixed response which 

may provide less effi  cient viral clearance and result in prolonged virus-induced infl ammation, increased associated immunopathology and increased tissue 

damage.    
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ICAM-1. Antibodies to IL-1 β  but not TNF- α  decreased 
viral replication and ICAM-1 expression by PHTEC  [76] . 
Not all respiratory epithelial cell lines behave in the same way 
as primary EC – for example A549 cells express ICAM-1 
at lower levels constitutively and show upregulation by 
IFN- γ  and TNF- α  but not by ECP or MBP. Th e eff ect of 
IFN- γ  is complex. Whilst IFN- γ  upregulates ICAM-1 in 
uninfected cells this cytokine inhibits ICAM-1 upregulation 
by RV14 in H292 cells and its presence results in reduced 
viral titers        [72, 77] . 

   A preexisting elevation of ICAM-1 expression in 
the asthmatic airway may contribute to increased  symptom 
severity of RV infection. Type 2 cytokines (IL-4, IL-5, 
IL-13) upregulate ICAM-1 in H-292 cells  [78] . Allergen 
challenge results in upregulation of ICAM-1 on conjunc-
tival and nasal EC in atopics  [79] . In nasal brushing EC 
from atopics, basal ICAM-1 levels were increased relative 
to nonatopics and elevated in the relevant allergen season. 
Nasal EC from atopics showed further upregulation after 
 in vitro  culture with allergen. Th e highest basal ICAM-1 
was found on nasal polyp EC and this was increased fur-
ther after RV14 infection. Viral titers after RV14 infection 
were signifi cantly higher for polyp EC than for nonatopic 
and atopic nonpolyp EC  [80] . 

   Modifi cation of EC ICAM-1 expression is therefore 
of possible therapeutic benefi t.  In vitro  RV increases expres-
sion of ICAM-1 and VCAM-1 in primary bronchial EC 
(PBEC) cultures and in A549 cells via a mechanism involv-
ing NF- κ B          [5, 81, 82] . One of the actions of corticoster-
oids is inhibition of NF- κ B  [83] . In both A549 cells and 
in PBEC pretreatment with three corticosteroids, hydro-
cortisone, dexamethasone, and mometasone furoate inhib-
its RV16-induced increases in ICAM-1 surface expression, 
mRNA, and promoter activation without alteration of 
virus infectivity or replication. Dexamethasone suppresses 
ICAM-1 in PHTEC and inhibits RV infections  [84] . 
Dexamethasone does not inhibit infection of PHTEC by 
minor group RV2  [85] . Disappointingly, a study of inhaled 
corticosteroids in asthmatics prior to experimental RV 
infection failed to show reduced virus-induced ICAM-1 
expression in bronchial biopsies  [73]  but it is possible that 
a longer course and/or a higher dose of inhaled steroid or 
administration of oral steroids might have demonstrated a 
signifi cant eff ect. 

   Other drugs which aff ect EC ICAM-1 include reduc-
ing agents  [86] , the H 1  receptor antagonists desloratidine/
loratidine which inhibit RV-induced ICAM-1 upregulation 
in HPBEC and in A549 cells  [87]  and erythromycin which 
inhibits infection of PHTEC by both major group RV14 
and minor group RV2 through eff ects including ICAM-1 
reduction, blockage of RV RNA entry into endosomes and 
small reductions in LDL receptor expression  [88] .  

    RV induction of EC production of cytokines 
and chemokines 

   EC can activate and recruit a variety of other cell types such 
as lymphocytes, eosinophils, and neutrophils through the 
production of chemokines and cytokines ( Fig. 37.1 ). Such 

cells are important components of the antiviral response but 
may also contribute to airway infl ammation and dysfunc-
tion in asthma. 

    Type 1 interferons 

   Interferons (IFN) play an important role in innate resist-
ance to viruses  [89] , acting on virus-infected cells and sur-
rounding cells to produce an antiviral state characterized 
by the expression and antiviral activity of IFN-stimulated 
genes (ISGs). Th ere are three main types of IFN, type 1 
(IFN- α , IFN- β , IFN- ω , IFN- τ ), type 2 (IFN- γ ) and the 
recently discovered type 3 (IFN- λ s        [90, 91] ). EC can pro-
duce both type 1 and type 3 IFNs. Th ere are 14 IFN- α  
genes but only 1 IFN- β  gene. IFN- β  synthesis involves NF-
 κ B, ATF/JUN and the interferon regulatory factors (IRFs) 
(up to 10 of which are currently identifi ed), activation of 
which occurs in response to virus-specifi c signals including 
dsRNA, a product of the replication of ssRNA viruses such 
as RV, RSV, and infl uenza. 

   IFN- β  and IFN- α 4 are expressed early through the 
action of IRF3. Activation of the IFN intracellular signaling 
pathway is required for induction of IRF7 which is required 
for transcription of the full range of IFNs. DNA microarray 
analysis has shown that following binding to their receptors 
on target cells IFNs trigger a complex signaling pathway 
(mainly JAK-STAT) resulting in the transcription of hun-
dreds of ISGs  [92] . 

   Several ISGs have been well studied. Th ese include 
the dsRNA-activated serine/threonine protein kinase 
(PKR) which reduces cellular mRNA translation and tran-
scriptional events, two enzymes involved in mRNA degra-
dation, 2 
 5 
 oligoadenylate synthetase (OAS) and RNase L, 
the myxovirus resistance (Mx) proteins and RNA-specifi c 
adenosine deaminase (ADAR) which is involved in RNA 
editing. Th ese ISGs inhibit virus replication at a number of 
levels and not surprisingly, viruses have evolved mechanisms 
to resist the actions of IFNs, for example blocking of PKR 
by the infl uenza NS1 protein  [93] . IFNs also upregulate 
cellular expression of MHC class I and II molecules there-
fore increasing antigen presentation to CD8  �   and CD4  �   
T-cells and enhancing cellular immune responses. 

   One recent study has examined type 1 interferon pro-
duction by primary bronchial epithelial cells from  normal 
and asthmatic subjects infected  ex vivo  with RV  [40] . 
Asthmatic EC following infection released a higher titer of 
virus into culture supernatant and exhibited impaired apop-
tosis and a greater degree of necrotic cell death, favoring 
release of virus from dying cells. Th is was accompanied by 
lower concentrations of IFN- β  after infection. Addition of 
IFN- β  to asthmatic ECs inhibited virus replication to levels 
observed in ECs from normal subjects. Th is study suggests 
that the production of IFN- β  is defi cient in asthmatic ECs 
and that replacement/augmentation of IFN- β  to boost the 
innate immune response could be a novel approach to treat-
ment of virus-induced asthma exacerbations  [94] .  

    Type III interferons 

   A new family of interferons, called type III IFN- λ s, and 
characterized by three elements:  λ 1,  λ 2, and  λ 3, also termed 
IL-29, IL-28A, and IL-28B, has recently been described 
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       [90, 91] . Th e three highly homologous IFN- λ  proteins 
demonstrate limited (about 20%) homology to type I IFNs 
 [95] . Human IFN- λ s bind to a unique heterodimeric 
 receptor (IFN- λ R), composed of CRF2-12 (also designated 
IFN- λ R1), and CRF2-4 (also designated IL-10R2) shared 
with other class II cytokine-receptor ligands including IL-
10, IL-22, and IL-26  [90] . 

   Viral infection induces upregulation of IFN- λ  
mRNA in epithelial cells, peripheral blood mononuclear 
cells (PBMCs), and dendritic cells                [90, 91, 96–99] . IFN- λ s 
exhibit some similar biological properties to type I IFNs: 
they induce Jak/STAT pathways that lead to the upregu-
lation of several antiviral proteins and enzymes including 
2 
 ,5 
 -OAS and MxA, have antiviral activity  in vitro           [90, 91, 
97]  and have also exhibited antviral activity in an  in vivo  
model of vaccinia virus-infected mice  [100] . Based on cur-
rent knowledge, it thus appears that both IFN- α /- β  and 
IFN- λ  ligand-receptor systems can independently induce 
an antiviral state by engaging similar participants of the 
antiviral response, though the signaling pathways involved 
in IFN- λ  production are currently largely unknown. Recent 
data suggest that IFN- λ  may be involved in antiviral 
responses against RV.  In vitro  RV infection of a bronchial 
epithelial cell line (BEAS-2B) led to IFN- λ  production and 
this cytokine demonstrated a dose-dependent antiviral eff ect 
against RV  [62] . Moreover, IFN- λ  production occurred 
after  in vitro  infection of primary bronchial epithelial cells, 
macrophages, and BAL cells from healthy volunteers. 

   We have recently investigated the production of IFN- λ s 
in response to RV in primary bronchial ECs and in BAL 
cells (90% macrophages) from normal and asthmatic sub-
jects  [62] . Production of IFN- λ 1 and IFN- λ 2–3 was defi -
cient in ECs and BAL cells from asthmatic subjects after 
 in vitro  RV infection and induction of IFN- λ s by RV infec-
tion of ECs was strongly inversely related to RV replication. 
To determine whether IFN- λ  production was important 
in determining responses to RV infection  in vivo , the same 
volunteers were then experimentally infected with RV16, 
the severity of symptoms and reductions in lung function 
were monitored and the virus load was determined in BAL. 
 In vitro  production of IFN- λ s by RV infection of BAL cells 
was strongly inversely correlated with both common cold 
symptoms and  in vivo  virus load and strongly positively cor-
related with severity of falls in lung function, in asthmatic 
and normal volunteers experimentally infected with RV16. 
Asthmatic patients, in whom  in vitro  IFN- λ  production in 
BAL cells was signifi cantly lower than in normal subjects, 
exhibited increased common cold symptoms and reductions 
in lung function and virus load after  in vivo  RV16 infec-
tion. In marked contrast normal subjects had robust IFN- λ  
responses, less severe cold symptoms, lower virus load, and 
no signifi cant changes in lung function. Th ese results docu-
ment the importance of IFN- λ  in the host defense against 
RV infection  in vitro  and  in vivo  and indicate that defi cient 
IFN- λ  production is likely to be important in the patho-
genesis of virus-induced asthma exacerbations.  

    Proinfl ammatory cytokines and chemokines 

   Viral infection of the respiratory tract results in signifi -
cant changes in the pattern of cytokine expression by a 

number of cell types, by both cells of the immune system, 
which may be increased in number and activation status, 
and by cells often considered to be structural but which in 
fact contribute signifi cantly to the immune response such 
as EC. Effi  cient orchestration of the immune response by 
cytokines is essential for eradication of virus. Modifi cation 
of cytokine expression in the airway may contribute to the 
increased severity of virus infection in asthma. 

    In vitro  studies of bronchial EC lines or macrophages 
have demonstrated the production of a wide range of proin-
fl ammatory cytokines such as IL-1, IL-6, IL-11, IFN- α , 
IFN- γ , TNF- α , and granulocyte-macrophage colony stim-
ulating factor (GM-CSF) and the chemokines IL-8, ENA-
78, RANTES, and IP-10 and macrophage infl ammatory 
protein (MIP)-1 α  in response to RV and RSV            [37, 101–
103] .  In vivo  these cytokines can be found in nasal lavage in 
association with RV infection  [104] . 

   Th e specifi c roles of individual cytokines in the human 
lower airway during viral infection are not well understood, 
but increasing information is becoming available. Such 
cytokines and chemokines activate and recruit a variety of 
other cells including lymphocytes, eosinophils, and neu-
trophils. IL-1, TNF- α , and IL-6 share proinfl ammatory 
properties such as the induction of the acute phase response 
and the activation of both T- and B-lymphocytes. IL-1 
enhances the adhesion of infl ammatory cells to endothe-
lium, facilitating chemotaxis  [105] . TNF- α  is a potent 
antiviral cytokine but  in vitro  increases the susceptibility 
of cultured epithelial cells to infection by RV14 through 
upregulation of ICAM-1  [37] . IL-6 has been shown to 
stimulate IgA-mediated immune responses. IL-11 may 
also be important in virus-induced asthma  [106] . It appears 
to cause bronchoconstriction by a direct eff ect on bron-
chial smooth muscle  [102] . Production of this cytokine by 
human stromal cells  in vitro  is increased by RV14, RSV, and 
parainfl uenza type 3 but not by cytomegalovirus (CMV), 
herpes simplex virus (HSV)-2 or adenovirus.  In vivo  IL-11 
is elevated in nasal aspirates from children with colds, levels 
correlating with the presence of wheezing. 

   Similarly the chemokine MIP-1 α  is increased in 
nasal secretions during natural viral exacerbations of asthma 
 [107] . Studies in MIP-1 α  knock-out mice suggest that it 
mediates pneumonitis due to infl uenza  [108] . Th e other 
chemokines IL-8 and ENA-78, will recruit and activate 
neutrophils, while RANTES and IP-10 will do the same 
for lymphocytes  [103] . 

   Viral upregulation of cytokines and chemokines 
may be mediated through certain key transcription factors. 
Increases in IL-6 and IL-8 production by cultured epithe-
lial cells due to RV was dependent on NF- κ B          [82, 107, 109]  
and further upstream, protein kinase R (PKR)-mediated 
RV-induced RANTES, IL-8, and IL-6  [110] . Rhinovirus 
induction of IL-8 was shown to require IkappaB kinase-
beta (IKK β ) and the transcription factor NF-IL-6 as well as 
NF- κ B. Similar observations have been made with regard 
to the induction of IL-1, -6, -8, -11, and TNF- α  by RSV 
       [111, 112] , thus the potential role of inhibition of NF- κ B 
in this context has generated considerable interest. 

   In addition to the induction of IL-1 α  and IL-1 β  
RV infection results in substantial increases in IL-1ra both 
 in vivo  and  in vitro . Th is is a relatively late eff ect, occurring 
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48–72       h after infection and may contribute to symptom res-
olution  [113] .  

    Kinins and nitric oxide 

   A multitude of infl ammatory mediators are generated or 
act on the epithelial surface. Bradykinin, a-nine-amino acid 
peptide generated from plasma precursors as part of the 
infl ammatory process has been shown to be present in nasal 
secretions of RV-infected individuals  [114] . Bradykinin 
given intranasally is able to reproduce some of the symp-
toms of the common cold such as sore throat and rhini-
tis  [115] . Although the presence of kinins in the lungs of 
virus-infected individuals has not been reported they are 
present in both the upper and lower airways in allergic reac-
tions              [114–118] . 

   Nitric oxide (NO) is produced by diverse sources 
including epithelial, endothelial, and smooth muscle cells. 
In human airways NO appears to be important in relaxa-
tion of the human airway smooth muscle  [119] . Nitric 
oxide (NO) may be important in a range of respiratory dis-
eases  [120]  including asthma  [121]  and in virus infection 
 [122] . NO is produced both by the constitutive enzymes, 
nitric oxide synthase (NOS)1, and NOS3 and by the induc-
ible, calcium-independent NOS2 expressed by airway EC 
 [123]  and macrophages. 

   In asthma there is increased NOS2 expression and 
an elevated level of exhaled NO  [124]  that falls with cor-
ticosteroid therapy; the level of exhaled NO correlates with 
sputum eosinophilia and methacholine responsiveness 
 [125] . In contrast in stable COPD, exhaled NO levels are 
not diff erent from normal subjects  [126]  although there 
may be an increase during exacerbations  [127] . In fact 
 in vitro  cigarette smoke reduces cytokine-induced NOS2 
mRNA expression in the LA-4 murine cell line, in A549 
cells and in PHBEC  [128] . 

   Th e relative importance of the benefi cial antimicrobial 
activity of NO versus the potentially disadvantageous sup-
pression of IFN- γ  may be dependent on the specifi c patho-
gen. NOS2 knock-out mice show an increased susceptibility 
to infections  [129] , perhaps because release of NO may be 
important for NK cell-mediated target cell killing  [130] . 
However NO may also possess antiviral activity.  In vitro  
RV induces NOS expression in HPBEC  [131] . Th ere is 
increased expression of NOS2 mRNA in cultured HPBEC 
after RV16 infection  [132] . NO inhibits RV-induced pro-
duction of IL-6, IL-8, and GM-CSF and viral replication 
in a human respiratory epithelial cell line        [132, 133] . RSV 
also induces NOS2 and increases nitrite levels in superna-
tant from A549 cells, from HPBEC culture and in BAL 
fl uid from RSV-infected BALB/c mice, eff ects opposed by 
IL-4 and dexamethasone but unaff ected by IL-13 or IFN- γ  
 [134] . Replication of RSV in Hep2 cells is inhibited follow-
ing transfection with a retroviral construct containing NOS 
and this inhibition is abolished by the NOS inhibitor, NG-
methyl- l -arginine  [135] . Replication of infl uenza A and B 
in Mabin Darby kidney cells is severely impaired by the NO 
donor,  S -nitroso- N -acetylpenicillamine  [136] . 

   Overall there is evidence that  in vivo  increased lower 
airway NO production may be of benefi t in virus-induced 
asthma exacerbations. Work in a guinea pig model suggests 

that one mechanism for increased airway hyperresponsive-
ness during respiratory virus infection is through inhibition 
of NOS enzymes and a loss of NO-related relaxation of 
airway smooth muscle  [137] . Studies of human asthmatics 
would also suggest that NO has a protective role in virus-
induced exacerbations. Following experimental RV16 infec-
tion patients with the greatest increase in exhaled NO had 
smaller increases in histamine airway responsiveness  [131] . 

   In experimental animals parainfl uenza virus-induced 
hyperreactivity correlates with a defi ciency in constitutive 
NO production  [137] . Increased levels of exhaled NO are 
found in nonasthmatic volunteers following natural colds 
 [138]  as well as in asthmatic patients after experimental 
RV infection  [131] . In the latter study, an inverse associa-
tion between NO increase and worsening of airway hyper-
responsiveness was demonstrated arguing in favor of a 
protective role for this substance. Th is is further supported 
by the observation that NO reduces cytokine production 
and viral replication in an  in vitro  model of RV infection 
 [133] . Interestingly, studies of viral upper respiratory tract 
infections have failed to demonstrate an increase in nasal 
NO after experimental RSV, RV, and infl uenza infections 
 [139] . In normal subjects experimental infl uenza infection 
increased oral NO 8 days postinfection but had no eff ect 
on nasal NO  [140] . Th is raises the possibility that during 
respiratory virus infection induction of NO is selective for 
the lower respiratory tract.  

    Signaling pathways 

   Th e responses of airway EC to virus infection are conse-
quences of the interactions between virus and the intracellu-
lar signaling pathways of the host cell  [141] . Knowledge of 
the mechanisms involved for rhinoviruses is currently very 
limited. Activation of signaling pathways may be depend-
ent on cell surface receptor (ICAM-1, LDL-R) binding 
or may occur during viral replication within the cell. Th e 
need for replicative virus is demonstrated by the inhibi-
tion of RV induction of EC cytokines after UV inactiva-
tion. One product of replication, common to ssRNA viruses 
such as RV and also RSV and infl uenza, is dsRNA, which 
has been shown to activate components of signaling path-
ways including dsRNA-dependent protein kinase PKR, 
IKK β , NF- κ B, and p38 mitogen-activated protein kinase 
with resultant induction of IL-6, IL-8, and RANTES        [110, 
142] . Activation of EC by dsRNA may be direct or indirect 
through the interferon system as discussed above. It has also 
been reported that dsRNA and virus infections activate EC 
through binding to TLR3        [143, 144] .   

    Eff ects of viruses on airway smooth 
muscle cells 

   Studies utilizing isolated rabbit tissues and human cultured 
airway smooth muscle cells suggest that, for RV16, expo-
sure to the virus may have a direct eff ect on smooth muscle 
cells, resulting in increased contractility to acetylcholine and 
impaired relaxation to isoproterenol. Th is eff ect is depend-
ent on ICAM-1 and appears to involve an autocrine sig-
naling mechanism including upregulation of production of 
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IL-5 and IL-1 β  by the airway smooth muscle itself  [145] . 
A more recent study demonstrated that RV induction of 
IL-6 and IL-8 was increased in smooth muscle cells from 
asthmatic compared to normal subjects  [146] . Whether 
rhinovirus reaches airway smooth muscle cells in suffi  cient 
quantity to produce a signifi cant eff ect by this mechanism 
 in vivo  is as yet unknown. Th e eff ects of other respiratory 
viruses on smooth muscle require further investigation.  

    The cellular immune response to virus 
infection in the lower airway 

   A variety of leukocytes show changes in number, site of 
accumulation, and activation state in response to virus 
infection. Since these cells are also implicated in asthmatic 
infl ammation of the lower airway they provide potential 
sites of interaction between the immunopathologies of virus 
infection and asthma.  

    Monocytes/macrophages 

   Alveolar macrophages are present in large numbers in the 
lower airway. Th ey make up around 90% of the cells seen in 
BAL from normal volunteers  [28] . Th ey are ideally placed 
for early phagocytosis of virus particles and are likely to play 
an important role in the immune response through anti-
gen presentation to T-cells and through the production of 
cytokines and other mediators. RV has been shown to enter 
human monocytes and macrophages which express high 
levels of the major RV receptor ICAM-1. It has not been 
possible to demonstrate RV replication within alveolar mac-
rophages although low grade productive infection has been 
shown in the monocyte cell line THP-1  [147] . Replication 
also occurred in THP-1-derived macrophages but was lim-
ited in monocyte-derived macrophages which are relatively 
resistant to viral replication at least partly because of higher 
levels of type I interferon production  [148] . RV entry into 
monocytes results in activation and the production of both 
IL-8  [147]  and TNF- α   [149] . In monocyte and THP-1-
derived macrophages RV induction of TNF- α  is NF- κ B 
dependent  [148] . 

   A recent study reported that infectious but not UV-
inactivated RV-increased TNF- α  and IL-8 release by mac-
rophages derived from resected lung tissue. Interestingly, 
infectious rhinovirus-impaired LPS and lipoteichoic acid-
induced TNF- α  and IL-8 secretion by macrophages as well 
as the macrophage phagocytic response to labeled bacterial 
particles  [150] . Th is RV-induced impairment of cytokine 
responses to bacterial LPS and lipoteichoic acid and of 
phagocytosis in alveolar macrophages could lead to impair-
ment of antibacterial host defense may have important 
implications in the pathogenesis of exacerbations of respi-
ratory diseases including both asthma  [151]  and COPD 
 [152] . In contrast, infection of human monocytes  in vitro  
with infl uenza A causes alterations in structure and activa-
tion status and the production of IL-1 β  IL-6, TNF- α  IFN-
 α , and IFN- β   [153] , eff ects dramatically potentiated by 
subsequent exposure to bacterial LPS.  

    Dendritic cells 

   Dendritic cells are key cells in IFN production, as well as in 
antigen presentation both of allergens and pathogens with 
a capacity to induce both primary and secondary immune 
responses. Th ey may also play a role in the regulation of the 
type of T-cell-mediated immune response  [154] . RV infec-
tion has been shown to induce production of the dendritic 
cell attracting chemokine MIP-3 α   [43]  and to increase in 
number in the lung during RSV infection  [155] , suggest-
ing they are recruited to the lung during respiratory virus 
infections. However, they have also been shown to be pro-
duced from local precursors during RSV infection  [156] . 
Plasmacytoid dendritic cells are likely protective against 
infection as they have been shown to limit virus replication 
in RSV infections, as well as reducing airway infl ammation 
and airway hyperresponsiveness  [157] . In contrast, others 
have reported induction of the high affi  nity IgE receptor on 
dendritic cells during Sendai virus infection, and linked this 
with induction of mucus cell metaplasia and airway hyper-
reactivity  [158] . Th ere is thus increasing knowledge of the 
immunobiology of these cells during respiratory infections 
but their role in the context of viral exacerbations of asthma 
remains unclear and further studies are needed.  

    Lymphocytes 

   Bronchial biopsies demonstrate increases in cells positive for 
CD3, CD4, and CD8 within the epithelium and submucosa 
of both normal and asthmatic subjects following experimen-
tal RV infection  [21]  and we have recently demonstrated a 
trend toward increased numbers of lymphocytes in BAL 
from asthmatic compared to normal subjects ( p       	      0.06) [34] . 
Such increases coincided with peripheral blood lymphope-
nia, and reductions in blood total lymphocytes and CD8  �   
T-cells correlated strongly with virus load only in asthmatic 
subjects [34]  suggesting increased recruitment of T-cells to 
the asthmatic airway may be important in the context of 
asthma exacerbations. Since T-cells are believed to be key 
cells in the pathogenesis of asthma the eff ects of viruses on 
T-cells are of particular importance. 

   T-cell recruitment into the airway is at least partly 
under the infl uence of chemokines, including those whose 
production by EC is upregulated by viruses. Th e nature and 
the eff ectiveness of the specifi c immune response may be 
infl uenced by the balance of chemokine production by air-
way EC. Th is balance may in turn be infl uenced by preexist-
ing chronic infl ammation as found in asthma. 

   Studies of cloned T-cells suggest that Th 1 and Th 2 
cells show diff erential expression of chemokine recep-
tors. Th ere is increased expression of CXCR3 (receptor for 
IP-10, I-TAC, and Mig) and CCR5 (MIP-1 β ) in human 
Th 1 cells and increased expression of CCR4 (TARC and 
MDC) and to a lesser extent CCR3 (eotaxin and MCP-3) 
in Th 2 cells, with selective migration of cells in response to 
the appropriate chemokines. CCR1 (RANTES, MIP-1 α , 
MCP-3) and CCR2 (MCP-1, -2 ,-3, -4) were found on 
both Th 1 and Th 2 cells  [159] . Bronchial biopsies from asth-
matics show high levels of expression of CCR4 and signifi -
cant levels of CCR8 by T-cells  [160] . 
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   Increased recruitment of T-cells to the airway as a 
result of virus-induced chemokine production by EC could 
amplify preexisting allergic infl ammation. If the asthmatic 
airway microenvironment infl uences the pattern of chem-
okine expression following virus infection then this could 
alter the Th 1/Th 2 balance of the antiviral immune response.  

    CD4  �   T-cells 

   Th e CD4  �   T-cell response to virus infection is thought 
to be of the T-helper 1 (Th 1) type. It is thought that an 
eff ective antiviral immune response is characterized by the 
production of type 1 cytokines such as IFN- γ . IFN- γ , in 
addition to IFN- α , IFN- β , and IFN- λ  from monocytes 
and macrophages, plays a role in establishing an  “ antiviral 
state ”  in neighboring cells. IFN- γ  has a complex role in the 
pathogenesis of asthma. It appears to increase basophil and 
mast cell histamine release  [161]  but on the other hand 
inhibits the expression of type 2 cytokines. Production of 
IFN- γ  is increased in PBMC  [162]  and in nasal secretions 
 [104]  during RV colds and in human and animal models of 
infl uenza, parainfl uenza, and RSV infection          [119, 163, 164] . 
Th ere are exceptions where the antiviral response exhibits a 
Th 2 character or a mixture of Th 1/Th 2. In animal models 
of RSV, diff erent proteins of the virus may induce either 
Th 1 or Th 2 type responses and priming with such proteins 
prior to infection with whole virus can infl uence the char-
acter, eff ectiveness, and associated immunopathology of the 
immune response  [165] . 

   Asthma is believed to be characterized by type 2 
infl ammation. Many studies have demonstrated mutual 
inhibition of Th 1 and Th 2 cells        [166, 167] . It is therefore 
possible within an airway with a preexisting type 2 allergic 
asthmatic microenvironment that there may be inhibition 
of the normal eff ective type 1 antiviral immune response or 
that the system may be skewed toward type 2 responses. 

   Papadopoulos  et al . have shown that type 1 responses 
to RV are defi cient in individuals with asthma  [168] . 
PBMC taken from asthmatics and exposed  in vitro  to RV 
show lower levels of IFN- γ  and IL-12 and higher levels of 
IL-4 and IL-10 in culture supernatants than cells from nor-
mal subjects. Th e IFN- γ /IL-4 ratio was three times lower in 
the asthmatic group  [168] . 

   In a study by Gern  et al . of experimental RV16 infec-
tion in subjects with allergic rhinitis or asthma, the balance of 
airway Th 1 and Th 2 cytokines in induced sputum induced by 
viral infection was found to be related to clinical symptoms 
and viral clearance. Although protein could not be detected in 
sputum due to the presence of inhibitors of the ELISA assay 
used, there were increases in mRNA, as determined by semi-
quantitative RT-PCR, for both IL-5 and IFN- γ . An inverse 
correlation was demonstrated between the ratio of IFN- γ  
mRNA to IL-5 mRNA and peak cold symptoms. In addition 
subjects with RV16 still detectable 14 days after inoculation 
had lower IFN- γ /IL-5 ratios during the acute phase of the 
cold than those subjects who had cleared the virus  [169] . 

   We have recently investigated the production of type 1 
and type 2 cytokines from BAL cells in asthmatic and normal 
subjects. We found that production of the type 1 cytokines 
IL-12 and IFN- γ  were suppressed in the asthmatics, 

while production of the type 2 cytokines IL-4, -5 and, -13 
were all increased  [34] . Importantly CD4  �   T-cell produc-
tion of IFN- γ  was strongly inversely correlated with virus 
load and reductions in lung function in the asthmatic sub-
jects when they then underwent RV experimental infection, 
suggesting that CD4  �   T-cell production of IFN- γ  is protec-
tive in the context of RV-induced asthma  [34] . Conversely, 
CD4  �   T-cell production of each of IL-4, -5, and -13 was 
positively correlated with lower respiratory symptom sever-
ity, suggesting CD4  �   T-cell production of each of IL-4, -5, 
and -13 are associated with more severe exacerbations. Th ese 
data are novel and important, but causal roles cannot be 
established in such human challenge studies. Investigation 
of the possible causal role of each these cytokines  in vivo  is 
now required using the newly developed mouse model  [43] .  

    CD8  �   T-cells 

   CD8  �   T-cells are important eff ector cells in specifi c cell-
mediated antiviral immunity. Th ey also demonstrate 
 polarization of cytokine production, the major Tc1 cytokine 
again being IFN- γ  and are believed to regulate CD4 Th 1/
Th 2 balance  [170] . In a murine asthma model induction of 
bystander CD4  �   Th 2 responses to ovalbumin resulted in a 
switch of virus-peptide specifi c lung CD8  �   T-cells to pro-
duction of Tc2 cytokines including IL-5 with, after virus 
peptide challenge, induction of airway eosinophilia  [171] . 
If this occurs in man it suggests a means whereby CD8 
antiviral function could be inhibited at the same time as 
CD8 amplifi cation of allergic infl ammation through IL-5 
induction of airway eosinophilia. Th e role of CD8  �   T-cell 
production of type 1 and type 2 cytokines in virus-induced 
asthma exacerbations requires investigation.  

     γ  δ -TCR  �   T-cells 

    γ  δ -TCR  �   T-cells are a minor subset of T-cells expressing 
receptors distinct from the  α  β  receptors found on the major-
ity of T-cells involved in adaptive immunity. Th ere appear to 
be at least two types of  γ  δ -TCR  �   T-cells. Th e fi rst type is 
found in the lymphoid tissue of all vertebrates and displays 
highly diversifi ed receptors. Th e second type, intraepithelial 
 γ  δ -TCR  �   T-cells, display receptors of limited diversity. It 
has been suggested that this second subset recognize mole-
cules expressed only by nearby infected cells. Candidate lig-
ands are heat-shock proteins, MHC class IB molecules and 
unorthodox nucleotides and phospholipids. Antigen is rec-
ognized directly rather than as processed peptide presented 
by MHC. Recognition of molecules expressed as a conse-
quence of infection rather than pathogen-specifi c molecules 
themselves would place  γ  δ -TCR  �   T-cells at the intersection 
of innate and adaptive immunity  [172] . 

   However, exaggerated responses to various pathogens 
and self tissues have been found in studies of mice defi cient 
in  γ  δ -TCR  �   �  T-cells rather than defi ciencies in control 
of pathogens. Such work has suggested that at least some  
γ  δ -TCR  �   �  T-cells have a regulatory role in modulating 
immune responses  [173] , a function consistent with their dem-
onstrated ability to secrete regulatory cytokines when activated. 
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   It has been reported that  γ  δ -TCR  �   T-cells are more 
numerous in the asthmatic airway  [174] . A recent study 
found a greater capacity for production of IL-5 and IL-13 
in bronchoalveolar lavage  γ  δ -TCR  �   T-cells from asthmatic 
subjects  [175] . If virus infection results in the release of mol-
ecules from epithelial cells that activate  γ  δ -TCR  �   T-cells in 
the respiratory mucosa, such cells could provide a source of 
type 2 cytokines that infl uence the nature of the subsequent 
immune response. Th e role of  γ  δ -TCR  �   T-cells in virus-
induced asthma exacerbations requires investigation.  

    Eosinophils 

   Eosinophils are increased in bronchial epithelium in biop-
sies taken from normal and asthmatic volunteers following 
experimental RV infection; in a small study eosinophilic 
infl ammation persisted for up to 6 weeks in asthmatic sub-
jects  [21]  and in our recent study eosinophil numbers in the 
BAL were signifi cantly (threefold) increased in asthmatic 
compared to normal subjects during the acute RV infection 
and correlated signifi cantly with reductions in lung func-
tion only in the asthmatic subjects  [34] . In allergic rhinitis 
experimental RV infection increases BAL eosinophils fol-
lowing segmental allergen challenge, again persisting for 6 
weeks  [28] , and increased levels of ECP are found in the 
sputum of RV-infected subjects  [23]  and during naturally 
occurring acute exacerbations of asthma  [13] . Eosinophils 
accumulate in the airway under the infl uence of IL-5, 
GM-CSF, IL-8, RANTES, and eotaxin  [176] . Of these 
only IL-5 has not been shown to be produced by airway 
EC  in vitro  after infection by RV. Expression of RANTES 
is increased in nasal secretions of children with natural virus-
induced asthma  [107] . RANTES is upregulated in primary 
nasal EC cultures by RSV  [177]  and RV  [178] . GM-CSF 
is important in bone marrow eosinophil production and in 
eosinophil survival  [176]  but levels are not increased dur-
ing viral upper respiratory tract infections          [107, 179, 180] . 
Levels of eotaxin in nasal lavage rise after experimental 
RV16 infection  [181] . Th ese data suggest a pathogenic role 
for eosinophils in virus-induced asthma. However, a protec-
tive role is also possible. In allergic rhinitic subjects, infected 
with RV after high dose allergen challenge, the severity and 
duration of cold symptoms were inversely related to the NL 
eosinophil count prior to infection  [32] . Eosinophils may 
contribute to viral antigen presentation. Eosinophils pre-
treated with GM-CSF bind RV16 via ICAM-1 and present 
viral antigen to RV16-specifi c T-cells, inducing prolifera-
tion and secretion of IFN- γ   [182] . Eosinophils have anti-
viral actions in parainfl uenza-infected guinea pigs  [183] . 
EDN and ECP have ribonuclease activity and reduce RSV 
infectivity  [184] . Th e role of the eosinophil in the antiviral 
immune response thus requires further evaluation.  

    Mast cells/basophils 

   Th ese cells are important sources of infl ammatory mediators, 
characteristic of allergic infl ammation in asthma. Mast cell 
basal and stimulated histamine release increases after virus 
infection  [185] . Airway mast cell numbers are upregulated 

in a rat model of parainfl uenza infection. Several viruses can 
enhance basophil IgE-mediated histamine release, but the 
role of this cell in human asthma is controversial. 

   Mast cells are also important sources of infl ammatory 
mediators. Th eir function and localization suggest an early 
interaction with viruses. Leukotriene (LT) C 4  is among the 
mediators responsible for the late phase of bronchospasm 
in asthma. During RSV infection increased levels of LTC 4  
were found in the nasopharyngeal secretions of infants  [186] . 
Levels correlated well with the symptoms of the disease with 
concentrations in infants presenting with bronchiolitis being 
fi vefold higher than in those with only upper respiratory 
tract symptomatology. Cultured alveolar macrophages can be 
infected with parainfl uenza virus and respond with an increase 
in arachidonic acid metabolism. Several of the products of this 
pathway are known inducers of airway constriction, including 
LTC 4 , LTD 4 , PGF 2 α  , and thromboxanes and/or stimulants of 
mucous secretion such as PGF 2 α  , LTB 4 , and 5-hydroxyeicosa-
tetraenoic acid  [187] . RV infection has been shown to induce 
prostaglandin and LT synthetic enzymes in bronchial biopsies 
in normal subjects, as well as trends for increased numbers of 
mast cells (  p       	      0.07) bronchoalveolar lavage fl uid cysteinyl-
leukotriene levels (  p       	      0.13), but these outcomes have not 
been studied in asthmatic subjects [188] .  

    Neutrophils 

   Neutrophils are recruited early during respiratory viral 
infection in response to the production of IL-8, Gro- α , and 
ENA-78 by EC and activated neutrophils are a prominent 
feature of severe asthma. Induced sputum   IS in asthmatics 
and nonasthmatics demonstrates a signifi cant increase in 
neutrophils at day 4 of a natural cold, correlating with spu-
tum IL-8  [189] . Similar results were obtained in IS taken 2 
and 9 days after experimental RV16 infection in asthmat-
ics. Intracellular staining demonstrated an increase in cells 
positive for IL-8 at day 2 attributable to increased IL-8 
positive neutrophils  [25] . Th e chemokine IL-8 is a potent 
chemoattractant for neutrophils but also acts on lym-
phocytes, basophils, and primed eosinophils. Increased IL-
8 has been found in NL from children with natural colds 
 [104] . Experimental RV16 infection of asthmatics resulted 
in elevated NL IL-8, correlating with cold/asthma symp-
tom scores and histamine PC20  [25] . IS from asthmatics 
with exacerbations has both elevated IL-8 and neutrophilia 
       [23, 190] . A study of experimental infection in asthmatic 
children also demonstrated elevated IL-8 and neutrophilia 
in NL during the acute infection and levels of neutrophil 
myeloperoxidase correlated with symptom severity  [191] . 
In asthma, exacerbations in asthmatic adults  [13]  those 
with virus infection had increased sputum neutrophils and 
increased neutrophil elastase and more severe clinical dis-
ease. Such studies suggest a prominent role for the neu-
trophil in tissue damage during virus-induced asthma.  

    Natural killer cells 

   Natural killer (NK) cells are an important part of the innate 
immune response, their function being the elimination of 
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a variety of target cells including virus-infected cells and 
the modulation of adaptive immunity toward viruses  [192] . 
Cell killing by NK cells may occur through natural killing, 
antibody-dependent cellular cytotoxicity (ADCC), or 
apoptotic killing of Fas-positive target cells via membrane 
bound FasL. Th e ability to directly kill virus-infected cells 
is regulated by a balance between inhibitory and activating 
receptors  [193] . Killer inhibitory receptors (KIRs), Ig-like 
receptors that recognize HLA-A, -B, or -C molecules, and 
the lectin-like CD94/NKG2A receptor that interacts with 
HLA-E allow NK cells to recognize cells expressing normal 
self MHC class I  [194] . Loss of inhibition occurs if potential 
target cells have lost class I expression following virus infec-
tion or if they display abnormal class I/peptide complexes. 

   NK cells are rapid and effi  cient producers of cytokines 
such as IFN- γ , important both in early viral infection in the 
antigen-independent activation of antigen presenting cells 
such as macrophages, dendritic cells, and epithelial cells, 
and for biasing the development of CD4  �   Th 1 and CD8  �   
Tc1 cells. Cytokines and chemokines shown to enhance the 
activities of NK cells  in vitro  and  in vivo  include IFN- α /- β , 
IFN- γ , TNF- α , IL-2, IL-12, IL-15, IL-18, MIP-1 α  MIP-
1 β , MCP-1, 2, 3, and RANTES. Transforming growth fac-
tor (TGF)- β  and IL-10 inhibit NK cell activity  [195] . Type 
2 cytokines may also modulate NK function, increasing 
NK type 2 activities and decreasing NK type 1 activities. 
Human NK cells cultured in medium supplemented with 
IL-4 diff erentiated into NK type 2 cells, secreting IL-5 and 
IL-13 and when cultured in the presence of IL-12, diff er-
entiated into NK type 1 cells secreting IL-10 and IFN- γ . 
IL-4 and IL-13 have also been shown to suppress IL-2-
induced cytolytic and proliferative activities and IFN- γ  pro-
duction of human NK cells  [196] . NK cell production of 
IL-5 is enhanced by IL-4 and reduced by IL-10 and IL-12 
 [197] . In a mouse model of asthma, intracellular staining of 
NK cells has demonstrated IL-5 production and depletion 
of NK cells resulted in reduced airway eosinophilia  [198] . 

   Th e function of NK cells in the asthmatic airway is as 
yet unexplored. It may be that, in an airway environment rich 
in type 2 cytokines, that NK type 1 function and eff ective 
antiviral activity are inhibited. If this is the case then a key 
component of the early immune response would be defi cient 
and viral clearance would be impaired. In addition, if NK 
type 2 function is favored by the asthmatic microenviron-
ment, production of type 2 cytokines by NK cells in response 
to virus infection might be one mechanism for amplifi ca-
tion of allergic infl ammation. Th ese hypotheses are as yet 
untested in human studies of experimental virus infection.  

    B-lymphocytes and interaction of viruses 
with IgE-dependent mechanisms 

   An elevated serum total and allergen-specifi c IgE are fea-
tures of  “ extrinsic ”  or atopic asthma. IgE-mediated mecha-
nisms are certainly important in the pathophysiology of 
extrinsic asthma. Recent studies suggest a similar airway 
pathology in both extrinsic and  “ intrinsic ”  nonatopic asthma 
 [199]  where there is an absence of specifi c serum IgE 
and negative skin prick tests to aeroallergens. It has been 

suggested that there may be the production of local IgE to 
as yet unknown environmental allergens in intrinsic asthma. 

   Upregulation of total IgE or virus-/allergen-specifi c 
IgE locally or systemically during respiratory virus infection 
would be expected to contribute to the duration and sever-
ity of symptoms of an asthma exacerbation. 

   Intranasal challenge with RV39 results in an increase 
in total serum IgE in allergic rhinitic subjects but no 
increase in preexisting allergen-specifi c IgE  [200] . In chil-
dren with asthma, during infection with infl uenza A there 
was no change in total IgE but increases were observed in 
specifi c serum IgE to house dust mite and in  ex vivo  prolif-
erative and IL-2 responses of lymphocytes challenged with 
house dust mite allergen  [201] . In a study of RSV infec-
tion in infants the development of serum RSV-specifi c IgE 
occurred more frequently in atopics and correlated with 
clinical wheezing, histamine levels in nasal secretions, and 
hypoxia  [202] . Th ere is no information as yet on the pres-
ence of local virus-specifi c IgE in the airway during asthma 
exacerbations.   

    COPD 

   Increasing interest in the clinical features and pathogenesis 
of COPD refl ects the worldwide importance of the disease. 
More than 14 million patients are aff ected in the United 
States alone. It is predicted to become the third leading 
cause of death worldwide by 2020  [203] . National and glo-
bal initiatives have been launched and management guide-
lines have been published        [204, 205] . 

   Th e frequency of exacerbations is a major factor in 
the quality of life of patients with COPD  [206] . Th e typical 
clinical features of an exacerbation include increased dysp-
nea, wheezing, cough, sputum production, and worsened gas 
exchange. Although noninfectious causes of exacerbations 
such as allergy, air pollution, or inhaled irritants including 
cigarette smoke may be important, acute airway infections 
are the major precipitants  [207] . Th e infection and conse-
quent host infl ammatory response result in increased airway 
obstruction. 

    Epidemiology 

   It is likely that two-thirds to three-quarters of COPD exac-
erbations may be caused by viral infections. In a study of 
186 patients rhinoviruses, infl uenza virus, parainfl uenza 
virus, and coronavirus were signifi cantly associated with 
COPD exacerbations  [208] . Between 60% and 70% of 
exacerbations are associated with preceding symptoms of 
a common cold. Th e frequency of exacerbations requiring 
hospitalization is higher in the winter. One explanation for 
this could be the increased frequency of respiratory viruses 
at this time of the year. A recent study of 321 exacerbations 
in 83 patients with moderate to severe COPD using new 
diagnostic methods including RT-PCR shows a high inci-
dence of viral infection  [209] . Viruses were detected in nasal 
aspirates at exacerbation in almost 40% of cases. Rhinovirus 
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was the most common, occurring in 58% of cases where a 
virus was present. Th e presence of virus was associated with 
increased dyspnea, cold symptoms, and sore throat and 
with prolonged recovery from exacerbation. Earlier stud-
ies relying on serology and virus culture quote lower virus 
detection rates of 15–20%            [208, 210–212] . Other studies of 
more severe exacerbations using more comprehensive PCR 
methods confi rmed the importance of virus infection, with 
viruses being detected in around 50% of exacerbations        [152, 
213] . Because these studies all involve sampling relatively 
late in the course of illness, it is likely that these detection 
rates underestimate the true importance of virus infections. 

   Th e role of bacteria in precipitating exacerbations is 
also somewhat controversial. Bacteria may have a primary 
role in the development of an exacerbation and/or represent 
a secondary superinfection of an initial viral process. Various 
bacterial species are present in the airways of 25–40% of 
patients, even when the COPD is stable but increased fre-
quency of recovery of bacteria during exacerbations ( � 55%) 
as well as higher bacterial loads during exacerbations both 
suggest that they play an important role in a signifi cant 
number          [152, 214, 215] . Signifi cant bacterial infection has 
been suggested when there is an abundance of neutrophils 
in the sputum  [216]  and when the sputum is purulent and 
green (due to neutrophil myeloperoxidase)  [217] . Bacteria 
may contribute to the pathogenesis of an exacerbation due 
to increased bacterial loads of bacteria already colonizing 
diseased airways, however in addition to this, acquisition of 
new bacterial strains has also been shown to be important, 
increasing the risk of exacerbation over twofold  [218] . 

   Th e major bacterial organisms associated with 
COPD exacerbations are nontypable  Haemophilis infl uen-
zae ,  Streptococcus pneumoniae , and  Moraxella (Branhamella) 
catarrhalis         [219, 220] .  Mycoplasma pneumoniae  and 
 Chlamydia pneumoniae  may play a part        [221, 222] . Evidence 
also suggests that in more severe patients with a baseline 
FEV 1  of 35% predicted or less, gram-negative bacteria espe-
cially  enterobacteriaceae  and  pseudomonas  play an important 
part in acute exacerbations  [223] . 

   Recent studies have addressed the role of coinfection 
with both bacteria and viruses – one study showed this to 
occur in 25% of exacerbations, and that patients with dual 
infection had more marked lung function impairment and 
longer hospitalizations  [152] . Another reported that exac-
erbations with both cold symptoms (a marker of putative 
viral infection) and a bacterial pathogen, the FEV 1  fall was 
greater and symptom count was higher than those with a 
bacterial pathogen alone  [224] . Th us even in exacerbations 
in which viruses are detected, bacteria can also contribute to 
exacerbation severity. 

   Although the results of placebo-controlled trials show 
confl icting results, overall the eff ects of antibiotic treatment 
also support an etiological role for bacteria in exacerbations 
in some patients. A meta-analysis of nine studies showed a 
small overall benefi t when antibiotics were used for COPD 
exacerbations  [225] . Th e largest study included 362 exacer-
bations in 173 outpatients  [216] . Compared with placebo, 
the rate of symptom resolution and improvement of peak 
expiratory fl ow during exacerbations was slightly but signifi -
cantly faster when patients were treated with co-trimoxazole, 
amoxicillin, or doxycycline. More importantly, treatment 

failures as defi ned by respiratory deterioration were nearly 
twice as likely in the placebo group. Benefi t from antibiotics 
was most evident for patients with most symptoms (dysp-
nea, increased sputum volume, and sputum purulence). 

   Guidelines for the use of antibiotics in acute exacer-
bations of COPD are unclear because of the diffi  culties in 
defi ning the role of bacterial infection in an individual case. 
Th e American Th oracic Society statement on COPD  [205]  
suggests using antibiotics if there is evidence of infection 
(fever, leukocytosis, CXR changes) but not all patients with 
bacterial bronchial infection have fever (this is more com-
mon in viral infection or pneumonia) and few have CXR 
changes. Th e European Respiratory Society recommends 
antibiotics if the sputum is purulent, using standard antibi-
otics as fi rst line, and sputum culture if these fail  [226] .  

    Evidence for a role for bacterial infection in 
pathogenesis/progression of COPD 

   Bacterial infection has a defi nite role in the pathogenesis 
of other chronic lung diseases such as cystic fi brosis and 
bronchiectasis where bacterial infection is chronic, causing 
not only acute exacerbations but also infl uencing long-term 
prognosis  [207] . 

   In these diseases chronic bacterial infection occurs as 
the host immune response is unable to clear the bacteria, 
the continuous infection leads to continuous infl ammatory 
responses and continuous tissue damage  [207] . Host and 
bacterial factors attract and activate neutrophils, which pro-
duce proteinases and reactive oxygen species. Lung antipro-
teinase defenses are overwhelmed. Both proteinase enzymes 
and reactive oxygen species cause damage to the epithe-
lium, stimulating mucus production and impairing muco-
ciliary clearance. Neutrophil elastase stimulates epithelial 
cell production of the chemokine IL-8 which attracts fur-
ther neutrophils and in addition impairs phagocytosis by 
destroying antibody and cleaving complement receptors 
from neutrophils and complement components from bacte-
ria. Neutrophils are also stimulated by cigarette smoke. 

   Identifi cation of bacteria during exacerbation is also 
associated with increased levels of infl ammatory media-
tors in BAL and/or sputum. Th ese include reactive oxidant 
species, IL-8, TNF- α , neutrophil elastase, LTB 4 , and mye-
loperoxidase and many others. Th ese clearly have poten-
tial to cause considerable tissue damage, as well as further 
recruitment and activation of infl ammatory cells. COPD 
patients, particularly those at the more severe end of the 
disease spectrum, may also be chronically colonized by bac-
teria between exacerbations, bacterial numbers then increas-
ing during exacerbations. In a study using bronchoscopic 
protected brush specimens  [214]  10 of 40 COPD patients 
were colonized with bacteria when stable. During exacer-
bations 50% had bacteria present and when present, bacte-
rial numbers were greater. When protected brush specimens 
were taken during severe acute exacerbations of COPD 
requiring ventilation  [227]  bacteria were detected in 50% 
but it was not possible to distinguish patients more likely 
to have bacteria on the basis of clinical features or other 
investigations. 
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   Th e major bacterial pathogens isolated during bron-
chial infections all form part of the commensal fl ora in the 
nasopharynx. Bronchial infections occur in patients with 
abnormal airways with reduced host defenses. Persistence 
of bacteria within the bronchial tree may come about 
through toxins that impair mucociliary clearance, enzymes 
that breakdown local immunoglobulin, products that alter 
immune eff ector cell function, adherence to mucus and 
damaged epithelium, or other mechanisms of avoiding 
immune surveillance        [207, 228] . 

   Bacterial colonization in the stable state represents 
an equilibrium in which the number of bacteria present in 
the bronchial tree is contained by the host defenses but not 
eliminated. During an exacerbation this equilibrium is upset 
and bacterial numbers increase, inciting an infl ammatory 
response. Change will usually occur because of a change 
in the host rather than altered virulence of the bacteria, for 
example as a result of viral infection.  

    Evidence for a role for viruses in 
pathogenesis/progression of COPD 

   Exacerbations associated with viral infections also have 
increased levels of many infl ammatory mediators also found 
in bacterial exacerbations including TNF- α , IL-8, neutrophil 
elastase, myeloperoxidase, and LTB 4 . In contrast to bacterial 
exacerbations where neutrophils and neutrophil products pre-
dominate, during a viral exacerbation both neutrophils and 
eosinophils are present and eosinophil products such as ECP 
are also increased  [152] . Other mediators implicated include 
ENA-78, RANTES, and endothelin–1  [229] . 

   It has also been suggested that persistent virus infec-
tion contributes to the progression of COPD. In particu-
lar, adenovirus appears to persist in a latent form in which 
viral proteins are produced without replication of complete 
virus. Such latent infection may amplify lung infl ammation 
due to cigarette smoke  [230] . Adenoviral E1A DNA per-
sists in human lungs from patients with COPD compared 
with patients of similar age, sex, and smoking history who 
do not have COPD  [231] . Th e E1A protein has been dem-
onstrated in airway epithelial cells from smokers  [232] . It is 
able to amplify many host genes through attachment to the 
DNA-binding sites of transcription factors  [233] . Airway 
epithelial cells transfected with E1A produce excess infl am-
matory cytokines such as IL-8  [234]  and surface adhesion 
molecules such as ICAM-1  [235]  after  in vitro  challenge by 
an NF- κ B-dependent mechanism  [236] . 

   RSV has been identifi ed in induced sputum from 
patients with stable COPD. Th ese individuals have a higher 
plasma fi brinogen and serum IL-6, a higher pCO 2  and 
increased frequency of exacerbations  [209] . Th is suggests 
either that low grade persistent RSV infection contributes 
to COPD severity or that patients with more severe COPD 
are less able to clear RSV from the airway. 

   Th e immunology of virus infection in COPD is not 
well understood. Less data is available than for virus infec-
tion in asthma since this has not been a major subject of 
human experimental infection studies. In a small safety 
study of four patients, inoculation with low dose RV16 
resulted in symptomatic colds, viral replication, signifi cant 

increases in lower respiratory tract symptoms, and reduc-
tions in PEF and FEV 1  typical of an acute exacerbation of 
COPD  [237] . Further studies are clearly needed in view of 
the increasing evidence for a major role for viruses in caus-
ing COPD exacerbations.  

    Therapy for infective exacerbations of 
asthma and COPD 

   Currently much of the treatment of infective exacerba-
tions of asthma and COPD is symptomatic, consisting of 
increased bronchodilators, either short-acting  β  2 - agonists 
in inhaled or intravenous form or anticholinergics or the-
ophyllines, or supportive in the form of oxygen and in 
severe cases noninvasive or invasive ventilatory measures. 
Corticosteroids are widely used in inhaled or oral form for 
their anti-infl ammatory actions. Th e eff ects of corticos-
teroids are the result of actions at many points in various 
infl ammatory cascades. Whilst this undoubtedly contributes 
to their benefi cial eff ects it also results in signifi cant local 
and systemic side eff ects, in particular if oral steroid treat-
ment is prolonged or frequent. In addition systemic steroids 
may interfere with the antiviral immune response resulting 
in reduced viral clearance  [238] . 

   In persistent asthma, control of disease is achieved 
predominantly with inhaled corticosteroids. Th ere is a role 
for additional drugs such as long-acting  β  2 -agonists and 
leukotriene antagonists. Th e long-acting  β  2 -agonists in par-
ticular appear to increase the eff ectiveness of inhaled cor-
ticosteroids allowing the dose needed to achieve control to 
be reduced  [239] . Th ere is also evidence that these drugs 
in combination with inhaled corticosteroids may further 
reduce exacerbation frequency  [240] . Th e leukotriene antag-
onists appear to be most eff ective in treating or preventing 
exacerbations in children        [241, 242] . 

   Regular corticosteroid treatment is however only par-
tially eff ective at preventing exacerbations. In adult asthma 
inhaled steroids reduce exacerbation frequency by only 40% 
 [243] . In school age children inhaled steroids are ineff ec-
tive at reducing exacerbation frequency, duration, or severity 
 [244] . In preschool age children with virus-induced wheeze 
oral steroids are ineff ective even in those with primed eosi-
nophils  [245] . 

   Specifi c antibiotic therapy is available for bacterial 
infections and is indicated where there is good evidence of 
such infection or when the exacerbation is severe and bacte-
rial involvement is a possibility. 

   However, as discussed above the majority of infective 
asthma exacerbations are of viral rather than bacterial origin 
and viruses are also common in exacerbations of COPD.  

    Vaccination 

   Th e success of vaccination to prevent respiratory virus infec-
tions has been limited by signifi cant variation within the 
major virus types causing disease. Th ere are 102 serotyped 
strains of rhinovirus and several more that have not been 
serotyped and no eff ective vaccine has been introduced. 
A decavalent vaccine  [246]  developed in the 1970s was 
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ultimately of limited effi  cacy. Th e infl uenza viruses dis-
play antigenic shift and drift. Vaccines must be modifi ed 
every 2–3 years to cover the strains prevalent at the time. 
Vaccination against RSV experienced a major setback in 
the 1960s when the use of formalin-inactivated virus in 
young babies resulted in increased disease severity follow-
ing subsequent virus infection  [247] . Eighty percent of 
vaccinated children required hospitalization when subse-
quently infected with RSV, as compared to 5% of controls. 
Th e lungs of two vaccinated children who died contained 
eosinophilic infi ltrates. It has been suggested that formalin 
inactivation may have modifi ed epitopes within the RSV G 
and F surface glycoproteins, resulting in a modifi ed immune 
response to subsequent infection with enhanced immun-
opathology  [248] . Vaccinated individuals demonstrate a 
number of diff erences from individuals who have suff ered 
natural RSV infection including a lack of specifi c mucosal 
antibodies and defi cient neutralizing and fusion-inhibiting 
serum antibodies  [249] . Th ere are also diff erences in the 
cell-mediated immune response with some vaccinated indi-
viduals demonstrating peripheral eosinophilia and exagger-
ated lymphocytic proliferative responses to RSV  [250] . To 
protect against RSV infection a successful vaccine would 
need to provide more eff ective protection than natural 
infection, which is itself frequently followed by reinfection 
 [251] , and would have to be administered early in infancy 
to have an eff ect on infant bronchiolitis.  

    Treatment for virus-induced asthma 
exacerbations 

   Simple nonspecifi c treatments for the common cold do exist 
although their effi  cacy is debated. Vitamin C and zinc glu-
conate  [252]  both may shorten the duration of a cold by 1–2 
days. Th e inhalation of humidifi ed hot air provides sympto-
matic relief  [253] . Nasal IFN- α  is an eff ective treatment for 
the common cold  [254]  but must be given either prior to or 
shortly after exposure to the virus. It is also expensive and is 
associated with signifi cant local side eff ects such as bleeding 
and discharge. Th ese problems have limited its clinical use. 
However IFN therapy for virus-induced asthma exacerba-
tions may be more useful in view of the defi ciencies identi-
fi ed by recent studies. Further because of the large number 
of viruses producing similar clinical syndromes, the gen-
eral antiviral properties of IFNs would provide signifi cant 
advantage over the use of specifi c antiviral drugs.  

    Antivirals 

   Specifi c antiviral agents exist for infl uenza. Amantidine 
and rimantidine are eff ective against infl uenza A. Th e use 
of amantidine has been limited by CNS side eff ects such as 
dizziness and insomnia; fewer such side eff ects are seen with 
rimantidine. Both drugs are indicated during epidemics for 
treatment and prophylaxis in high risk groups including 
asthmatics. Neither is active against infl uenza B. Two neu-
raminidase inhibitors, zanamivir and oseltamivir, are active 
against both infl uenza A and B          [255–257] . Th ese agents are 
eff ective in preventing infection when used as prophylaxis 

during the infl uenza season and, as treatment, they reduce 
the duration of illness if started within 36–48       h of the onset 
of illness. Zanamivir must be given by inhalation whereas 
oseltamivir can be given orally. Ribavirin is a nucleoside 
analog active against RSV  in vivo  and also against infl u-
enza  in vitro . Nebulized ribavirin therapy is licensed for use 
in hospitalized infants and children in the fi rst 3 days of 
RSV bronchiolitis. It is however expensive and of unproven 
benefi t on clinical outcome. Because of its toxicity it is not 
appropriate for asthma. RSV enriched immunoglobulin 
was eff ective as prophylaxis for infants at high risk of RSV 
bronchiolitis  [258]  but has been superseded by RSV neu-
tralizing monoclonal antibodies  [259] .  

    Antirhinoviral agents 

   RV are a major target for drug treatment. It has been esti-
mated that rhinoviruses result in 6–10 colds per year in 
young children  [260] . As yet no eff ective agent is avail-
able for clinical use. Capsid-binding/canyon inhibitors 
block RV binding to host cell receptor (ICAM-1 in the 
case of the major group). One example in phase 3 clinical 
trials is pleconaril (Picovir). Th ese drugs can be extremely 
potent but their clinical usefulness is often limited by tox-
icity, the need for rapid initiation of therapy and the pos-
sible development of resistance. Alternative targets include 
soluble ICAM-1 which inhibits major rhinovirus infection 
and conserved viral enzymes such as protein 3D, the RNA-
dependent RNA transcriptase, protein 2C, the associated 
ATP-helicase, and the cysteine protease 3C.  

    New approaches 

   Alternative approaches to direct antiviral therapy are sup-
pression of virus-induced infl ammation, or strategies that 
promote innate or type 1 immune responses in individuals 
with excessive type 2 responses. Understanding the com-
plexities of the antiviral immune response, in particular how 
it may be altered in the context of preexisting chronic air-
way diseases such as asthma is an essential fi rst step. Further 
work is needed to elucidate the important sites of interac-
tion between the immunological networks of asthma and of 
virus infection. Greater knowledge is required if we are to 
identify key targets for therapeutic intervention, the aim of 
which will be to minimize immunopathology whilst main-
taining or enhancing the host anti-viral immune response.   
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    Exercise as a Stimulus

    OVERVIEW 

   Th ere are substantial   diff erences in the pulmo-
nary response between those with asthma and 
those with chronic obstructive pulmonary disease 
(COPD) when exercise is used as a stimulus. For 
the person with asthma, exercise is a stimulus for 
bronchodilatation and for bronchoconstriction 
and the airway response varies according to rest-
ing lung function, duration and intensity of exer-
cise, and the temperature and water content of 
the air inspired. Th e stimulus for exercise-induced 
bronchoconstriction (EIB) relates to the ther-
mal and osmotic consequences of water loss by 
evaporation from the airway surface when large 
volumes of air need to be conditioned in a short 
time. For most asthmatics however, EIB can be 
well controlled with treatment and the emphasis 
has moved from exercise as a stimulus for provok-
ing attacks of asthma to exercise for the potential 
benefi ts to health and lifestyle. For those with 
COPD, exercise does not usually provide a dehy-
drating stimulus suffi  cient to provoke EIB simply 
because the subjects cannot ventilate at a rate suf-
fi cient to achieve signifi cant loss of water from the 
airway surface. Some people with COPD how-
ever do demonstrate the airway hyperresponsive-
ness of asthma in response to inhaling aerosols 
of hyperosmolar agents such as saline or man-
nitol. Th e more classic response exercise provides 
to the patient with COPD is dynamic hyper-
infl ation that increases end-expiratory lung vol-
ume (EELV) and decreases inspiratory capacity 
(IC). Th is strategy serves to reduce expiratory fl ow 
limitation and increase tidal volume but at a cost of 
greater respiratory eff ort that contributes to exer-
cise limitation. As with treatment of asthma there 
has been a marked improvement in treatment of 
COPD in recent years. Although treatment has 

not allowed patients with COPD to achieve nor-
mal exercise performance, as asthmatics have done, 
exercise has become an important intervention in 
the management of patients with COPD.  

    EXERCISE AND THE PERSON 
WITH ASTHMA 

   Th e cardiopulmonary response to exercise in 
asthmatics is extremely variable. When expira-
tory fl ow rates and airways resistance are normal, 
at rest and during exercise, the cardiopulmonary 
response to exercise is not signifi cantly diff er-
ent to healthy subjects  [1] . Asthmatics however 
commonly have a higher ventilatory equivalent 
(ventilation per unit of oxygen consumption) 
compared with non-asthmatics although this 
can normalize following physical training  [2] . 
Asthmatic children with moderate to severe 
asthma have reduced aerobic capacity, endurance 
time, and cardiac function  [3] , particularly at 
high altitude  [4] . Expiratory fl ow limitation 
and hyperinfl ation are likely contributors to the 
increased work of breathing and shortness of 
breath in some people with asthma. 

   Physical inactivity is thought to contrib-
ute to the development of  “ asthma ”  because 
bronchial smooth muscle can become stiff  and 
hyperresponsive without the benefi t of periodic 
stretch from the increased tidal volume of exer-
cise  [5] . Th ere are many reports of asthmatic 
children being physically inactive and unfi t, par-
ticularly those who are obese or overweight, but 
being unfi t is not a universal fi nding in asth-
matic children  [1] . Neither body mass index nor 
baseline lung function predicted exercise limita-
tion in children with asthma  [6] .  
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    LUNG FUNCTION AND GAS EXCHANGE 
DURING AND AFTER EXERCISE 

   It is the propensity for airway resistance and arterial oxygen 
tension to change rapidly in response to exercise that is of 
primary physiological importance to a person with asthma 
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 FIG. 38.1          Changes in forced expiratory volume during and after exercise. 

The severity of the response is assessed by the fall in FEV 1  after exercise 

expressed as a percentage of the pre-exercise value. A normal response 

is usually regarded as a fall less than 10% of baseline. A value less than 

10–25% is mild, 25.1–49.9% as moderate, and 50% or more as severe. The 

values refer to the severity of EIB   in those not taking an ICS. In those taking 

ICS a value greater than 30% would be generally accepted as severe.    
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The data are from the study of Ref.  [8] .    

(         [7–9] ,        Figs 38.1 and 38.2     ). Th ere are three phases of changes 
in the airway resistance (Raw) to exercise. During exercise 
of variable intensity, Raw decreases when exercise intensity 
is increased and increases when exercise intensity is reduced 
 [10] . During intense steady-state exercise there is an early 
phase in which Raw falls rapidly. Th is is not due to release 
of nitric oxide or due to prostaglandins (PGs)        [11, 12]  but 
maybe due to tidal volume stretch reducing bronchial smooth 
muscle tone  [13] . Th is early fall in Raw during exercise is fol-
lowed by a slow and progressive rise in Raw after the fi rst few 
minutes, then on the cessation of 6–8       min of vigorous exer-
cise there is a marked increase in Raw. It is common for the 
increase in Raw to be associated with a fall in peak expiratory 
fl ow (PEF) or FEV 1  from pre-exercise level of 10% or more 
within the fi rst 5       min. Th e terms commonly used to describe 
these changes in lung function following exercise are EIB or 
exercise-induced asthma ( Fig. 38.1 ). 

   In  “ untrained ”  asthmatics with moderate airfl ow limita-
tion at rest (% predicted FEV 1       �      75%), the fall in Raw or bron-
chodilatation of the fi rst few minutes of exercise is associated 
with an increase in arterial oxygen tension (PaO 2 )          [7, 8, 14]  
( Fig. 38.2 ). After exercise ceases the PaO 2  falls in concert with 
the reduction in lung function and as a result of ventilation–
perfusion inequality          [7, 15, 16] . Carbon dioxide levels in asth-
matics usually, but not always, remain within normal limits 
( � 40       mmHg) both during exercise and after exercise        [8, 15] . 
Recovery to pre-exercise lung function occurs spontaneously 
over 30–60       min, or usually within 10       min in response to a 
bronchodilator, with PaO 2  increasing with the improvement 
in lung function. Th e lung function and gas exchange changes 
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associated with EIB can sometimes be extreme, and deaths in 
young athletes, though uncommon, have been reported  [17] . 

   Diff erences from this classic pattern of gas exchange 
described above have been reported in some  “ trained ”  asth-
matics with good lung function (i.e. FEV 1  94% predicted) 
exercising at higher workloads for longer periods than 8       min. 
In one study, 8 of 21 asthmatic subjects were unable to sustain 
their SaO 2  above 94% during 11       min of strenuous treadmill 
exercise ( V O 2  maximum range from 39.9 to 61.8       ml/min/kg). 
Th e low SaO 2  was attributed to a widened alveolar-arterial 
oxygen gradient (A-aO 2 ) and ventilatory insuffi  ciency that 
resulted in a signifi cant increase in PaCO 2  in some subjects 
 [9] . It was not possible to predict from pre-exercise lung func-
tion or blood gases which asthmatic subject would desaturate 
in response to exercise. In these  “ trained ”  asthmatics, who were 
not taking inhaled corticosteroids (ICS), the arterial hypox-
emia, expiratory fl ow limitation, and dynamic hyperinfl ation 
during exercise occurred at lower metabolic rates than would 
be sometimes documented in highly  “ trained ”  healthy subjects 
 [9] . Th e fi ndings have signifi cant implications for untreated 
asthmatics wishing to participate in competitive high endur-
ance sports and support the policy that athletes with asthma 
would benefi t from having objective tests  [18]   .  

    PHYSICAL TRAINING AND EIB 

   Th e aim of exercise training in an asthmatic who is  “ unfi t ”  
is to increase the exercise intensity and thus the threshold 
of ventilation that will provoke EIB  [2] . Exercise training 
in an unfi t asthmatic results in an increase in maximum 
oxygen uptake per kilogram and a reduction in ventilatory 
equivalent and a modest improvement in maximum heart 
rate  [19] . Since ventilation determines severity of EIB for 
an individual, physical fi tness should be encouraged, and at 
an early age. 

   It is important to know fi tness does not eliminate 
potential for EIB  [20] , but becoming fi t will increase the 
workload to provoke EIB. Physical training does not 
improve any parameters of lung function including PEF, 
FEV 1 , FVC, or maximum ventilation  [19] . It is for this 
reason that treatment of the airway infl ammation is recom-
mended so that an asthmatic has the best opportunity to 
perform normally at any level of competition  [21] .  

    FACTORS WITH POTENTIAL TO INFLUENCE 
THE ASTHMATIC RESPONSE TO EXERCISE 

   Th ere are many endogenous factors that have the potential 
to impact on the airway response to exercise in asthmatics. 
Th ese include severity of the underlying airway infl amma-
tion, the associated bronchial smooth muscle responsiveness 
and increased vascular permeability, the degree of atopy, 
and the pre-exercise lung function in relation to predicted 
normal. Other factors include age and fi tness of the subject, 
and body mass index, particularly for its potential to impact 
on functional residual capacity. 

   Th e intervention that has the greatest infl uence on 
these factors is the medication being taken by the asthmatic 
subject, either daily as with ICS, long acting � 2 -agonist 
(LABA), or leukotriene receptor antagonists (LTRA), or 
prophylactically before exercise as with short acting � 2  ago-
nists (SABA), sodium cromoglycate (SCG), or nedocromil 
sodium                [8, 22–26] . Treatment of airway infl ammation and 
prevention of bronchoconstriction during and after exercise 
can lead to improved gas exchange ( Fig. 38.2 ) and normal 
exercise performance  [8] . Diets that include reduction in 
sodium intake  [27] , and supplementation with omega 3 
free fatty acids  [28]  have been reported to reduce severity of 
EIB but their eff ect on gas exchange has not been reported. 

   Many young people with self-reported exercise 
symptoms are diagnosed clinically as having EIB but fail 
to demonstrate EIB on objective testing and may thus be 
over treated        [29, 30] . In contrast, many young fi t and clini-
cally  “ well controlled ”  asthmatics with normal lung func-
tion can have a signifi cant reduction in lung function and 
gas exchange abnormalities after exercise. Some may have 
become tolerant to the protective eff ects of � 2 -agonists 
 [23] , and others may be receiving too low a dose of inhaled 
steroids  [25]  ( Fig. 38.3   ). Th ese are reasons why exercise is 
and should remain a concern for people with asthma.  

    DETERMINANTS OF EIB 

   Th e most important external determinants of the severity 
of the airway response to exercise in asthmatics are the level 
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of ventilation reached and sustained during exercise and the 
water content of the inspired air  [31] . Th us exercise load is very 
important  [32] . Whilst temperature of the air inspired during 
exercise can infl uence severity of EIB, it is of less importance 
than the absolute water content. Inspiring air close to body 
temperature and fully saturated with water prevents EIB. 

   Th at hyperpnea of dry air at high ventilation rates 
is required to provoke EIB suggests that severity of EIB 
depends on the rate at which generations of airways are 
recruited into the air conditioning process  [33] . Th is con-
cept explains why, for an individual, EIB occurs more often 
and more severely the drier and cooler the inspired air and 
the more rapid the increase in ventilation. It may also explain 
why EIB may be reported for the fi rst time in athletes when 
they have reached their full ventilatory capacity in their 
early twenties and can achieve ventilation rates of 100       l/min 
or more  [34] . It also explains why patients with COPD 
are unlikely to have EIB provoked by exercise, that is, they 
cannot reach high enough ventilation during exercise. 

   At the very high ventilation chronically achieved by 
cross-country skiers, rowers, and cyclists, a large surface area 
of airways including very small airways ( � 1       mm in diameter) 
will be used to condition the air. If very small airways become 
dehydrated and sustain injury then the restorative process of 
plasma exudation  [35]  that follows may explain pathogenesis 
of EIB  [34] . If exposure to plasma-derived products occurs 
regularly then the contractile properties of the bronchial 
smooth muscle may be altered over time  [36] . In allergic 
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subjects repeated exposure to plasma may induce passive 
sensitization of the bronchial smooth muscle  in vivo   [34] , 
increasing its sensitivity to mast cell mediators  [37] . In 
healthy subjects mast cells are more abundant in the smaller 
airways compared with the larger airway  [38] . Th us they are 
well positioned to release histamine and other mediators that 
increase the plasma exudation from post-capillary venules.  

    STIMULUS AND MECHANISM OF EIB 

   Th e stimulus for exercise to provoke the airways of asthmatics 
to narrow is the loss of water from the airway surface that 
occurs in conditioning large volumes of air in a short time 
( Fig. 38.4   ). Th at is why EIB occurs more often when the 
exercise is intense        [32, 39]  and performed in a dry envi-
ronment  [40] . It is also the reason that eucapnic voluntary 
hyperpnea of dry air (EVH) is an excellent surrogate for 
exercise to provoke EIB  [41] . Th e mechanism whereby the 
loss of water causes airway narrowing relates to the thermal 
(cooling) and osmotic consequences of dehydration of the 
airway surface and the underlying mucosa  [42] . 

   Th e thermal hypothesis proposes that EIB is a vas-
cular event. Th us cooling of the airway surface from condi-
tioning inspired air causes vasoconstriction of the bronchial 
vessels and a reactive hyperemia follows immediately after 
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exercise when ventilation falls and the airways re-warm rap-
idly  [43] . Th e mechanical events of vascular engorgement, 
amplifi ed by edema, serve to narrow the airways. 

   Th e osmotic hypothesis of EIB proposes that a tran-
sient increase in osmolarity of the airway surface liquid 
occurs in response to evaporative water loss, and that the 
cooler and drier the air inspired the greater the surface area 
that will become dehydrated and hyperosmotic        [31, 44] . It 
is the hyperosmolarity of the airway surface liquid and the 
underlying mucosa that provides the appropriate microenvi-
ronment for release of mediators        [45, 46] . In contrast to the 
thermal hypothesis, the osmotic hypothesis proposes airway 

narrowing occurs as a result of the contraction of bronchial 
smooth muscle by mediators  [31] . Th e same mediators may 
increase vascular permeability and exudation of plasma, an 
event that would serve to normalize osmolarity. 

   Healthy subjects have the same burden to condition 
the air inspired during exercise as asthmatics. Th at water 
replacement to the airway surface is compromised at a high 
ventilation (at least for the fi rst 5–6       min) in both healthy 
and asthmatic subjects has been demonstrated by an acute 
reduction in mucociliary clearance during hyperpnea of dry, 
but not warm humid air ( [47] ,  Fig. 38.5   ). 

   Th e diff erence in the lung function response to exercise 
between healthy subjects and asthmatic subjects is likely due 
to the bronchial smooth muscle of asthmatics being hyper-
responsive and having a greater abundance of mast cells and 
their mediators close by  [48] . Th us treatment that reduces the 
source (e.g. ICS), or production (fi sh oil diet), of mediators 
or their release (� 2 -agonists, SCG, nedocromil sodium), or 
their contractile action on smooth muscle (� 2 -agonists, leu-
kotriene antagonists, histamine antagonists), are eff ective in 
inhibiting or preventing EIB        [22-28]  ( Fig. 38.6   ).  

    OPTIMIZING PROTOCOLS TO IDENTIFY EIB 

   Th e benefi t of optimizing an exercise protocol as a pro-
vocative stimulus for inducing an attack of asthma is that it 
provides a simple and inexpensive method to monitor treat-
ment of asthma and can be utilized by both the patient and 
their doctor  [49] . 

   An exercise load that increases heart rate to 95% pre-
dicted maximum  [32] , and ventilation to  � 17.5      �      FEV 1  in 
l/min within a few minutes, and one that can be sustained 
for at least 6–8       min whilst breathing dry air, is more likely 
to provoke EIB than protocols using a lower intensity of 
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exercise for a longer duration  [50] . Th ere are, however, dif-
fi culties in achieving optimal conditions to provoke EIB, 
particularly in fi t young adults with normal lung function. 
For this reason many laboratories have abandoned exercise 
in preference to using EVH or other surrogates to identify 
EIB ( Table 38.1   ). 

   Th e protocol for EVH requires the subject to ventilate 
dry air containing 5% CO 2  for 6       min  [51] . An  “ untrained ”  
person can easily hyperventilate at 21      �      FEV 1  l/min for 
6       min without respiratory muscle fatigue and a  “ trained 
subject ”  can usually achieve and maintain a ventilation of 
30      �      FEV 1  l/min  [52] . 

   Other surrogates used to identify EIB include inha-
lation of aerosols of 4.5% saline or dry powder mannitol 
that increase osmolarity and cause release of mediators 
           [53–56] . Some patients with COPD have been shown to 
have asthmatic responses to hyperosmolar agents        [57, 58]  
even though they occasionally asthmatic responses to dry 
air challenge  [59] .  

    REFRACTORINESS TO THE BRONCHO-
CONSTRICTING EFFECTS OF EXERCISE 

   Protocols that use a progressive increase in workload (e.g. 
10 or 20       W increments each minute) to maximum work-
ing capacity are inappropriate to identify EIB likely due to 
refractoriness developing at the lower workloads. Th is was 
recognized many years ago when these protocols became 
popular in laboratories for assessing both heart disease and 
lung disease in children and adults. Similarly submaxi-
mal exercise for 20       min  [60] , or multiple warm up sprints 
of 30       s duration  [61] , induce refractoriness to an optimal 
stimulus. Even when an optimal stimulus is used to provoke 
EIB, 50% of subjects become refractory for about 2       h  [62] . 
Refractoriness also develops to the eff ects of EVH when 
ventilation is increased progressively  [63]  so single stage 
protocols are recommended  [51] . 

   Prostaglandins and leukotrienes (LTs) are thought to be 
important in protecting the airways and for inducing a state 
of refractoriness  [64] . Th e evidence for this is the absence of 
refractoriness following treatment for a few days with clini-
cally recommended doses of non-steroidal anti-infl ammatory 
agents, such as indomethacin  [65] . Th e role of these mediators 

might be to increase the rate of return of water to the airway 
surface, probably by increasing bronchial blood fl ow. In this 
way the osmotic threshold for mediator release from mast 
cells may not be reached either during warm up exercise or 
later when an optimal exercise stimulus is used. Th e capacity 
of the epithelium to produce and release protective mediators 
may also be related to the extent to which the epithelium is 
injured in response to the hyperpnea of dry air  [66] . It is also 
likely that the increase in tidal volume causes stretch on the 
bronchial smooth muscle reducing the  “ latch state ”  and mak-
ing it less responsive to a subsequent stimulus  [13] .  

    INFLAMMATORY MARKERS AND EXERCISE 
AND EIB 

   Exercise can enhance transcription of two genes coding for 
5-lipoxygenase (ALOX5) and ALOX5-activating pro-
tein leading to increased levels of LTB 4  and leukotriene C 4  
(LTC 4 ) in plasma  [67] . Leukotrienes sustain bronchocon-
striction following exercise in asthmatics  [68]  and they may 
contribute to EIB in elite athletes  [34] . A mast cell-derived 
mediator of importance in EIB is prostaglandin D 2  (PGD 2 ), 
usually reported as its metabolite 9 α , 11 β -PGF 2   [69] . 
Histamine is a less potent mediator of EIB, but unlike the 
PGs and LTs it is preformed in mast cells and thus is likely 
to contribute to the reduction in lung function that occurs 
immediately after exercise        [9, 70] . It is however, the LTs and 
PGDs that sustain the fall in lung function after exercise and 
this is the reason that antihistamines are not useful as a single 
therapy for controlling EIB in most asthmatics  [71] . 

   Th e role of neuropeptides in EIB has not been well stud-
ied although the data are supportive and fl uctuations in osmo-
larity of the airway surface could stimulate their release  [72] . 
Recent data suggest an association between increase in neu-
rokinin A levels in induced sputum and cysteinyl LTs in spu-
tum following exercise in subjects with EIB  [73] . 

   Eosinophils are a potential source of LTs and increased 
numbers in sputum  [74]  and blood  [75]  are associated with 
presence of EIB independently of the presence of atopy. 
An acute increase in the percentage of eosinophils has been 
reported after exercise        [76, 77] . 

   Th e percentage of columnar epithelial cells in sputum 
relates to severity of EIB  [66] , and the concentration of 
these cells is higher in asthmatic subjects with EIB com-
pared with asthmatics without EIB  [78] . 

   Th e severity of EIB is related to the degree of atopy. 
Th is is unsurprising in that atopy is an indirect marker of 
IgE on mast cells and it is the mediators from these cells 
that are implicated in EIB. Th e presence of IgE on mast 
cells renders them less stable to hyperosmotic stress  [45] . 

   Th e severity of EIB is also related to concentration of 
expired nitric oxide (eNO) although this appears to be true only 
for atopic subjects and thus may be an epiphenomenon  [79] . 
A value for eNO      �     25       ppb has a negative predictive value of 
100% for EIB but a positive predictive value of only 28%  [80] . 
Severity of EIB is related to markers of vascular permeability 
and vascular endothelial growth factor  [81] .  

 TABLE 38.1          Challenge tests that can be used as a surrogate for exercise 

to identify EIB  .

   The surrogate stimuli (eucapnic voluntary hyperpnea with dry air, 

hyperosmolar aerosols of salt or mannitol) are easy to perform. 

      ●       These stimuli can be easily repeated for monitoring the response to 

treatment.  

      ●       These stimuli are more potent than exercise so false negative results 

are less likely.  

      ●       Some tests (e.g. mannitol) are portable and provide a common 

operating standard and can be performed at the point of care.  

      ●      Less expensive in manpower than fi eld testing.    
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    EXERCISE AND THE PERSON WITH COPD 

   COPD is characterized by airway infl ammation and air-
fl ow limitation that is not fully reversible. Despite optimal 
medical management, people with COPD have signifi cant 
abnormalities in exercise capacity and ability to participate 
in everyday life. Often, the presenting symptom is breath-
lessness on exertion. Breathlessness during activity is evi-
dent in everyday life and varies with disease severity, with 
those with mild disease only experiencing breathlessness 
at high levels of exertion, whereas those with moderate to 
severe COPD becoming breathless during everyday tasks. In 
terms of the World Health Organization descriptors  [82] , 
the  “ impairments ”  (i.e. the physiological and anatomical 
changes) resulting from COPD lead to  “ activity limitation ”  
(inability to perform daily tasks or activities), and  “ partici-
pation restriction ”  (inability to contribute fully in societal 
roles such as work and recreation). 

   Th e impairments that lead to exercise intolerance and 
activity limitation are related to the eff ects of COPD on the 
ventilatory, cardiovascular, and muscular systems. 

    Ventilatory limitations to exercise 

    Flow limitation and altered mechanics 

of breathing 

   Th e increased airway resistance and expiratory fl ow limita-
tion that occurs in COPD results in hyperinfl ation at rest. 
Th is alters the length–tension relationship of the respiratory 
muscles (i.e. muscles are in a more shortened position) which 
places them at a mechanical disadvantage. During exercise, 
ventilation increases (via increases in tidal volume and inspira-
tory and expiratory fl ow rates) to meet the metabolic demands. 
Th e need for increased fl ow rates in the presence of expiratory 
fl ow limitation results in further hyperinfl ation during exercise 
(i.e. dynamic hyperinfl ation) which is measured as a decrease 
in IC, the corollary of which is an increase in end-expiratory 
lung volume EELV ( Fig. 38.7   ). Such dynamic hyperinfl ation 
further impacts on respiratory muscle length–tension relation-
ships as well as limiting the tidal volume response to exercise, 
resulting in a greater respiratory eff ort to achieve a given tidal 
volume ( V  T ) ( Fig. 38.8   ). 

   At low levels of exercise, dynamic hyperinfl ation 
may enable higher fl ow rates and greater tidal volume than 
would have been possible without dynamic hyperinfl ation, 
allowing exercise to continue. With increasing intensity 
of exercise the inability to further increase ventilation due 
to expiratory fl ow constraints becomes a limiting factor. A 
measure of this ventilatory limitation is the ratio of peak 
exercise ventilation to maximum voluntary ventilation ( V  E /
MVV). A  V  E /MVV ratio above 0.9, while heart rate and 
other physiological functions are below maximal capac-
ity, suggests severe ventilatory constraints to exercise  [83] . 
However, since the estimate of MVV is usually obtained 
from resting measures this approach to the determination 
of ventilatory limitation may be imprecise. 

   Altered mechanics of breathing in COPD may also 
impact on the capacity for arm exercise, especially in those 
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 FIG. 38.8          Ventilatory factors leading to dyspnea and exercise limitation 

in COPD. Ppl: pleural pressure as a measure of inspiratory eff ort;  V  T : tidal 

volume;  V CO 2 : carbon dioxide production; O 2 : oxygen;  V / Q : ventilation/

perfusion;  V  E : ventilation;  V  D : dead space.    

with severe hyperinfl ation. Arm elevation reduces the ability 
of the accessory muscles to contribute to breathing due to 
involvement in the arm task  [84] . Th is shifts more of the 
respiratory work to the diaphragm which is already short-
ened due to hyperinfl ation, and thus is less eff ective in 
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responding to the added respiratory load. Dynamic hyper-
infl ation during arm exercise          [85–87]  and a higher EELV 
with arms elevated  [86]  may also contribute to exercise lim-
itation, although this has not been examined in detail.  

    Increased work of breathing 

   Compared to the healthy population, respiratory muscle work 
during exercise is greater in people with COPD to overcome the 
increased airway resistance. In addition, due to dynamic hyper-
infl ation, elastic work increases as tidal volume ( V  T ) nears total 
lung capacity (TLC). It has been shown that the oxygen con-
sumption of the respiratory system in COPD during exercise 
may be 35–40% of total body oxygen consumption ( V O 2 )  [88] . 
Such a large oxygen demand by the respiratory muscles may 
lead to a higher carbon dioxide production ( V CO 2 ) for a given 
level of lower limb exercise, further increasing ventilation, as 
well as possible diversion of blood fl ow from the lower limb 
muscles to meet respiratory muscle requirements. Indirect evi-
dence for blood fl ow diversion comes from studies in healthy 
subjects  [89]  and in COPD  [90] .  

    Gas exchange abnormalities 

   Gas exchange abnormalities arise from alveolar and capil-
lary bed destruction leading to increased physiological dead 
space (i.e. a high dead space to tidal volume ratio ( V  D / V  T ) 
and ventilation–perfusion ( V / Q ) mismatch. Th e high  V  D / V  T  
means that there is an increased requirement for ventilation 
for a given level of  V CO 2 , while the  V / Q  mismatch results in 
oxygen desaturation which may further increase ventilatory 
demand  [83] . An added consequence of hypoxia is increased 
ventilatory drive resulting from early onset of lactic acidosis. 

   Th e above anatomical and physiological changes (i.e. 
the impairments) in the ventilatory system that result in 
dyspnea and exercise limitation are depicted in  Fig. 38.8 .   

    Cardiovascular constraints to exercise 

   Besides ventilatory constraints to exercise, people with 
COPD commonly have coexisting cardiovascular constraints. 
Cardiac output may be reduced due to a reduction in right 
ventricular stroke volume related to (1) increased pulmonary 
vascular resistance from hypoxic vasoconstriction and/or loss 
of capillary bed and vascular restructuring; (2) a reduction 
in right heart pre-load from decreased venous return conse-
quent to hyperinfl ation  [91] . Such reductions in cardiac out-
put may limit blood supply, and thus oxygen availability, to 
the exercising muscles, with consequent early onset of lactic 
acidosis  [92]  adding to the constraints to exercise in COPD.  

    Skeletal muscle dysfunction and exercise 

   Skeletal muscle dysfunction in COPD may occur as a con-
sequence of deconditioning related to inactivity caused by 
exertional dyspnea. In approximately 40% of patients with 
COPD the main symptom limiting exercise is leg fatigue. 
Besides deconditioning, other factors such as malnutrition, 
skeletal muscle myopathy, low levels of anabolic hormones, 
systemic infl ammation, corticosteroid use, aging, and 

hypoxia may contribute to skeletal muscle dysfunction  [93] . 
Th e physiological abnormalities evident in skeletal muscle 
of people with COPD are reduced oxidative enzyme capac-
ity  [94] , reduced muscle fi ber capillarization  [95] , atrophy 
of Type I  [96]  and Type IIa muscle fi bers. Combined, these 
abnormalities result in lactic acidosis at lower levels of exer-
cise and a reduced exercise endurance capacity compared to 
healthy people        [97, 98] . Muscle mass and strength are also 
reduced in people with COPD. Importantly, some of these 
abnormalities can be partially reversed by exercise training. 

   Interestingly, skeletal muscle dysfunction is less evi-
dent in arm muscles compared to leg muscles in COPD  [99]  
and therefore limitation of upper limb exercise capacity 
is more likely due to alterations in mechanics of breath-
ing, described previously, than to skeletal muscle dysfunc-
tion. Maintenance of arm skeletal muscle function has 
been attributed to the requirements to continue performing 
upper limb tasks for daily functional activities, while lower 
limb activity can be more easily reduced, leading to decon-
dition. However, further research is required to validate this.   

    INTERVENTIONS TO IMPROVE EXERCISE 
CAPACITY IN COPD 

   Interventions that can either decrease ventilatory demand 
or that can increase ventilatory capacity may improve the 
ability of people with COPD to exercise. 

    Interventions that reduce ventilatory 
demand 

    Exercise training 

   Lower limb endurance exercise training is eff ective in improv-
ing exercise capacity and quality of life and reducing exertional 
dyspnea in people with COPD  [100] , largely due to physi-
ological changes that decrease ventilatory demand at a given 
level of exercise. Th ese physiological changes include increases 
in muscle fi ber capillarization  [101] , mitochondrial density, 
and muscle oxidative/metabolic capacity          [102–104] . Such 
training adaptations improve the aerobic capacity of the mus-
cle, delaying the onset of lactic acidosis and, as such, reduce 
the ventilatory requirements for exercise at equivalent pre-
training work rates  [92] . Th is is refl ected in the ability of peo-
ple with COPD to perform equivalent work rates for longer 
after training as well as achieving higher peak work rates  [92]  
and translates into a reduction in  “ activity limitation ”  and 
 “ participation restriction ”  and improved quality of life. 

   Th e endurance exercise prescription in terms of the 
mode of training (cycle, treadmill, etc.) the intensity (high 
or low), duration of a training session, frequency of train-
ing, and the length of the program has generated a great 
deal of research, much of which is outlined in the major 
recent guidelines of on Pulmonary Rehabilitation              [105–
109]  and Chapter 58  . Information on the practical applica-
tion of exercise training in COPD patients can be accessed 
through the Pulmonary Rehabilitation Toolkit ( http://www.
pulmonaryrehab.com.au ). 

http://www.pulmonaryrehab.com.au
http://www.pulmonaryrehab.com.au
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   It should be noted that while exercise training is con-
sidered the key component to achieve changes in exercise 
capacity and quality of life, exercise training often occurs as 
part of a comprehensive pulmonary rehabilitation program 
which includes education, anxiety and dyspnea manage-
ment, smoking cessation support, and nutritional advice. 
Th ese additional components of pulmonary rehabilitation 
may enhance the outcomes of training regimen. 

   In addition to lower limb training, endurance training 
of the upper limb using either supported arm exercise (arm 
cranking) or unsupported arm exercise (free weights) has 
been shown to reduce ventilatory demand and improve arm 
exercise capacity        [110, 111] . Such improvements are task 
specifi c  [112] , therefore exercise mimicking daily activities, 
which are mostly unsupported arm tasks, are recommended 
for inclusion in exercise training programs        [108, 109] .  

    Supplemental oxygen 

   During exercise gas exchange abnormalities result is oxygen 
desaturation in COPD patients with severe disease, with 
consequent increases in ventilation (through earlier pro-
duction of lactate) and higher dyspnea levels  [83] . Acute 
oxygen supplementation during exercise in COPD reduces 
ventilatory demand for an equivalent work rate as well as 
reducing EELV  [113]  and exercise-induced pulmonary 
hypertension  [114] , and improving leg blood fl ow  [90] . All 
these factors contribute to an increased exercise capacity 
and reduced dyspnea. However, no signifi cant relationship 
has been found between exercise desaturation on room air 
and improvement in exercise capacity with supplemental 
oxygen        [114, 115] , suggesting that responses to oxygen sup-
plementation need to be assessed on an individual basis. 

   Th e eff ect of oxygen supplementation during exercise 
training in COPD subjects who desaturate during exercise has 
been equivocal, with most studies showing no greater improve-
ment in exercise capacity compared with exercise training on 
room air  [109] . However, one study of oxygen supplementa-
tion during exercise training in nonhypoxaemic COPD sub-
jects, demonstrated signifi cantly greater improvements in 
endurance exercise time in the oxygen trained group, most 
likely related to the higher training intensities achieved  [116] . 
Further studies are required to validate the eff ectiveness of 
similar exercise training protocols using supplemental oxygen 
in COPD subjects who desaturate during exercise.  

    Strength training 

   Although strength training does not results in reduced venti-
latory demand per se it had been included in this section, since 
the short bouts of this form of exercise induce lower ventila-
tory demand and dyspnea compared to endurance training 
and are usually well tolerated by people with COPD  [117] . 

   Reductions in skeletal muscle strength are evident in 
people with COPD and may aff ect their ability to perform 
functional activities as well as increase the risk of falls; how-
ever, the latter has not been specifi cally studied in the COPD 
population. Whether improvements in muscle strength 
gained by resistance training programs  [118]  translate into 
improved exercise capacity is not clear. Signifi cant improve-
ments in cycle endurance capacity were demonstrated in 
studies comparing strength training with no intervention 

       [119, 120] . However, the gains in endurance capacity from 
strength training were small compared to those that could be 
elicited from endurance training        [119, 120] .   

    Interventions that increase ventilatory 
capacity 

    Bronchodilator therapy 

   In general, lung function is poorly correlated with exer-
cise capacity in COPD. However, as one of the main 
factors limiting exercise in COPD is expiratory fl ow limi-
tation, medications such as inhaled anticholinergic and  β  2 -
sympathomimetic agents, that reduce airway resistance, 
may improve exercise capacity in COPD. Bronchodilator 
medication delivered prior to exercise has been shown to 
decrease resting hyperinfl ation and dynamic hyperinfl ation 
during exercise, which correlated strongly with improved 
exercise capacity in severe COPD despite minimal change 
in spirometry  [121] . A recent study of bronchodilator 
therapy prior to exercise combined with supplemental oxy-
gen during exercise has shown an additive eff ect on exer-
cise endurance, due to the combined physiological eff ects of 
reduced hyperinfl ation and reduced ventilatory drive  [122] .  

    Non-invasive ventilation 

   In people with severe COPD, positive pressure non-invasive 
ventilation reduces respiratory muscle load and prolongs the 
tolerance to lactic acid accumulation resulting in a reduc-
tion in dyspnea and improved exercise duration  [123] . 
Exercise training using non-invasive ventilation in such 
patient groups, especially those with a ventilatory limita-
tion to exercise, enabled higher training intensities to be 
achieved resulting in a reduction in lactate at equivalent 
workloads and greater improvements in exercise capacity in 
the intervention group          [124–126] . Th e clinical signifi cance 
of this form of intervention in terms of improvements in 
functional capacity and quality of life, as well as the cost-
eff ectiveness has yet to be determined.  

    Lung volume reduction surgery 

   Lung volume reduction surgery (LVRS), the removal of 
areas of emphysematous lung tissue, increases static lung 
recoil, thus reducing fl ow limitation and dynamic hyper-
infl ation  [127] . Combined with post-operative exercise 
training, LVRS improved exercise capacity for both lower 
limbs  [128]  and upper limbs  [129] . Th e improvements 
in exercise capacity were additional to those gained from 
pre-surgery exercise training. LVRS is mostly eff ective in 
selected patients with upper-lobe emphysema and persist-
ent low exercise capacity after an exercise training program.  

    Body positioning 

   Th e lean forward position with shoulder girdle fi xation 
is often adopted by people with COPD when breathless. 
Leaning forward has been shown to reduce accessory mus-
cle activity, increase transdiaphragmatic pressure, increase 
maximum inspiratory pressures, and reduce dyspnea at rest in 
COPD subjects with severe disease        [130, 131] , presumably by 
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increased abdominal pressure improving the length–tension 
relationship of the diaphragm in people who are hyperin-
fl ated. Shoulder girdle fi xation allows the accessory muscles 
to function with reverse origin and insertion (i.e. rather than 
acting to move the arm on a fi xed torso these muscles can act 
to move the ribs in an inspiratory direction). Shoulder girdle 
fi xation has been shown to improve MVV, potentially reduc-
ing the ventilatory constraint to exercise  [132] . Some evidence 
that the lean forward position with shoulder fi xation can 
enhance exercise capacity in people with COPD comes from 
studies of rollator walking which have shown improved func-
tional exercise capacity and a reduction in dyspnea        [132, 133] .  

    Breathing strategies 

   Pursed-lip breathing is another strategy adopted spontane-
ously by people with severe COPD to prolong active expi-
ration and limit airway collapse. Pursed-lip breathing at 
rest has been shown to reduce EELV  [134]  which could 
potentially increase ventilatory capacity. However, volitional 
pursed-lip breathing during exercise has not been shown to 
increase exercise capacity in people with COPD  [135] . Th e 
variable response to volitional pursed-lip breathing during 
exercise suggests that benefi t may only occur in those who 
spontaneously adopt pursed-lip breathing.  

    Respiratory muscle training 

   Respiratory muscle weakness is evident in a subgroup 
of people with COPD. Th e impact of inspiratory mus-
cle weakness on exercise capacity is unclear and may only 
be important if such weakness reduces ventilatory capac-
ity such that it is a factor limiting exercise. Improvements 
in exercise capacity gained with inspiratory muscle train-
ing are signifi cantly less than those gained with lower limb 
endurance training  [136] . However, a number of studies 
have shown that the addition of inspiratory muscle train-
ing to a lower limb training program improved functional 
exercise capacity above that gained from lower limb train-
ing alone        [137, 138] . Inspiratory muscle training for people 
with COPD may only be of benefi t in those with suspected 
or proven respiratory muscle weakness  [108]  and current 
guidelines do not support routine inclusion of this type of 
training for people with COPD  [109] .     
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C H A P T E R             Atmospheric Pollutants 

   In the 1940s and 1950s, air pollution was a fact 
of life in industrialized cities, but the true extent 
of its health risks was not appreciated until 
the London Fog Incident of 1952  [1] , which 
caused 4000 excess deaths largely from cardiac 
disease, bronchitis, or pneumonia. At the time, 
it was believed that the combination of particles 
and SO 2  was the cause of such eff ects, but sub-
sequent reanalysis of these historical data sug-
gested that the acidity of the aerosol could have 
been the major contributor to mortality  [2] . 
As the Clean Air Act of 1956 began to reduce 
black smoke levels, day-to-day changes in pol-
lution had progressively less impact on symp-
toms in chronic bronchitis  [3]  and the advice 
given to Government was that air pollution 
would never again represent a risk to human 
health, even though studies of urban compared 
with rural areas showed a higher prevalence of 
productive cough in urban areas  [4] . However, 
by the late 1970s such reassurance was being 
questioned as vehicle-generated air pollution 
was being shown to impact on human health. 

    CURRENT POLLUTANT EXPOSURES   

   Th e air pollutants relevant to asthma and chronic 
obstructive pulmonary disease (COPD) are: 

      ●      sulfur dioxide (SO 2 )  

      ●      nitrogen dioxide (NO 2 )  

      ●      ozone  

      ●      particles    

   Levels of these pollutants vary worldwide 
and health-based air quality standards have 
been produced by many individual countries or 

agencies ( Table 39.1   ). Th ese give an indication 
of the levels to which populations are currently 
exposed, although levels exceeding these are 
commonplace in large cities. Th e time frame for 
these standards varies between pollutants. For 
example, the UK air quality standard for SO 2  
is 100       ppb over a 15-min sampling time frame, 
because of its ability to cause acute bronchoc-
onstriction in asthma, whereas the standard for 
ozone is based on 8       h, being the timescale in 
which ozone is formed during sunlight. 

    Sources of gaseous pollutants 

   Th e main source of SO 2  is the burning of fos-
sil fuel in coal-fi red power stations, domestic 
fi res, or industrial processes with a variable con-
tribution from sulfur-containing engine fuels. 
NO 2  is largely derived from vehicle emissions, 
although the highest individual exposures are 
from gas appliances indoors. Ozone is a second-
ary pollutant formed by the action of ultraviolet 
light on components of vehicle exhaust.  

    Sources of particulate pollutants 

   Th e main sources of particles are vehicle emis-
sions. Particles are often measured by a refl ect-
ance method, black smoke (BS) which, while 
simple and cheap has been superceded by a 
mass measure of particles either using a high 
volume fi lter system or a TEOM (tapered ele-
ment oscillating microbalance). Th is produces 
measures such as PM 10  (particles broadly 
 � 10        μ m in diameter) or PM 2.5  ( � 2.5        μ m in 
diameter), depending on the size of the air inlet. 
Th ere is some evidence that at least part of the 
toxic fraction of particles resides in the ultrafi ne 
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in the lung is now not held. Once penetrating to the distal 
lung, some particles will deposit and will either be taken up 
by alveolar macrophages or become interstitialized. 

   Deposition of gases will depend on, amongst other 
things, gas solubility, minute ventilation, and the presence 
of airfl ow obstruction. Th e endogenous antioxidant systems 
(largely urate in the nose and glutathione nitrate/nitrite in 
the lower respiratory tract) will, up to certain concentra-
tions, counteract the proinfl ammatory eff ects of oxidant 
gases (ozone and NO 2 ) thus also altering the exposure of 
the epithelium to the inhaled gas.   

    ASSESSING THE HEALTH EFFECTS OF 
AIR POLLUTANTS 

    Health eff ects of air pollution 

   Exposure to air pollutants can result in: 

      ●      acute, or day-to-day eff ects;  

      ●      chronic eff ects;  

      ●      latent eff ects.    

 TABLE 39.1          Air quality standards  .  

     WHO (2005 revision)  EC  UK 

    Sulfur dioxide        

   10       min  500        μ g/m 3      
   15       min  –    100       ppb (286        μ g/m 3 ) 

   24       h  125        μ g/m 3  (interim target 1) 20        μ g/m 3  (AQS)     
   Annual  Now not needed as adherence to the 24-h

standard will control annual exposures 

 48.8       ppb if smoke  � 60        μ g/m 3    

       67.5       ppb if smoke  � 60        μ g/m 3    

    Nitrogen dioxide        

   1       h  200        μ g/m 3   70.6       ppb (133        μ g/m 3 ) a   150       ppb (282        μ g/m 3 ) 

   Annual  40        μ g/m 3   26.2       ppb (49        μ g/m 3 ) b    

    Ozone        

   8       h moving average  100        μ g/m 3   55       ppb (110        μ g/m 3 )  50       ppb (100        μ g/m 3 ) 

    Particles        

   24-h mean  PM 10  50        μ g/m 3

 PM 2.5  25        μ g/m 3  

 PM 10  80        μ g/m 3   PM 10  50        μ g/m 3   c  

   Annual mean  PM 10  20        μ g/m 3 

PM 2.5  10        μ g/m 3  

    

  EC: European Community; UK: United Kingdom; WHO: World Health Organization.  

  a   98 percentile.  

  b   50 percentile.  

  c   Currently under revision to a PM 2 5  standard.  

fraction ( � 100       nm). Th e relevance of the surface chemistry 
of particles in terms of health eff ects is now recognized and 
the need for a measure of particle surface area has arisen. 
Th is is diffi  cult, but particle numbers can be used as a sur-
rogate measure, and there is some evidence that this metric 
relates to health eff ects.  

    Exposures 

   Exposure of an individual to pollutants is only very crudely 
estimated by levels obtained from sentinel monitoring sites, 
which do not take into account indoor levels of pollutants and 
factors, such as personal activity and preexisting lung disease, 
which will aff ect the amount of a given pollutant inhaled. 

   Particles, once emitted, agglomerate to produce sec-
ondary particles of varying size and shape and undergo 
chemical reactions depending on the emission source and 
the atmosphere into which they are emitted. Th ere are 
marked diff erences in the deposition of particles by size both 
regionally in the lung and with respect to the airway level at 
which deposition occurs. Larger particles ( � 10        μ m in diam-
eter) mostly impact in the upper airways with those in the 
respirable range ( � 7.2        μ m) penetrating deeper ( Fig. 39.1   ). 
Th e belief that ultrafi ne particles ( � 1        μ m) do not remain 
in the lung and are simply breathed out again l eaving none 
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   Acute eff ects occur in patients with preexisting dis-
ease, while chronic eff ects may impact on patients who are 
apparently disease-free prior to exposure. Th e major at-risk 
groups for acute eff ects are patients with asthma or COPD, 
although both deaths and hospital admissions for patients 
with cardiac disease increase on days of higher particulate 
levels  [5] . While the cardiac eff ects will not be covered here, 
the frequent coincidence of coronary heart disease and 
COPD means that patients with COPD may be aff ected 
by air pollution more through their cardiac than their pul-
monary disease.  

    Methods of assessment of health eff ects 

          ●      Epidemiological studies provided the fi rst evidence 
of and quantifi ed, to an extent, the adverse health 
eff ects of air pollution. Time series studies of routinely 
collected data (mortality, hospital admissions) and 
panel studies of putative susceptible groups (asthma, 
COPD) have provided information across a range of 
severities.  

      ●      Experimental studies in man have relied on controlled 
laboratory exposure of volunteers (almost exclusively 
normal subjects or patients with mild asthma) to specifi c 
pollutants, on  in vitro  work on cells obtained from nasal 
or bronchoalveolar lavage (BAL) and studies of cultured 
cell monolayers.  

      ●      Animal studies can be used for the study of more 
prolonged exposures than is possible with man. 
Experimental and animal studies both have the benefi t 
of being able to study specifi c, controlled exposures of 
single or combined pollutant exposures.  

      ●      Computer modeling can predict outcomes providing the 
specifi c exposure characteristics of the pollutant(s) and 
recognized coexposures (e.g. meteorological variables) 
and host factors (e.g. exercise) are known.    

   Most health eff ects of air pollutants are respiratory 
although in COPD these are limited to mortality and hos-
pital admissions as there are no contemporary panel stud-
ies of well-characterized patients with COPD and little 
human challenge evidence. In asthma, in contrast, there is 
a  substantial body of evidence ranging from hospital admis-
sions to challenge studies.  

    Responses to an air pollutant 

   Individual response to an air pollutant is aff ected by many 
factors ( Table 39.2   ). Where possible these need to be 
allowed for when assessing the eff ects of a specifi c pollutant, 
usually by complex statistical manipulation of the data  [6] . 
Th e observation of an eff ect will depend on whether there is 
a threshold for an eff ect which will always be present at an 
individual level but which may be more diffi  cult to deter-
mine for populations.   
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    CHRONIC EFFECTS OF AIR POLLUTION 

   Th e importance of a possible chronic eff ect of exposure to 
air pollution is that it brings more members of the popula-
tion into the subpopulation susceptible to triggering by air 
pollutant exposure. At present, the evidence for air pollution 
contributing to the prevalence of both COPD and asthma 
is not compelling. However, it is generally believed that the 
chronic eff ects of air pollution may prove to be, at least in 
public health terms, more important than the acute eff ects. 
A chronic eff ect can best be identifi ed either from prospec-
tive, longitudinal studies such as the US Six Cities Study  [7]  
and the American Cancer Society Study  [8] , from cross-
sectional studies comparing prevalence between areas of dif-
fering pollutant exposure or from life-table analysis  [9] . All 
types of study are open to the criticism that early life pollut-
ant exposures could have contributed to later life symptoms 
and morbidity, but are the best currently available methods 
for assessing chronic eff ects. 

    Asthma 

   In some cases, serial cross-sectional studies have provided 
important insights into changes in respiratory disease in 
the face of alterations in pollutant exposures. Th e German 
pre- and post-reunifi cation studies        [10, 11]  have demon-
strated that, with marked reductions in black smoke and 
SO 2  levels (although no change in NO 2  levels) in what was 
previously East Germany, the prevalence of episodes of bron-
chitis in children has fallen. Asthma prevalence has, however, 
remained unchanged at a lower level than in the old West 
Germany, although both hay fever and eczema have begun to 
increase. Th e implications of these fi ndings are still unclear. It 
is likely that the higher levels of SO 2  and black smoke expe-
rienced in East Germany before r eunifi cation contributed 
to sputum production and episodes of bronchitis, in parallel 
with the pattern of symptoms seen in industrialized cities in 
the Western world up to the 1960s. Whether these exposures 

protected the airway against asthmagenic stimuli is debatable. 
Any such eff ect may take longer to be expressed than we have 
had time to observe to date, but the change in hay fever rates 
does suggest that allergic conditions may be emerging as a 
result of this diff ering exposure, although indoor exposures 
and possible changes in diet may also be playing a part. 

   Th e studies of Seventh Day Adventists  [12]  (a non-
smoking population) suggest that chronic exposure to dif-
ferent components of the pollutant mix may result in an 
increased incidence of new cases of diagnosed asthma over 
time, but these are isolated fi ndings in an unusual population 
and it is diffi  cult to extrapolate these fi ndings more widely.  

    Chronic obstructive pulmonary disease 

   Th e evidence for pollution contributing to the prevalence 
of COPD is limited to studies from the early 1960s in the 
United Kingdom  [4] . Th e overwhelming eff ect of cigarette 
smoking as the main cause of this condition means that con-
tributions from other environmental exposures to initiation of 
COPD are diffi  cult to quantify. Th e recent fi ndings that coal-
dust exposure may contribute to chronic productive bronchitis 
and airfl ow obstruction independent of cigarette smoke  [13]  
adds some supportive evidence to the possibility that cur-
rent air pollutant exposure may contribute to the prevalence 
of COPD, although the character of the particulate exposures 
is clearly greatly diff erent both in amount and in type. Th ere 
are more recent data from Germany which suggests that in 
women living near busy roads, COPD is more prevalent.   

    ACUTE EFFECTS OF AIR POLLUTION 

    Asthma 

    Panel studies 

   Panel studies of children with asthma, mostly from North 
America, have shown small day-to-day changes in peak fl ow 
and symptoms  [14] , the most frequently reported pollutants 
associated with eff ects being NO 2 , ozone, and particles. On 
average, inhaler use and symptoms increase by around 3% 
for every 10        μ g/m 3  rise in PM 10  with a less than 1% fall in 
peak fl ow for the same change  [14] . However, not all stud-
ies show such eff ects and the PEACE study from Europe 
was essentially negative        [15, 16] . Where they occur, eff ects 
are most marked in children either with more preexisting 
symptoms or who are atopic or both. It is not clear whether 
greater disease severity predicts greater eff ects  [17] . Th ere 
is some evidence to suggest that personal exposure to NO 2  
(most of which is likely to be from indoor sources) may pre-
dispose asthmatic subjects to exacerbations in association 
with respiratory tract infections  [18] .  

    Hospital admissions 

   Hospital admissions for asthma have been shown to be 
related to air pollutant levels on a day-to-day basis both in 

 TABLE 39.2          Factors aff ecting response to air pollutants.  

   Pollutant  Degree of exposure (concentration) 

     Duration of exposure 

   Coexposure  Other pollutants (both indoor and outdoor) 

     Allergens 

     Viral infections 

     Meteorological conditions (e.g. cold air) 

     Degree of physical activity 

     Cigarette smoke (both active and passive) 

   Host factors  Atopy 

     Age (infants, perhaps the elderly) 

     The fetus 

     Preexisting disease state 

     Use of treatment (e.g. bronchodilators) 

     Airfl ow obstruction 

     Bronchial hyperresponsiveness 
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adults and in children        [19, 20] , although not consistently. 
Th is may appear to confl ict with the small eff ects seen in 
the panel studies, although it can be argued that some indi-
viduals may be more likely to be admitted on days when 
other asthmagenic factors combine to produce an attack if 
they are concurrently exposed to higher levels of pollution.  

    Mortality 

   No relationship has been shown between death from asthma 
and day-to-day changes in air pollution although the num-
bers of asthma deaths occurring in a city on a given day are 
so few that a small eff ect might yet exist.  

    Episodes 

   Episodes of air pollution might in theory result in asthma 
deaths or hospitalization. Th e London smog of 1952  [1]  
resulted in many deaths from bronchitis, but no clear 
e vidence of an eff ect in asthma. Th e more recent 1991  [21]  
episode in the same city (where the sources of pollutants were 
quite diff erent) showed no eff ect on any index of asthma, 
suggesting that any eff ect that might have occurred would 
have been in terms of small changes in symptoms rather than 
severe attacks.     

    Chronic obstructive pulmonary disease 

    Panel studies 

   Th ere is limited information on day-to-day changes in clini-
cal state in patients with COPD. Th ere is some evidence for 
changes in symptoms in relation to particles and treatment 
use in relation to NO 2  and for changes in lung function 
 [22] . Th ese changes were modest (the lung function change 
amounted to a 0.2% fall in FEV 1  for a 10        μ g/m 3  rise in PM 10 ) 
and changes were either same day eff ects or lagged by 24       h.  

    Hospital admissions 

   Th ere is a consistent eff ect of air pollutant exposure and hos-
pital admissions for COPD from studies across a wide range 
of countries. In the United States, hospital admissions increase 
between 1% and 3% for a 10        μ g/m 3  rise in PM 10   [14] , while 
in Europe, the APHEA studies have shown smaller overall 
eff ects of around 1%        [23, 24] . In most instances particles seem 
to be the most important pollutant, although the London 
study  [25]  showed no eff ect of particles, but an eff ect of ozone 
in the warmer months only. Th ere is a range of eff ects how-
ever, across countries, with eff ects being less marked in eastern 
Europe and more marked in western countries ( Fig. 39.2   ).  

    Mortality 

   Deaths from COPD are similarly associated with pollution 
and the eff ects are usually most strongly seen at lags of around 
3 days  [14]  mediated largely through particles, although SO 2  
also appears to contribute in Europe. On average the increase 
in respiratory mortality for a 10        μ g/m 3  rise in PM 10  is 3.4% 
on a day-to-day basis  [14] , although in those parts of Europe 
where particle exposures are generally higher, this eff ect is less 
marked suggesting a tolerance eff ect        [26, 27] .    

    MECHANISMS OF THE EFFECTS OF AIR 
POLLUTANTS 

    Mechanisms of damage by particles 

   Particles are likely to exert health eff ects via a number of 
mechanisms. One hypothesis is that macrophages become 
overloaded allowing particles to penetrate through the 
 alveolar/bronchiolar wall and become interstitialized  [28] . 
Th is initiates an infl ammatory response which could both 
aff ect gas exchange in COPD and also release prothrom-
bogenic cytokines, which, in an individual with a compro-
mised coronary circulation, could lead to an acute cardiac 
event  [29] . Th e infl ammation may be caused through release 
of free radicals, perhaps because of transition metals on the 
particles        [30, 31]  although just the very small size of the 
particles themselves may be responsible  [32] . Patients with 
COPD have a condition which is almost exclusively caused 
by cigarette smoking and many will thus have coexistent 
atheromatous coronary disease. It is possible, therefore, that 
increase in hospital admissions and deaths seen in patients 
with COPD associated with days of higher air pollution 
might not simply be due to enhancement of airway infl am-
mation or facilitation of microbial pathogenicity, but due to 
cardiac decompensation. 

   Th ere have been few studies of particulate challenge in 
asthma and none in COPD. One series of freshly ge nerated 
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diesel challenges in healthy normal subjects  [33]  has revealed 
infi ltration of infl ammatory cells and increases in some 
proinfl ammatory cytokines, notably IL-8, albeit at high pol-
lutant concentrations which may be of relevance in both the 
asthmatic and COPD settings. For asthma, there is also evi-
dence that diesel exhaust can potentiate the local production 
of specifi c IgE in the nose with an associated shift in T-cell 
patterns compatible with this        [34, 35] .  

    Mechanisms of damage by gases 

    Sulfur dioxide 

   SO 2  is a highly soluble, irritant gas quickly absorbed by the 
respiratory tract. It is a potent bronchoconstrictor in asthma 
particularly with exercise, but there is marked variability in 
the response between individuals, individuals responding to 
between 200       ppb and over 1500       ppb  [36] . An airway eff ect 
is only seen in normal subjects at exposures of 4–5       ppm. In 
asthma SO 2  is thought to activate rapidly adapting recep-
tors (RAR)  [37] , thus leading directly to bronchocon-
striction. Lower doses inhaled at rest (200       ppb) can alter 
autonomic balance in asthma invoking the possibility that 
the gas initially activates neurogenic infl ammation through 
a RAR initiated, vagally mediated refl ex which subsequently 
results in an autonomic modulating response which diff ers 
from that seen in normal subjects  [38] .  

    Nitrogen dioxide 

   Nitrogen dioxide is an oxidant gas which at high concen-
trations can cause acute pulmonary edema (e.g. silo fi ller’s 
disease). At levels usually experienced in ambient air (15–
30       ppb as urban background levels) eff ects are diffi  cult to 
fi nd. At high concentrations (1000–3000       ppb usually with 
exercise) some changes in spirometric indices and bronchial 
hyperresponsiveness (BHR) have been recorded in asth-
matic subjects, but these are of modest degree  [39] . At these 
high concentrations some infl ammatory markers are raised 
in BAL fl uid after challenge in normal subjects, although 
there is considerable inconsistency between studies        [40, 41] . 

   At lower exposures (400       ppb) NO 2  has been shown to 
enhance the acute bronchoconstrictor eff ect of house dust 
mite allergen exposure, both at high dose  [42]  or as repeated 
smaller doses of allergen  [43] . Th is suggests that exposure 
to gaseous air pollutants may exert more subtle eff ects than 
can be identifi ed by epidemiological studies and which con-
sequently may prove very diffi  cult to quantify at a popula-
tion level. Th ere is no evidence that any such potentiating 
eff ects are seen in COPD, for instance with respect to viral 
infections.  

    Ozone 

   Ozone is a highly reactive, oxidant gas and can cause infl am-
matory changes in the bronchial mucosa (largely in the ter-
minal bronchioles) in animals at concentrations similar to 
those which can be experienced in ambient air (80–120       ppb) 
       [41, 44] . With exercise, it can produce similar degrees of 
bronchoconstriction in both normal and asthmatic subjects 
although there are large interindividual variations in response 

 [45] . Ozone can also increase nonspecifi c airway responsive-
ness in both normal and asthmatic subjects in a dose-related 
manner  [46] . Repeated daily exposures of asthmatic subjects 
to ozone lead to progressive loss of the response suggest-
ing tolerance to its eff ects  [47] . Ozone also potentiates the 
bronchoconstrictor eff ect of allergen in asthma either alone 
 [48]  or in combination with NO 2   [49] . Th e infl ammatory 
response to ozone is very variable. Although most studies 
have shown an increase in neutrophils in BAL some, but not 
all, have shown increases in certain adhesion molecules and 
cytokines (notably IL-8)          [41, 50, 51] . Th ere are, however, 
marked interindividual diff erences and any changes in air-
fl ow so induced do not necessarily match changes in infl am-
matory markers which are often present at elevated levels 
some hours after exposure even though the cellular response 
has settled. Th ere is suggestive evidence that patients with 
mild COPD exposed to ozone (along with exercise) at 200–
300       ppb may show small decrements in both lung function 
and oxygen saturations although this needs confi rmation 
with adequately powered studies        [52, 53] .    

    SUMMARY 

   Air pollution can aff ect some patients with asthma, in terms 
of symptoms and hospital admissions although the picture 
varies between countries and perhaps according to severity. 
Th ere is evidence for all components of the pollutant mix to 
be capable of playing a role, although the mechanisms are 
only just being unraveled. For patients with COPD, air pol-
lution increases the risks of hospital admission and death, 
particles being the most important pollutant. Particles may 
exacerbate infl ammation by generation of free radicals, per-
haps through transition metals. Interstitialization of par-
ticles at bronchioloalveolar level may exacerbate COPD 
itself or induce cardiac events by release of prothrombotic 
cytokines.  Figure 39.1  summarizes the possible mechanisms 
of the health eff ects of particles in both COPD and asthma. 

   At present there is no specifi c approach for dealing 
with any air pollution-induced changes in clinical state in 
either asthma or COPD, although increasing inhaled anti-
infl ammatory treatment makes intuitive sense, while avoid-
ing exertion and other known triggers during periods of 
higher air pollution may also be sensible. 

   Th e overall impact on public health of these triggering 
events of air pollution on patients with airway diseases is sig-
nifi cant although may prove to be swamped by the size of the 
chronic eff ects once these are adequately quantifi ed        [54, 55] .   
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C H A P T E R           Drugs 

    NONSTEROIDAL ANTI-
INFLAMMATORY DRUGS 

    Introduction 

   In the early part of the 20th century it was fi rst 
recognized that aspirin could precipitate asthma 
in susceptible individuals  [1] . Similar asthmatic 
reactions were later shown to occur with other 
nonsteroidal anti-infl ammatory drugs (NSAIDs) 
 [2]  and patients with aspirin-induced asthma 
were found to be sensitive to other cyclooxygenase 
(COX)-1 inhibitors. Various terms have been used 
to describe the sensitivity to NSAIDs, includ-
ing aspirin-induced asthma, aspirin-sensitive 
asthma, aspirin hypersensitivity, idiosyncratic 
reaction to aspirin, aspirin intolerance, and non-
allergic hypersensitivity reactions to aspirin and 
NSAIDs  [3] .  

    Prevalence 

   Th e prevalence of hypersensitivity reactions to 
aspirin and NSAIDs in individuals with asthma 
is unclear, with estimates ranging from 4.3% to 
21%          [4–6] . Th e prevalence fi gures are higher 
when determined by oral provocation testing 
(e.g. 21% in adults and 5% in children  [6] ). Oral 
aspirin challenges undertaken in subgroups of 
patients with asthma, nasal polyps, and chronic 
sinusitis attending specialized allergy centers 
provide high positive rates of 30% or greater.  

    Clinical features 

   Aspirin-induced asthma is characterized by 
the development of bronchoconstriction within 

m inutes to several hours after the ingestion of 
aspirin or other NSAIDs        [2, 3] . Th e asthmatic 
reaction can be associated with other symptoms, 
including rhinorrhea, fl ushing, and loss of con-
sciousness, and very rarely the attack may be fatal. 

   In the typical case, symptoms of chronic 
rhinitis are present for many years before asthma 
develops. Th e rhinitis starts as intermittent watery 
rhinorrhea, which develops during the second or 
third decade of life. Th e rhinorrhea becomes pro-
gressively more severe and is complicated by nasal 
polyp formation and sinusitis. On average 2 years 
later symptoms of asthma appear associated with 
the development of acute asthma after the inges-
tion of COX-1 inhibitors. Although in this group 
drugs may precipitate asthma, these patients con-
tinue to have nasal and asthmatic symptoms in 
the absence of ingesting aspirin or other NSAIDs. 
Respiratory symptoms are often chronic, severe, 
and perennial in nature. Individuals with aspirin-
induced asthma are more commonly female. Skin 
tests to common external allergens are positive 
in a third to over a half of subjects. A small per-
centage of patients with aspirin-induced asthma 
also develop associated symptoms of urticaria and 
angioedema after ingestion of aspirin.  

    Diagnosis 

   In most clinical circumstances, the diagnosis is 
based on a history of bronchoconstriction fol-
lowing the ingestion of a COX-1 inhibitor. It 
should be appreciated, however, that a history 
of either the presence or the absence of aspirin-
induced asthma may result in both a false posi-
tive and a false negative diagnosis. For example, 
patients with a history of aspirin-induced asthma 
have a positive oral aspirin challenge in approxi-
mately 60% to over 90% of cases. A negative oral 
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challenge may occur in patients with a history of aspirin-
induced asthma due to changing responsiveness to aspirin, a 
high threshold to aspirin, or a misleading history. 

   Th e only reliable method of establishing a diagnosis 
of aspirin-induced asthma is by aspirin challenge. Oral aspi-
rin challenge is indicated in patients with adult asthma who 
require treatment with an NSAID. Th e oral challenge pro-
cedure has been reported to be safe, if a standardized proto-
col is used        [3, 7] . An alternative but less widely used method 
of detecting aspirin-induced asthma involves administering 
aspirin-lysine by inhalation  [7] . It is claimed that this method 
is safe and when compared to oral challenge the procedure is 
shorter and the reaction is localized to the respiratory tract. 
Aspirin-lysine administered as a nasal challenge has also been 
used to diagnose aspirin-sensitive asthma and this technique 
does not induce bronchoconstriction  [8] . No  in vitro  test is 
currently available to detect aspirin-induced asthma. 

   Tartrazine is a yellow dye used for coloring foods and 
drugs such as confectionery, soft drinks, antibiotics, and 
antihistamines. A number of earlier reports suggested that 
tartrazine caused bronchospasm in some patients with aspi-
rin-induced asthma, but further research has failed to sup-
port any cross-reactivity between tartrazine and aspirin in 
patients with aspirin-induced asthma  [9] .  

    Mechanisms 

    Alterations in the arachidonic acid pathway 

   A characteristic feature of patients with aspirin-induced 
asthma is the occurrence of airway obstruction following 
the ingestion of drugs which inhibit COX-1, the enzyme 
that converts arachidonic acid into prostaglandins (PG) and 

thromboxane. An abnormality in the arachidonic acid path-
way in the respiratory tract of patients with aspirin-induced 
asthma seems to be central to the development of an asth-
matic attack after the ingestion of NSAIDs ( Fig. 40.1   ). In 
support of this hypothesis, the severity of bronchoconstric-
tion induced by aspirin or other NSAIDs, such as indometh-
acin, fl ufenamic acid, and naproxen, is directly proportional 
to their ability to inhibit COX  in vitro.  Furthermore, speci-
mens of nasal polyps removed from patients with aspirin-
induced asthma are more sensitive to the inhibition eff ects 
of aspirin on the COX-1 pathway. 

   Th e infl uence of PG on bronchomotor tone may dif-
fer between patients with or without aspirin-induced asthma. 
Th e control of airway caliber in the latter group could be more 
dependent on the eff ects of PG, such as PGE 2 , either due to 
its direct bronchodilator activity or indirectly by suppression 
of the release of bronchoconstrictor mediators. Alternately, 
the production of PGE 2  may be impaired in these individuals. 
In support of this later mechanism, peripheral blood mono-
nuclear cells release reduced amounts of PGE 2  in patients 
with aspirin-induced asthma  [10] , although a recent clinical 
challenge study with aspirin found that urinary metabolites 
of PGE 2  were not altered in patients with aspirin-induced 
asthma  [11] . Th e expression of the E-prostanoid (EP) 2 
receptor for PGE 2  is reduced in nasal tissue of patients with 
aspirin-induced asthma  [12]  and polymorphisms in the pro-
moter region of the gene coding for the EP2 gene are associ-
ated with sensitivity to aspirin  [13] . 

   Th e lipoxygenase pathway also appears to be abnor-
mal in these individuals, since the synthesis of leukotriene 
(LT) E4 is frequently increased in aspirin-induced asthma 
 [14] , the expression of cys LT 1  receptors is increased in 
nasal infl ammatory cells  [15] , and leukotriene C 4  synthase 
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(LTC 4 S), an enzyme involved in the synthesis of LTs, is 
often overexpressed in eosinophils and in bronchial tissue 
 [16] . Furthermore, genetic polymorphisms of LTC 4 S pro-
moter region have been found in some patients with a spirin-
sensitive asthma  [17] , but this has not been confi rmed in 
other populations  [18] . 

   Taken together, these fi ndings point to abnormali-
ties in the arachidonic acid pathway in patients sensitive to 
NSAIDs in particular impaired PGE 2  synthesis and actions 
and excessive LT synthesis and eff ects. Th ere is, however, an 
overlap in some of the defects in the arachidonic acid path-
way found in patients with aspirin-induced asthma when 
compared with individuals without sensitivity to NSAIDs, 
suggesting that the exact mechanisms underlying aspirin-
induced asthma are not yet fully elucidated.  

    Other mechanisms 

   Th ere is no convincing evidence that aspirin-induced asthma 
is due to IgE-mediated mechanisms. For example, specifi c 
anti-aspiryl IgE antibodies are generally absent and skin 
tests to aspiryl-polylysine are negative in these patients. Basal 
and post-aspirin challenge complement levels are not altered 
in patients with aspirin-induced asthma. Infl ammatory 
mediators are released following aspirin challenge, such as 
neutrophil chemotactic factor, but this is thought to be sec-
ondary to the primary biochemical events.   

    Management 

    Avoidance 

   Patients with a history of acute bronchoconstrictor response 
after the ingestion of NSAIDs must be warned to avoid 
these drugs. If they require a simple analgesic, then acetami-
nophen (paracetamol) is usually safe in doses up to 500       mg. 
Cross-reactivity can occur with high doses of acetaminophen 
(paracetamol), which is a weak inhibitor of COX-1, although 
the respiratory reaction tends to be mild. Th ere is consider-
able data to indicate that COX-2 inhibitors do not induce 
bronchoconstriction in individuals sensitive to aspirin  [19] , 
although a few case reports of reactions have been published. 

   If a patient with aspirin-induced asthma should 
require an NSAID for the treatment of another condi-
tion, such as arthritis, then the patient can be desensitized 
to aspirin. Th is procedure should be undertaken by doctors 
with experience in aspirin challenge.  

    Treatment of respiratory disease 

   Th ese patients often have severe chronic asthma and nasal 
disease, which should be treated along similar lines to that 
of patients with chronic asthma who are not sensitive to 
NSAIDs. Pretreatment with a number of drugs, including 
sodium cromoglycate, the H 1  receptor antagonist clemastine, 
and ketotifen, can inhibit the bronchoconstrictor response 
to aspirin ingestion in patients with aspirin-induced asthma. 
A small percentage of patients with aspirin-induced asthma 
develop bronchoconstriction after an intravenous injection of 
hydrocortisone, and occasionally the bronchoconstriction can 
be severe. Th ese patients do not react adversely to other intra-
venous steroids such as methylprednisolone, dexamethasone, 

or betamethasone. Although cys LTs have been implicated 
in the pathogenesis of aspirin-induced asthma, LT receptor 
antagonists and a 5  
  -lipoxygenase’ inhibitor have not been 
found to be any more eff ective than in nonsensitive asthmatic 
patients  [20] .  

    Desensitization 

   Following the administration of oral or inhaled aspirin to 
patients with aspirin-induced asthma there is a refractory 
period to further aspirin challenge, which lasts for 2–5 days. 
Continued administration of aspirin on a daily basis will 
maintain this refractory state, and this eff ect has been termed 
desensitization. Th e process of outpatient desensitization 
is safe  [21]  and results in desensitization not only to aspi-
rin but also to other NSAIDs. Th ose patients who react to 
small doses of aspirin require several aspirin challenges before 
desensitization is accomplished, whereas less aspirin-sensitive 
patients are more quickly desensitized. Th e process by which 
aspirin ingestion causes desensitization is unknown.    

     β -BLOCKERS 

    Nonselective and cardioselective  β -blockers 

   Nonselective  β -adrenergic receptor antagonists precipitate 
acute bronchoconstriction in asthma, even in individuals with 
mild disease  [22] , and attacks can be fatal. Th e dose of  β -
blockers that causes bronchospasm may be low and there are 
case reports of severe asthma attacks induced by eye drops of 
timolol, a nonselective  β -blocker used to treat glaucoma  [23] . 
Compared to individuals with asthma, patients with chronic 
obstructive airways disease (COPD) are less likely to develop 
deterioration in lung function after a nonselective  β -adrenergic 
receptor antagonist  [24] , although there are a few case reports 
of acute bronchospasm induced by nonselective  β -blockers 
 [25] . In patients with COPD who have acute exacerbations 
there is no evidence that  β -blockers are detrimental and may 
even reduce mortality  [26] . 

   A meta-analysis of 19 studies on single-dose treat-
ment and 10 studies on continued treatment with cardiose-
lective  β  1 -blockers concluded that this group of drugs does 
not precipitate bronchospasm in patients with mild to mod-
erate reactive airway disease  [27] . Nevertheless there are 
case reports of individuals with asthma who have developed 
bronchospasm due to cardioselective  β -blockers  [28] . Th us 
despite the recommendation that cardioselective  β -blockers 
should not be withheld from patients with mild to moder-
ate asthma  [27]  it seems prudent to administer these drugs 
with great care to patients with moderate persistent asthma 
and to avoid their use in individuals with severe persist-
ent asthma  [28] . A recent systematic review of 20 studies 
of cardioselective  β -blockers given to patients with COPD 
found no evidence of adverse eff ects on lung function or on 
the response to  β  2 -agonists        [25, 29]  .

   Acute bronchospasm induced by a nonselective 
 β -blocker should be treated with an inhaled anticholiner-
gic bronchodilator such as ipratropium or oxitropium  [30] . 
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Any fall in lung function due to a cardioselective  β  1 -blocker 
can be reversed by an inhaled short-acting  β  2 -agonist.  

    Possible mechanisms 

    β -blocker-induced bronchoconstriction occurs in individu-
als with asthma, but not in healthy subjects, which sug-
gests that endogenous activation of  β -receptors is important 
in maintaining airway tone in asthma against neural and 
infl ammatory bronchoconstrictor stimuli. 

    Circulating catecholamines 

    β -blockers could antagonize the bronchodilator eff ect of cir-
culating catecholamines in patients with asthma but not in 
normal subjects. However, against this suggestion, circulating 
catecholamines are not elevated in asthmatic subjects, even 
in those subjects who have demonstrable bronchoconstric-
tion after propranolol and the concentrations of adrenaline 
in plasma ( � 0.3       nmol/l) are too low to have a direct eff ect 
on human airway smooth muscle tone        [31, 32] .  β -Blockers 
may inhibit the action of catecholamines on some other 
target cell, such as airway mast cells or cholinergic nerves. 
Mediator release from human lung mast cells is potently 
inhibited by  β -agonists  [33] . Th e eff ect of  β -blockers may, 
therefore, be an increase in mediator release, which may be 
more marked in the  “ leaky ”  mast cells of asthmatic individu-
als. Th is idea is supported by the observation that cromolyn 
sodium, a mast cell  “ stabilizer, ”  prevents the bronchocon-
striction produced by inhaled propranolol. However after 
intravenous propranolol, no increase in plasma histamine has 
been detected  [34] .  

    Neural pathways 

   A more likely explanation for  β -blocker-induced asthma is 
that there is an increase in neural bronchoconstrictor mech-
anisms.  β  2 -adrenergic receptors on cholinergic nerves in 
human airways may be tonically activated by adrenaline to 
modulate acetylcholine (ACh) release  [35]  and therefore to 
dampen cholinergic tone. Blockage of these receptors would 
therefore increase the amount of ACh released tonically, but 
this would be compensated for by the increased stimulation 
of prejunctional M 2 -autoreceptors, which would act home-
ostatically to inhibit any increase in ACh release and there-
fore no increase in airway tone would occur, even with high 
doses of a  β -blocker. By contrast, in patients with asthma 
 β -blockers inhibit prejunctional  β -receptors in the same 
way, increasing the release of ACh  [36] ; however, there may 
be a defect in M 2 -receptor function in asthmatic airways, 
so that the increased release in ACh cannot be compen-
sated. Th us increased ACh reaches M 3  receptors on airway 
smooth muscle. In addition, bronchoconstrictor responses 
to ACh are exaggerated in asthma, a manifestation of air-
way hyperresponsiveness, and thus two interacting amplify-
ing mechanisms may lead to marked bronchoconstriction 
( Fig. 40.2   ). Evidence to support this hypothesis is provided 
by the inhibitory eff ect of an inhaled anticholinergic drug 
oxitropium bromide on  β -blocker-induced asthma  [30] . 

   In patients with more severe asthma there may be 
an additional neural mechanism by which  β -blockers may 

cause bronchoconstriction.  β  2 -adrenergic receptors inhibit 
the release of tachykinins from airway sensory nerves  [37] , 
thus  β -blockers may increase the release of these neu-
ropeptides, thereby increasing bronchoconstriction and 
airway infl ammation. While this mechanism may not be 
relevant in patients with mild asthma, in whom choliner-
gic mechanisms appear to account for the bronchoconstric-
tor response to  β -blockers  [30] , it may be relevant in more 
severely aff ected asthmatic patients in whom cholinergic 
mechanisms do not appear to be as important.  

    Inverse agonism 

   Another possible mechanism may be related to the recently 
recognized phenomenon of inverse agonism  [38] . It has been 
found that some mutants of the  β -receptor have constitu-
tive activity and activate the coupling protein Gs, even in the 
absence of occupation by agonist. In this situation  β -blockers 
function as inverse agonists and have an inhibitory eff ect on 
baseline function. It is possible that in asthmatic patients 
 β  2 -receptors are constitutively active, so that  β -blockers result 
in adverse eff ects. Diff erent  β -blockers have diff ering poten-
cies as inverse agonists that are unrelated to their  β -blocking 
potency. Th us, propranolol is a potent inverse agonist whereas 
pindolol is not and this may relate to the diff erent tendency 
of these two agents to induce asthma. 

   It has recently been suggested that some  β -b lockers 
with inverse agonist activity may even be benefi cial in 
asthma when used chronically  [39] . In murine models 
 β -blockers with inverse agonist activity (nadolol and 
carvedilol) increased  β  2 -receptor expression and caused 
bronchodilation  [40] . In a pilot open study nadolol has been 
reported to be safe in asthmatic patients and to reduce airway 

 FIG. 40.2          Possible mechanisms of  β -blocker-induced asthma. 

Blockade of prejunctional  β  2 -receptors on cholinergic nerves in normal 

individuals results in increased release of acetylcholine (ACh), but this is 

compensated by stimulation of prejunctional muscarinic M 2  receptors 

to inhibit any increase in ACh. In patients with asthma, prejunctional M 2  

receptors are dysfunctional, so that there is a net release of ACh; ACh 

also has a greater bronchoconstrictor eff ect on the airways due to airway 

hyperresponsiveness.    
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h yperresponsiveness  [41] . Further controlled studies may 
therefore be indicated.    

    ANGIOTENSIN CONVERTING ENZYME 
INHIBITORS 

   A retrospective cohort study suggested that bronchospasm 
was twice as common in patients treated with angiotensin 
converting enzyme (ACE) inhibitors (5.5%) compared 
to the reference group treated with lipid-lowering drugs 
(2.3%)  [42] . However, the prevalence of a past history 
of bronchospasm in patients reporting ACE inhibitor-
induced bronchospasm was not signifi cantly diff erent from 
the prevalence in patients on ACE inhibitors without an 
adverse reaction  [42] . In a controlled trial in asthmatic and 
hypersensitive patients (with and without cough), there 
was no change in lung function following administration 
of captopril and no increase in reactivity to histamine or 
bradykinin  [43] . Similar fi ndings were obtained in a group 
of 21 patients with asthma given ACE inhibitors for 3 
weeks, although one subject developed a slight wheeze  [44] . 
Administration of a potent ACE inhibitor (ramipril) to a 
group of individuals with mild asthma showed no change in 
lung function or bronchial reactivity to inhaled histamine, 
nor was there any increase in bronchoconstrictor response to 
inhaled bradykinin    [45] . Taken together these fi ndings sug-
gest that ACE inhibitors are unlikely to worsen asthma in 
the majority of patients, although there may be occasional 
patients in whom this occurs. When there is a possibility 
that asthma has been worsened or precipitated by an ACE 
inhibitor, the drug should be withdrawn and an alternative 
agent selected. As many as 20% of hypertensive patients 
treated with ACE inhibitors may develop an irritant cough, 
although this is unrelated to the presence of underlying air-
way disease or atopic status.  

    ADDITIVES 

   Several chemicals used as additives in drug preparations 
and food have been associated with worsening of asthma 
and should, where possible, be avoided. Bisulphites and 
metabisulphites (E220, E221, E222, E226, and E227) are 
antioxidants used as preservatives in several foods, including 
wines (especially sparkling wines), beer, fruit juices, salads, 
and medications. Characteristically, they produce bron-
choconstriction within 30       min of ingestion and this may 
account for several cases of  “ food allergy. ”  Th e mechanism 
of m etabisulphite-induced asthma is probably explained by 
release of sulfur dioxide (SO 2 ) after ingestion that is then 
inhaled, since nebulized metabisulphite solutions generate 
SO 2  in suffi  cient quantities to provoke bronchoconstric-
tion in asthmatic subjects  [46] . Tartrazine (E102), a yellow 
dye, is used as a coloring in many foods, beverages (such as 
orange squash), and pharmaceutical preparations. Tartrazine 

s ensitivity is relatively common and may aff ect 4% of asth-
matic individuals, especially children  [9] . Ingestion of tartra-
zine may result in urticarial rashes and bronchoconstriction. 
Th e mechanism may depend upon mediator release from 
mast cells. Monosodium glutamate (MSG, E621) is added 
to food as a fl avor enhancer. It is found in soy sauce, spices, 
stock cubes, hamburgers, and in Chinese restaurant food. 
Some people react with sweating, fl ushing, and numbness 
of the chest; in patients with asthma this may be accom-
panied by wheezing, which may begin several hours after 
the ingestion ( “ Chinese restaurant asthma syndrome ” )  [47]  
Precipitation of asthma symptoms by MSG is uncommon, 
however.  

    LOCAL ANESTHETICS 

   Aerosols of the local anesthetics, such as bupivacaine and 
lignocaine (lidocaine), cause bronchoconstriction in a propor-
tion of asthmatic patients        [48, 49] . Th e degree of bronchial 
reactivity to histamine does not predict the development or 
extent of bronchoconstriction following lignocaine inhala-
tion  [49] . Th e mechanism of local a nesthetic-induced bron-
choconstriction is unclear. Pretreatment with anticholinergic 
drugs partially attenuates the bronchoconstrictor response 
to aerosols of local anesthetics, suggesting that they may be 
acting in part via a vagal refl ex pathway. Inhaled local anes-
thetics may selectively inhibit nonadrenergic noncholinergic 
bronchodilator nerves and so allow unopposed vagal tone. 
Some evidence for this is provided by the demonstration 
that lignocaine inhalation blocks nonadrenergic nonchol-
inergic refl ex bronchodilation in human subjects, leading to 
a refl ex bronchoconstrictor response  [50] . It is important to 
be aware that some patients with asthma may develop bron-
choconstriction with topical local anesthetics during fi ber 
optic bronchoscopy. All patients with asthma should receive 
premedication with a bronchodilator prior to bronchoscopy.  

    OTHER DRUGS 

   Many other drugs have been reported to lead to exacerba-
tion of asthma in occasional patients. Bronchoconstriction 
may constitute part of an anaphylactic reaction to a drug, 
such as penicillin or to intravenous dextran or to con-
trast media. Other drugs, such as opiates, may cause direct 
degranulation of mast cells. Bronchodilator aerosols may 
occasionally cause a paradoxical bronchoconstriction. Th is is 
presumed to be due to the propellant (Freon) or other addi-
tives (such as oleic acid, which is used as a surfactant). Th e 
mechanism of bronchoconstriction may be via a cholinergic 
refl ex. Th e treatment of paracetamol poisoning with intra-
venous  N -acetylcysteine has been reported to exacerbate 
asthma. Cholinergic agents such as pilocarpine, used for the 
treatment of dry mouth and pyridostigmine, used to treat 
myasthenia gravis can induce attacks of asthma.   
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    Diagnosis of Asthma and COPD

      INTRODUCTION 

   Asthma and chronic obstructive pulmonary 
disease (COPD) are diff erent chronic infl am-
matory respiratory disorders that may share a 
common functional abnormality, that is, poorly 
reversible airfl ow limitation            [1–4] . According to 
current guidelines, airfl ow limitation in asthma 
is reversible or partly reversible  [1] , whereas air-
fl ow limitation in COPD is poorly reversible or 
not reversible at all  [2] . 

   In the pathogenesis of both asthma and 
COPD, individual genetic susceptibility and 
environmental exposures are relevant for dis-
ease expression. Cigarette smoking is the major 
cause of COPD  [2] . Th e causes of asthma are 
largely unknown, although atopy and allergen 
exposure have major roles        [1, 2] . Asthma is a 
phenotypically heterogeneous disorder that, 
over the years, has been divided into many dif-
ferent clinical subtypes. In particular, asthma 
starting in adulthood, asthma in smokers, non-
eosinophilic asthma, and asthma in obese sub-
jects are important subtypes in the adult asthma 
population that are still poorly characterized 
and that may overlap with COPD          [5–7] . 

   Th e diff erential diagnosis between asthma 
and COPD is quite simple when the typical 
clinical and functional features of either disease 
are present. It is easy to recognize asthma in a 
young, atopic, nonsmoking subject with recur-
rent dyspnea, wheezing, or chest tightness and 
fully reversible airfl ow limitation. Similarly, it is 
easy to diagnose COPD in a subject older than 
40, a smoker, who presents with chronic dysp-
nea, cough, sputum, and fi xed airfl ow limitation 
and no history of asthma or allergic diseases. 

   Th e diffi  culty comes when trying to make a 
diagnosis of asthma or COPD in a middle-aged 

or elderly patient, a smoker, who may be atopic 
or have a history of asthma, who complains 
of chronic dyspnea but not wheezing, chronic 
cough, or sputum, and who presents with poorly 
reversible airfl ow limitation. It is also diffi  cult 
to make a diagnosis of asthma or COPD in a 
middle-aged or elderly patient who has a clear 
history of atopy and asthma, bronchodilator 
reversibility, and recurrent wheezing, but who also 
smokes and has chronic cough and sputum and 
dyspnea that are not suppressed by inhaled ster-
oids. In such patients, diff erential diagnosis might 
become important from a clinical and therapeu-
tic point of view. Inhaled glucocorticosteroids are 
the fi rst choice of regular medication in asthma 
but not in COPD, whereas regular long-acting 
bronchodilators are the fi rst choice of regular 
medication in COPD but not in asthma. Th us, in 
patients with overlapping features, the diff erential 
diagnosis between asthma and COPD is impor-
tant in making the decision to prescribe regular 
treatment with either steroids or bronchodilators.  

    DEFINITIONS OF ASTHMA AND COPD 

   Asthma is a chronic infl ammatory disease of the 
airways clinically characterized by recurrent res-
piratory symptoms as follows: dyspnea, wheez-
ing, chest tightness, or cough associated with 
reversible airfl ow limitation. Other important 
features of asthma are an exaggerated respon-
siveness of the airways to various stimuli, and 
a specifi c chronic infl ammation of the airways 
characterized by an increased number of CD4  �   
Th 2 lymphocytes, eosinophils, and methacro-
matic cells in the airway mucosa, and increased 
thickness of the reticular layer of the epithelial 
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basement membrane. Familial predisposition, atopy, and 
exposure to allergens and sensitizing agents are important 
risk factors for asthma, even though the causes of asthma – 
the factors responsible for the development of asthma rather 
than its exacerbations – remain largely undetermined  [1] . 

   COPD is a syndrome characterized by poorly revers-
ible airfl ow limitation, usually progressive, and often asso-
ciated with chronic respiratory symptoms, such as dyspnea 
and/or chronic cough and sputum  [2] . COPD is associated 
with chronic infl ammation of the airways that is remark-
ably diff erent from asthmatic infl ammation, and that is 
characterized by an increased number of CD8  �   Th 1/Tc1 
lymphocytes in the airway mucosa and neutrophils in the 
lumen, with no increased thickness of the reticular layer of 
the epithelial basement membrane                [8–13] . Even though 
genetic and familial predisposition as well as occupational 
exposure are considered risk factors, cigarette smoking is by 
far the most important risk factor for COPD  [2] .  

    MINIMUM REQUIREMENTS FOR THE 
DIAGNOSIS OF ASTHMA OR COPD 

   Th e diagnosis of asthma or COPD is based on clinical his-
tory and lung function tests, particularly peak expiratory 
fl ow (PEF) and spirometry, with assessment of spontane-
ous or postbronchodilator reversibility of airfl ow limitation. 
Allergy tests are also usually performed for the diagnosis 
of asthma, but not of COPD patients, to identify allergens 
responsible for asthma exacerbations and to consider the 
opportunity to treat the patient with immunotherapy. 

    Symptoms and medical history 

    Asthma 

   Most patients who are diagnosed with asthma seek medical 
attention because of respiratory symptoms. A typical feature 
of asthma symptoms is their variability. One or more of the 
following symptoms – wheezing, chest tightness, cough, and 
episodic shortness of breath – are reported by more than 90% 
of patients with asthma  [14] . However, the simple presence 
of these symptoms is not diagnostic, because identical symp-
toms may be triggered by diff erent stimuli in nonasthmatics, 
such as in children by acute viral infections  [15] . In some 
asthmatics, wheezing and chest tightness are absent, and 
the only symptom the patient complains of may be chronic 
cough or cough after exercise  [16] . Th is clinical entity is also 
called  “ cough-variant asthma; ”  it is particularly common in 
children and is often more problematic at night        [17, 18] . 
Symptoms of asthma may be triggered or worsened by sev-
eral factors, such as exercise, exposure to allergens, viral infec-
tions, and emotions. Recurrent exacerbations of respiratory 
symptoms, worsening of lung function requiring change of 
treatment, unscheduled requests for medical assistance, and 
sometimes hospitalization are also among the characteristic 
clinical features of asthma. 

   Asthma clusters in families and its genetic determi-
nants appear to be linked to those of other allergic IgE-
mediated diseases          [19–21] . Th us, a personal or family 
history of asthma and/or allergic rhinitis, atopic dermatitis, 
or eczema increases the likelihood of a diagnosis of asthma. 

   Physical activity is an important cause of symptoms 
(wheezing and/or cough) for most asthma patients, particu-
larly in children, and for some it is the only cause        [15, 16] . 
Exercise-induced asthma usually develops not during exer-
cise but 5–10 min afterward, and it resolves spontaneously 
within 30–45 min. Prompt relief of symptoms after the use 
of inhaled beta2-agonist, or their prevention by pretreat-
ment with an inhaled beta2-agonist before exercise, sup-
ports a diagnosis of asthma. Important aspects of personal 
history are exposure to agents known to worsen asthma 
in the home (heating system, cooking system, house-dust 
mites), workplace conditions, air-conditioning, pets, cock-
roaches, environmental tobacco smoke              [22–26] , or even the 
general environment (e.g. diesel fumes in traffi  c  [27] ). 

   Since respiratory symptoms of asthma are nonspecifi c, 
the diff erential diagnosis is quite extensive, and the main 
goal for the physician is to consider and exclude other pos-
sible diagnoses ( Table 41.1   ). Th is is even more important if 
the response to a trial of therapy (i.e. bronchodilators) has 
been negative. 

   Asthma is often classifi ed by severity, but asthma 
severity changes over time. It also depends not only on the 
severity of the underlying disease but also on its respon-
siveness to treatment, which becomes the most important 
criterion in treated subjects. An asthmatic patient might 
be completely asymptomatic, either because he or she has 
mild intermittent asthma and long periods without symp-
toms even without treatment, or because he or she has 
severe asthma and is receiving full anti-asthmatic treatment, 
including systemic steroids. 

   While respiratory symptoms suggest asthma, the  sine 
qua non  for the objective diagnosis of asthma is the pres-
ence of reversible airfl ow limitation in subjects with persist-
ent airways obstruction, and/or airway hyperresponsiveness 
or increased PEF variability in subjects without airways 
obstruction  [1] .  

 TABLE 41.1          Diff erential diagnosis of asthma.  

   Localized pathology  Inhaled foreign body

Endobronchial tumor

Vocal cord dysfunction 

   Diff use airway pathology  COPD

Eosinophilic bronchitis

Postinfectious airway hyperresponsiveness

Cystic fi brosis

Bronchiectasis

Left ventricular failure 

   Other pathologies  Gastroesophageal refl ux

Pulmonary embolism

Pulmonary eosinophilia

Drug-induced airway hyperresponsiveness 
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    COPD 

   A clinical diagnosis of COPD should be considered in any 
patient who has dyspnea, chronic cough, or sputum produc-
tion, and/or a history of exposure to risk factors for the dis-
ease  [2] . Most patients who are diagnosed with COPD seek 
medical attention because of respiratory symptoms, particu-
larly dyspnea  [28] . Since the early stages COPD may mani-
fest as chronic cough and sputum production, they may be 
present even in smokers without airfl ow limitation. Cough 
and sputum may precede the development of airfl ow limita-
tion: in fact, respiratory symptoms may be an important risk 
factor for the development of COPD        [29, 30] . Regular pro-
duction of sputum for 3 or more months in 2 consecutive 
years is defi ned as chronic bronchitis  [31] . In some subjects, 
chronic cough may be unproductive            [32–35] , and airfl ow 
limitation may develop in the absence of cough. In COPD, 
dyspnea is characteristically persistent, unlike in asthma 
where it is variable and progressive  [36] . In the early stages 
of the disease, dyspnea is noted only during the patient’s 
usual eff ort; as lung function decreases, dyspnea becomes 
more serious and is present during everyday activities or at 
rest. Dyspnea is not closely correlated with arterial blood 
gases; for example, the typical  “ blue bloater ”  with periph-
eral edema, hypoxemia, and hypercapnia has generally less 
dyspnea than the  “ pink puff er, ”  who generally does not have 
these blood gas abnormalities but is much more dyspneic. 
Wheezing and chest tightness are nonspecifi c symptoms of 
COPD and may vary on diff erent days or over the course of 
a single day. Recurrent exacerbations of respiratory symp-
toms requiring change of treatment, unscheduled requests 
for medical assistance, and sometimes hospitalization are 
also among the characteristic clinical features of COPD. 

   A detailed medical history of a patient with symp-
toms suggestive of COPD should include exposure to risk 
factors (e.g. smoking and occupational or environmental 
exposures), family history of COPD or other chronic res-
piratory disease, pattern of symptoms, history of exacerba-
tions, presence of comorbidities, medical treatment, and the 
patient’s quality of life. 

   Diagnosis and assessment of the severity of COPD 
are mainly based on the degree of airfl ow limitation during 
spirometric measurement. Th us, according to current guide-
lines, the  sine qua non  for the diagnosis of COPD is the 
presence of poorly reversible airfl ow limitation, that is, the 
presence of a postbronchodilator forced expiratory volume 
in 1       s/forced vital capacity ratio (FEV 1 /FVC)  � 0.70 and 
FEV 1   � 80% predicted. Th ese values confi rm the presence 
of airfl ow limitation that is not fully reversible  [2] . 

   Airfl ow limitation in COPD is due to both small 
airways disease (obstructive bronchiolitis) and parenchy-
mal destruction (emphysema), the relative contributions of 
which vary among patients        [1, 2] . In contrast, airfl ow limi-
tation in asthma is almost exclusively due to airways dis-
ease  [10] . Imaging (see below), particularly thin-section 
computed tomography (CT), has been used to quantify 
emphysema by detecting areas of low attenuation. However, 
airfl ow limitation as assessed by FEV 1  correlates poorly with 
the severity of emphysema as evaluated by CT  [4] , possibly 
because small airways disease contributes signifi cantly to 
airfl ow limitation  [37] . Recent progress in CT technology 

has made it possible to detect and quantify airway abnor-
malities        [38, 39] , but more work is required before the tech-
nique can be used in clinical practice. 

   Studies in COPD patients recruited by experienced 
pulmonary specialists in hospitals  [40]  or by general prac-
titioners in outpatient clinics  [41]  report that up to 40% 
of smokers/ex-smokers with chronic respiratory symptoms 
and clinical fi ndings compatible with COPD do not fi t 
the spirometric defi nition of COPD reported above. Th us, 
even when there is a clear history of COPD – chronic res-
piratory symptoms, exacerbations, smoking, and age  � 50 –
a large proportion of such patients either have normal 
spirometric values or present with reduced lung volumes 
(a restrictive pattern), and thus the diagnosis of COPD 
cannot be confi rmed        [40, 41] . Clinical features of COPD 
correlate poorly with airfl ow limitation. Th us, although not 
yet recommended by current guidelines, proper diagno-
sis and assessment of the severity of COPD require more 
than a   comprehensive approach that includes imaging        [38, 39]  
assessment of exercise tolerance  [42] , body mass index        [42, 43] , 
and chronic comorbidities (e.g. chronic heart failure (CHF), 
arterial hypertension, metabolic syndrome) that are often asso-
ciated with COPD        [44, 45] . 

   Because chronic respiratory symptoms (particularly 
dyspnea), clinical features, and poorly reversible airfl ow lim-
itation may also be present in other pathological conditions, 
a careful diff erential diagnosis between COPD and these 
conditions should always be performed ( Table 41.2   ).   

    Physical examination 

   In mild asthma, physical examination is usually normal 
under stable conditions but becomes characteristically 
abnormal during asthma attacks. Typical physical signs of 
asthma attacks are wheezing on auscultation, cough, expira-
tory ronchi throughout the chest, and signs of acute hyper-
infl ation (e.g. poor diaphragmatic excursion at percussion, 
use of accessory muscles of respiration). Some patients, par-
ticularly children, may present with a predominant nonpro-
ductive cough (cough-variant asthma). In some asthmatics, 
wheezing – which usually refl ects airfl ow limitation – may 
be absent or detectable only on forced expiration, even in 
the presence of signifi cant airfl ow limitation; this may be 
due to hyperinfl ation or to very marked airfl ow limitation. 
In these patients, however, the severity of asthma is mostly 
indicated by other signs, such as cyanosis, drowsiness, dif-
fi culty in speaking, tachycardia, hyperinfl ated chest, use of 
accessory muscles, and intercostal recession. 

   In the early stages of COPD, physical examination is 
usually normal. Current smokers may have signs of active 

 TABLE 41.2          Diff erential diagnosis of COPD.  

   Other airway infl ammatory diseases  Asthma

Bronchiectasis

Diff use panbronchiolitis 

   Infectious airway diseases  Tuberculosis 

   Cardiac diseases  Congestive heart failure 
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smoking, including an odor of smoke or nicotine staining of 
fi ngernails. In more severe COPD, prolonged expiration and 
wheezing and signs of hyperinfl ation (e.g. barrel chest and 
poor diaphragmatic excursion at percussion, use of accessory 
muscles of respiration) are usually present. Cyanosis of the 
lips and nail beds and signs of cor pulmonale, such as edema 
of the ankle or lower leg, are often present in patients with 
reduced oxyhemoglobin percentage. Even though clubbing 
of the digits may be present in patients with severe COPD 
and is considered a sign of COPD, it is nonspecifi c; in fact, 
its presence should alert the physician to the possible pres-
ence of other diseases, particularly lung cancer. Patients 
with COPD often have reduced breath sounds and wheez-
ing during quiet breathing or after forced expiration. 

   Physical examination is usually not very useful in 
making the diff erential diagnosis between asthma and 
COPD, but it can be useful in assessing the severity of 
exacerbations of both asthma and COPD  [46] .  

    Lung function tests 

    Spirometry 

   Lung function tests play a crucial role in the diagno-
sis and follow-up of asthma and COPD. Spirometric 
measurements – FEV 1  and slow vital capacity (VC) or 
FVC – are the standard means for assessing airfl ow limita-
tion. Spirometry is recommended at the time of diagnosis 
and for the assessment of the severity of both asthma and 
COPD            [1, 2, 47, 48]  it should be repeated to monitor the 
disease and when there is a need for reassessment, such as 
during exacerbations  [3] . 

   Poorly reversible airfl ow limitation is indicated by 
the absolute reduction of postbronchodilator FEV 1 /VC or 
FEV 1 /FVC ratios  � 0.7 but it should be confi rmed with 
postbronchodilator FEV 1 /VC values below the lower limit 
of normal        [4, 49] . Measurements of residual volume and 
total lung capacity may also be useful in determining the 
degree of hyperinfl ation and/or enlargement of airspaces 
           [1, 2, 47, 48] . 

   In asthma, airfl ow limitation is usually reversible, 
either spontaneously or after treatment, except for moderate/
severe asthma with fi xed airway obstruction          [1, 3, 10] . In 
COPD, airfl ow limitation is by defi nition not revers-
ible (i.e. FEV 1 /FVC does not reach 0.7 even after inhala-
tion of a bronchodilator or a short course of long-acting 
beta2-agonist (LABA) and inhaled steroids)  . However, up 
to one-third of COPD patients show a signifi cant increase 
in FEV 1  ( � 15%) after receiving inhaled beta-adrenergic 
agonists              [50–54] , which simulate the reversible airfl ow limi-
tation observed in asthmatics. 

   In conclusion, while the best spirometric values are 
useful to defi ne whether airfl ow obstruction is reversible or 
not (i.e. does not return within normal values), the degree of 
reversibility after treatment does not help to make the dif-
ferential diagnosis between asthma and COPD (see below).  

    Peak expiratory fl ow 

   An important tool for the diagnosis and subsequent treat-
ment of asthma is the PEF meter  [55] . PEF is the highest 

expiratory fl ow obtained during a forced expiration starting 
immediately after a deep inspiration from total lung capac-
ity. PEF is a simple, reproducible index and can be measured 
with inexpensive and portable meters  [56] . If spirometry 
does not reveal airfl ow limitation, the home monitoring of 
PEF for 2–4 weeks may help to detect an increased variabil-
ity of airway caliber, and thus help to diagnose asthma  [57] . 
For most asthmatic patients, PEF correlates well with FEV 1  
 [58] . Daily monitoring of PEF (at least in the morning at 
awakening and in the evening hours, preferably after bron-
chodilator inhalation)        [1, 3]  is also useful to assess the sever-
ity of asthma and its response to treatment, and it can help 
patients to detect early signs of asthma deterioration  [59] . 
However, PEF measurements have some limitations. PEF 
is eff ort dependent and mainly refl ects the caliber of large 
airways and may therefore underestimate the degree of air-
fl ow limitation present in peripheral airways  [60] . Diurnal 
variability is calculated as follows: 
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   A diurnal variability of PEF of more than 20% is 
diagnostic of asthma, and the magnitude of the variability 
is broadly proportional to disease severity. PEF monitoring 
may be of use not only in establishing a diagnosis of asthma 
and assessing its severity, but also in uncovering an occupa-
tional cause for asthma. When used in this way, PEF should 
be measured more frequently than twice daily, and special 
attention should be paid to changes occurring in and out of 
the workplace            [55, 61–63] . 

   Even though PEF is at least as important to progno-
sis as FEV 1  in moderate to severe COPD  [64] , PEF moni-
toring is not frequently used in COPD for various reasons. 
First, PEF refl ects the patency of central airways, and air-
fl ow limitation in COPD starts from peripheral airways. 
Th us, the PEF value may underestimate airfl ow limitation, 
particularly if it occurs in peripheral airways. Second, by 
defi nition, airfl ow limitation is poorly reversible in COPD, 
and thus PEF usually does not vary signifi cantly. Finally, 
there is only limited evidence to support a role for PEF in 
detecting COPD exacerbations        [65, 66] .  

    Reversibility to bronchodilators 

   Th e reversibility of airfl ow limitation following broncho-
dilator therapy is no longer an accepted criterion in support 
of the diagnosis of asthma, or to establish the diff erential 
diagnosis between asthma and COPD          [1–3] ; even though 
there is a large increase in FEV1, and particularly its return 
is above   the lower limit of normal values, normal expiratory 
fl ows after anti-asthma treatment strongly suggests asthma. 
Subjects with moderate to severe asthma may develop 
poorly reversible airfl ow limitation and have a response 
to treatment but not a return to normal values. Similarly, 
COPD patients may show a signifi cant response to treat-
ment, even without a return to normal expiratory fl ows. 

   In subjects with airfl ow limitation, an improvement 
in FEV 1  of  � 12–15% predicted and more than 200       ml after 
administration of a bronchodilator (e.g. 200        μ g of inhaled 
salbutamol from a metered dose inhaler) is no longer con-
sidered a pathognomonic hallmark of asthma  [1] , or a 
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criterion for diff erential diagnosis between asthma and 
COPD            [3, 67–69] . In fact, an incomplete response to a sin-
gle administration of a bronchodilator does not exclude the 
possibility of reversibility to longer treatment with bron-
chodilators or steroids        [70, 71] . Th us, more attention should 
be paid to the response to long-term treatment. 

   In COPD patients, bronchodilator reversibility test-
ing should generally be performed at least once. Airfl ow 
limitation in COPD is usually not reversible, but the one-
third of COPD patients who show a signifi cant response to 
bronchodilator agents              [50, 51, 53, 54, 72]  are likely to ben-
efi t from treatment with glucocorticosteroids        [73, 74] . Th e 
absence of a response to a bronchodilator should never be a 
reason to withhold bronchodilator therapy, as the response 
to bronchodilators in COPD is mainly symptomatic rather 
than functional              [75–79] . Bronchodilator responsiveness is a 
continuous and poorly reproducible variable; thus, classify-
ing patients as responders or nonresponders can be mislead-
ing and does not predict disease progression  [68] . 

   As recommended by recent guidelines  [1] , the terms 
 “ reversibility ”  and  “ variability ”  should refer to changes in 
symptoms accompanied by changes in airfl ow limitation, 
which occur spontaneously or in response to treatment. 
At present, however, these terms often refer only to rapid 
improvements in FEV 1  measured within minutes after 
inhalation of a rapid-acting bronchodilator, for example, 
after 200–400        μ g salbutamol or salbutamol and ipratropium 
bromide        [54, 80] . In contrast, a history of symptoms and/
or functional reversibility (spontaneous or after any kind of 
treatment) is the essential component in the diagnosis of 
asthma. 

   Th e assessment of reversibility of both clinical features 
and functional abnormalities may be useful in obtaining 
the best level of asthma control achievable and/or the best 
lung function for individual patients  [81] . Achieving and 
maintaining lung function at the best possible level is one 
of the objectives of both asthma and COPD management 
         [1, 81, 82] . 

   In summary, while the best spirometric values are use-
ful to defi ne whether airfl ow obstruction is reversible or not 
(i.e. does not return within normal values), the degree of 
reversibility after treatment does not help to make the dif-
ferential diagnosis between asthma and COPD (see below).   

    Arterial blood gases 

   In severe asthma and COPD and, more importantly, during 
acute exacerbations of both asthma and COPD, the meas-
urement of arterial blood gases while the patient is breath-
ing air and/or after oxygen administration is essential for 
the diagnosis of chronic and/or acute respiratory failure. 
Th is test should be performed in all patients with clinical 
signs of acute or chronic respiratory and/or heart failure  [2] .  

    Allergy tests 

   Th e presence of allergic disorders in a patient’s family his-
tory should be investigated in all patients in whom symp-
toms are suggestive of asthma  [83] . A history provides 

important information about the patient’s lifestyle and 
occupation, both of which infl uence exposure to allergens 
and the time and factors possibly involved in onset and in 
exacerbations of asthma        [84, 85] . In asthmatics, the rela-
tionship between exposure to one or more allergens and 
the occurrence of asthma and/or ocular and nasal symp-
toms should be established  [86] . Also, the relationship of 
symptoms to the time of the year (seasonal pollen asthma) 
and to the presence of pets in the home should be assessed, 
together with a description of the patient’s living environ-
ment with special attention to carpets, pillows, and other 
dust collectors  [87] . Identifying the presence of an allergic 
component in asthma adds little to the diagnosis, but it can 
help in identifying potential triggers and directing allergen 
immunotherapy  [1] . 

   Skin tests with all relevant allergens are   present in the 
geographic area in which the patient lives are the primary 
diagnostic tool in determining allergic status. Deliberate 
provocation of the airways with a suspected allergen or sen-
sitizing agent may also be helpful in establishing causality, 
especially in the workplace        [63, 88] . Measurement of specifi c 
IgE is not usually more informative than a skin test, and 
is more expensive. Measurement of total IgE in serum has 
no value as a diagnostic test for atopy. Th e main limitation 
of the allergy test is that a positive test does not necessarily 
mean that the disease is allergic in nature or that it is caus-
ing asthma, as some individuals have specifi c IgE antibodies 
without any symptoms. Th e cost–benefi t ratio of perform-
ing inhalation tests with allergens or other sensitizing agents 
should be carefully examined for each patient because of the 
high cost and the potential risk involved  [69] . 

   Th e assessment of atopy is not useful in COPD. 
Even though atopy may be a risk factor for both asthma 
and COPD        [89, 90] , the demonstration of atopy in COPD 
patients does not help in the identifi cation of potential trig-
gers as in allergic asthma. Allergen immunotherapy has no 
role in COPD.   

    ADDITIONAL TESTS 

   While the diagnosis and assessment of severity of asthma 
and COPD can be fully established on the basis of clini-
cal history and lung function tests (including arterial blood 
gases, see below), additional tests might be helpful to better 
characterize individual patients. 

    Reversibility to corticosteroids 

   In patients with airfl ow limitation that is not reversed by a 
single dose of a short-acting bronchodilator, a 2-week treat-
ment with oral or inhaled glucocorticosteroids and bron-
chodilators might be considered. Glucocorticosteroids can 
be administered orally (e.g. 40       mg daily prednisone) by aero-
sol (e.g. 2       mg daily beclomethasone, or equivalent) or both 
         [91–93]  for at least 14 days  [94] . Unfortunately, patients 
with COPD cannot be separated into discrete groups of 
glucocorticosteroid responders and nonresponders, and 
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thus glucocorticosteroid testing is an unreliable predictor of 
the benefi t from inhaled glucocorticosteroids in individual 
patients. 

   Because of their effi  cacy and infrequent adverse 
eff ects, inhaled glucocorticosteroids alone or in combina-
tion with long-acting bronchodilators are increasingly used 
in practice as fi rst-choice therapy to investigate the revers-
ibility of airfl ow limitation          [74, 95, 96] . 

   In most patients with a clear history of asthma or 
COPD, the reversibility to glucocorticosteroids confi rms 
the diagnosis, even if signifi cant overlap exists  [10] . Asthma 
is usually responsive to bronchodilators and/or glucocortico-
steroids, whereas COPD is usually less responsive or not 
responsive at all. In asthma, a combination of sputum eosi-
nophilia and increased nitric oxide (NO) levels may be useful 
in predicting the response to a trial of oral steroids        [97, 98] , 
and sputum eosinophilia may also predict the response to 
steroids in COPD        [99, 100] . However, some COPD patients 
may show a signifi cant improvement in function after gluco-
corticosteroid treatment  [73] , particularly if they present with 
pathological abnormalities similar to those in asthma. 

   Th e simplest and potentially the safest way of identi-
fying these COPD patients is by an  ex juvantibus  treatment 
trial with inhaled glucocorticosteroids  [92]  in combination 
with long-acting bronchodilators for 6 weeks to 3 months, 
using the same criteria for reversibility as in the bronchodila-
tor trial (FEV 1  increase of 200       ml and 12%)            [2, 73, 92, 101] . 
Th e response to glucocorticosteroids alone or in combina-
tion with long-acting bronchodilators should be evaluated 
with respect to the postbronchodilator FEV 1         [2, 4] . 

   COPD patients with a response to glucocortico-
steroids present some pathological features of asthma, such 
as a signifi cantly higher number of eosinophils and higher 
levels of eosinophil cationic protein in their bronchoalveo-
lar lavage fl uid, and a thicker reticular basement membrane 
       [73, 101] . 

   All long-term studies in COPD have demonstrated 
the lack of any eff ect of inhaled glucocorticosteroids on the 
natural history of COPD, as evaluated by the decline in 
FEV 1                 [2, 102–106] . Th erefore, given the documented risks 
of chronic glucocorticosteroid therapy in both asthma  [107]  
and COPD, such as osteoporosis        [102, 108] , the decision to 
start long-term treatment with inhaled glucocorticosteroids 
must be made very carefully. 

   In patients with poorly reversible airfl ow limita-
tion due to asthma, the benefi cial eff ects of inhaled gluco-
corticosteroids are likely to overcome the risks of negative 
systemic eff ects  [74] . However, in patients with poorly 
reversible airfl ow limitation due to smoking, this may not be 
the case, particularly considering that inhaled glucocorticos-
teroid alone may be associated with increased mortality  [109] , 
and that inhaled glucocorticosteroid both alone and in com-
bination with a long-acting beta2-adrenergic agonist may 
slightly increase the risk of pneumonia in COPD patients 
       [109, 110] .  

    Exercise testing 

   Exercise testing is useful for assessing the degree of disabil-
ity, the role of comorbidities, prognosis for survival, presence 

of exercise-induced hypoxemia, and response to treatment in 
individuals with COPD. Simple walking tests are increas-
ingly used in the assessment of COPD patients  [111] . 
Severe COPD might be better assessed by a composite 
score such as BODE (body mass index, degree of airway 
obstruction, severity of dyspnea, and exercise tolerance), 
which has been shown to be a better predictor of subse-
quent survival and is increasingly used in clinical assessment 
of patients.  

    Diff usion capacity 

   Measurement of the diff using capacity of the lung for car-
bon monoxide (D lco ) has been recommended for distin-
guishing asthma from COPD  [112] . In asthma, D lco  is 
usually normal or increased          [10, 113, 114] . In contrast, 
D lco  is usually reduced in COPD, possibly due to emphy-
sema          [10, 114, 115] , but it may also be reduced in smokers 
without airfl ow limitation  [116] . D lco  is lower in COPD 
patients than in asthmatics with incomplete reversible air-
fl ow limitation          [10, 117, 118] . However, patients with 
severe alpha-1 antitrypsin defi ciency may present with nor-
mal D lco , despite having a signifi cant component of fi xed 
airway obstruction and prominent panacinar emphysema on 
a high-resolution CT (HRCT) scan, suggesting the limita-
tions of measuring D lco  in these patients        [119, 120] .  

    Airway hyperresponsiveness 

   In patients who have symptoms consistent with asthma 
but have normal lung function, bronchial provocation tests 
(methacholine, histamine, adenosine 5 
 -monophosphate, 
mannitol, and exercise) are helpful in measuring airway 
hyperresponsiveness and thereby confi rming or excluding 
the diagnosis of active asthma        [121, 122] . Methacholine is 
mainly used to identify bronchial hyperresponsiveness and 
to guide treatment. Exercise is used as a bronchial provo-
cation test because demonstrating prevention of exercise-
induced asthma is an indication for use of a drug  [121] . 

   Th ese measurements are sensitive for a diagnosis of 
asthma, but they have low specifi city  [123] . Th is means that 
a negative test can be used to exclude a diagnosis of active 
asthma, but a positive test does not always mean that a 
patient has asthma  [123] . Airway hyperresponsiveness has 
been described in workers who are acutely exposed to irri-
tants        [124, 125] , allergic rhinitis          [126–128] , and other dis-
eases with airfl ow limitation, such as cystic fi brosis          [129–131]  
and COPD          [132–134] . Indeed COPD, especially in current 
smokers, is often accompanied by airway hyperresponsiveness 
 [135]  that is no diff erent from that in asthmatics with a sim-
ilar degree of airfl ow limitation        [10, 136] . In patients with 
fi xed airfl ow limitation, a similar degree of airway hyperre-
sponsiveness was observed in those with a history of COPD 
and those with a history of asthma  [10] . In these patients, 
hyperresponsiveness might be largely due to the airfl ow limi-
tation itself. 

   In conclusion, the measurement of airway hyper-
responsiveness may be useful to confi rm asthma in subjects 
with normal baseline lung function, but it is not useful in 
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the diff erential diagnosis between asthma and COPD, 
particularly when patients have a similar degree of poorly 
reversible airfl ow limitation.  

    Imaging 

   While chest radiography may be useful to exclude diseases 
that may mimic asthma and COPD, it is not required in the 
confi rmation of the diagnosis and management of asthma. 
Th e utility of chest radiography is to exclude other condi-
tions that may imitate or complicate asthma, particularly 
acute asthma. Examples include pneumonia, cardiogenic 
pulmonary edema, pulmonary thromboembolism, tumors 
(especially those that result in airway obstruction with 
resulting peripheral atelectasis), and pneumothorax  [137] . 

   A number of novel imaging methods for assessing 
airway pathology in asthmatic patients have been proposed 
       [39, 138] . Both direct and indirect signs of airway pathology 
have been described using HRCT. Direct signs are obtained 
by measuring airway or bronchial wall thickness, evaluat-
ing the ratio of bronchial diameters to adjacent pulmo-
nary arteries, and identifying a lack of bronchial tapering. 
Indirect signs include foci of mucoid impaction (including 
the fi nding of a tree-in-bud confi guration of small periph-
eral lung nodules indicative of bronchiolitis) and mosaic 
attenuation  [139] . Mosaic attenuation is the presence of 
geographic zones of decreased lung density adjacent to 
areas of apparent increased lung density in the absence of 
architectural distortion or honeycombing. Th is fi nding may 
also be seen in patients with diff use infi ltrative lung disease 
or, more rarely, chronic embolic pulmonary hypertension. 
In most cases, reliable identifi cation of air trapping result-
ing in mosaic lung attenuation requires expiratory imaging. 
During exhalation, areas of air trapping become accentu-
ated, simplifying the diff erential diagnosis. Each of these 
methods has serious limitations, and in clinical practice they 
have not yet proved suffi  ciently accurate to warrant their use 
in diagnosing most cases in which extensive airway remod-
eling has occurred  [140] . 

   Airfl ow limitation in COPD is due to both small air-
ways disease (obstructive bronchiolitis) and parenchymal 
destruction (emphysema), the relative contributions of which 
vary among patients        [141, 142] . Th in-section CT has been 
used to quantify emphysema by detecting low-attenuation 
areas, and the role of CT in diagnosing emphysema is well 
established. However, airfl ow limitation evaluated by FEV 1  
does not show a good correlation with the severity of emphy-
sema as evaluated by CT        [143, 144] , because small airways 
disease appears to contribute signifi cantly to airfl ow limita-
tion  [145] . Recent progress in CT technology has made it 
possible to detect and quantify airway abnormalities  [146] . 
Th eoretically, thin-section CT can depict the dimensions of 
airways as small as  � 1 to 2       mm in inner diameter, suggest-
ing that CT can be used to evaluate airway dimensions in 
a variety of diseases        [141, 142] . Hasegawa and colleagues 
 [38] , who developed new software for measuring airway 
dimension using curved multiplanar reconstruction, demon-
strated that airway luminal area and wall area signifi cantly 
correlated with FEV 1  (% predicted). Th e correlation coef-
fi cients improved as the airways became smaller. 

   Scintigraphic approaches may be used to assess COPD 
or emphysema and to provide functional imaging. Ultrafi ne 
 133  Xe gas particles are being used for ventilation scintig-
raphy, including single photon emission CT (SPECT). 
SPECT imaging has been shown to be more useful than 
morphologic HRCT in the evaluation of small airways dis-
ease, including pulmonary emphysema  [147] . Diff usion-
weighted, hyperpolarized  3 He magnetic resonance imaging 
has been shown to correlate with pulmonary function tests, 
particularly D lco   [148] . Also, dynamic contrast-enhanced 
magnetic resonance imaging may detect abnormali-
ties of the pulmonary peripheral microvasculature  [149] . 
Th ese techniques might be useful in the assessment of pul-
monary emphysema. 

   Th e clinical application of HRCT is mandatory 
in  COPD patients who are candidates for volume reduction 
surgery and in whom the regional distribution of emphy-
sema, particularly upper lobe emphysema, is critical for 
the outcome of the intervention          [150–152] . HRCT fea-
tures of asthma and COPD              [39, 153–156]  are reported in 
 Table 41.3   .  

    Laboratory examinations 

   Circulating eosinophils: circulating eosinophilia is a 
feature of many diff erent lung diseases. In some condi-
tions, eosinophils are increased in the blood but not in the 
lung tissue; in other diseases, there may be signifi cant eosi-
nophilia in the lung tissue but not in the peripheral blood. 
In others, there may be lung eosinophilia without any radi-
ographic evidence of disease, as in asthma. Churg–Strauss 
syndrome (CSS) is characterized by peripheral and pul-
monary eosinophilia with infi ltrates on chest radiograph. 
However, the primary features that distinguish CSS from 
other pulmonary eosinophilic syndromes are the presence 
of eosinophilic vasculitis in the setting of asthma and the 
involvement of multiple end organs. Th erefore, in these 
cases it is important to establish a diff erential diagnosis 
between these diseases, which may occur without any radio-
graphic evidence of disease. Although perceived to be quite 
rare, the incidence of this disease seems to have increased 
in the last few years, particularly in association with various 
asthma therapies. 

   Clinical presentation of COPD exacerbation includes 
worsening of dyspnea, increased cough and sputum, and 
changes in the aspect of expectorations.  

 TABLE 41.3          HRCT features in asthma and COPD.  

     Mild-to- 

persistent 

asthma 

 Severe 

asthma  COPD 

 Healthy 

subjects 

   Bronchial wall 

thickening 

  �  �    �  �  �    �    �  

   Emphysema  –   �    �  �  �    �  

   Bronchiectasis   � / �    �  �    �    � / �  
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    Biomarkers of respiratory bacterial 
infections 

   Although clinical criteria are still used to determine which 
patient should be treated with antibiotics  [157] , these cri-
teria are neither sensitive nor specifi c enough to exclude 
other causes of exacerbation of respiratory symptoms in 
these patients. Novel biomarkers (e.g. pro-calcitonin) have 
been recommended for guiding antibiotic treatment both in 
exacerbations of COPD and pneumonia, but these studies 
need confi rmation          [158–160] . 

   Other frequent clinical conditions may mimic the 
symptoms of COPD exacerbation, including congestive 
heart failure, pneumonia, pneumothorax, pleural eff usion 
and pulmonary embolism  [2] . However, COPD is often 
cited among the risk factors for acute venous thrombo-
embolism and is an independent predictor of pulmonary 
embolism  [161] . In a small series of patients, the prevalence 
of deep vein thrombosis in patients admitted with acute 
exacerbation of COPD was 31%        [162, 163] . Similarly, on 
the basis of ventilation–perfusion lung scintigraphy, the 
prevalence of pulmonary embolism in patients admitted 
with acute exacerbation of COPD was as high as 20%  [164] . 
More recently, Tillie-Leblond  et al.   [165]  explored the 
prevalence of pulmonary embolism in a cohort of patients 
with COPD with unexplained dyspnea and found a rate 
of 25% in this population. D-dimer is a product of lysis of 
stabilized fi brin-clot that is considered an indirect marker 
of coagulation activation. Measurement of plasma D-dimer 
has a well established diagnostic role in acute pulmonary 
embolism because of its high negative predictive value 
 [166] . Th e usefulness of D-dimer testing remains contro-
versial in inpatients, in part due to a high percentage of 
 “ positive ”  D-dimer values among them, which is consequent 
to a broad spectrum of diseases (other than pulmonary 
embolism) and procedures related to the hospitalization. 
Moreover, for inpatients, a negative D-dimer reduces sus-
picion but its sensitivity is only 89%, unsatisfactory to 
exclude pulmonary embolism  [167] . If the helical contrast 
CT angiogram is negative and ultrasound is negative, there 
is still a 5% false-negative rate for inpatients  [168] . Th ere 
are no convincing data regarding a negative CT alone for 
inpatients. Accordingly, CT and D-dimer evidence may add 
information but conventional pulmonary arteriography may 
still be required to make a secure diagnosis. In its absence, 
a  “ clinical ”  decision to treat (and suspend treatment, if 
contraindications supervene) may be required  [169] .  

    Troponin and/or N-BNP 

   COPD and CHF are common conditions. Th e diag-
nosis of CHF can remain unsuspected in patients with 
COPD, because shortness of breath is attributed to COPD. 
Measurement of plasma B-type natriuretic peptide (BNP) 
levels helps to uncover unsuspected CHF in patients with 
COPD and clinical deterioration  [170] . Amino-terminal 
pro-B-type natriuretic peptides (NT-proBNP) are strong 
and independent prognostic indicators, representing a par-
ticularly strong predictor of heart failure or death  [171] . Th is 
risk is independent of all other variables, including renal 

function or troponin, and is proportional to the magnitude of 
NT-proBNP release, with higher risk observed among those 
with a more marked elevation of the marker. An elevated ini-
tial NT-proBNP concentration should prompt consideration 
of an early invasive management approach. Consideration 
should be given to repeating the NT-proBNP measure-
ment after 24–72       h and again at 3–6 months because these 
follow-up measurements provide more long-term prognostic 
information than single measures at presentation. In acute 
ischemic heart disease, an NT-proBNP value  � 250       ng/l is 
associated with an adverse prognosis. In patients with sta-
ble coronary artery disease, measurement may be performed 
for prognostication purposes at 6- to 18-month intervals. In 
the case of clinical suspicion of disease progression, a new 
sample may be warranted.  

    Alpha-1 antitrypsin 

   Severe hereditary defi ciency of alpha-1 antitrypsin is usually 
associated with early-onset panacinar emphysema  [172] . 
Th us, in patients who develop COPD before the age of 45 
and/or who have a strong family history of COPD, alpha-1
antitrypsin should be measured; if the serum concentra-
tion is  � 15–20% of the normal value, the patient should be 
considered for alpha-1 antitrypsin augmentation therapy. 
Like other genetic tests, this test has no clinical value in 
asthma  [21] .  

    Assessment of airway infl ammation 

   Bronchopulmonary infl ammation is markedly diff erent in 
asthma and COPD                            [9, 12, 173–182]  ( Fig. 41.1   ). 

   While airway biopsies and bronchoalveolar lavage 
clearly distinguish between asthma and COPD in subjects 
with overlapping features that may provide useful informa-
tion in research protocols, they are considered too invasive 
for the diagnosis or staging of either asthma or COPD 
         [179, 183, 184] . In contrast, noninvasive markers of airway 
infl ammation have been increasingly used in research pro-
tocols to diff erentiate asthma from COPD  [183 ,    185] . 

    Sputum 

   Sputum induction has been widely used in the study of 
airway infl ammation in asthma and COPD because it is 
a safe, reproducible, and noninvasive technique that can 
be used repeatedly, even during exacerbations          [186–188] . 
Sputum fi ndings mainly represent the bronchial compart-
ment. Induced sputum from asthmatic patients during 
stable conditions is usually characterized by a higher per-
centage of eosinophils and metachromatic cells than that 
found in samples from healthy subjects        [189, 190] . Sputum 
neutrophilia may also be present across the range of disease 
severity; its identifi cation is important, as it is associated 
with a poor response to glucocorticosteroids          [191–193] . 

   In stable conditions, ex- or current smokers with 
COPD characteristically show an increased total cell number 
in spontaneous or induced sputum, with a predominance of 
neutrophils and a small percentage of eosinophils in some 
subjects          [133, 194, 195] . In some smokers with chronic 
bronchitis, with or without chronic airfl ow limitation, 
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an excess proportion of eosinophils ( � 3%) in lower respi-
ratory secretions (called  “ eosinophilic bronchitis ” ) can also 
occur          [100, 186, 187] . A recent study has elegantly shown 
that in patients with COPD the main cells in sputum are 
neutrophils and macrophages, with more macrophages 
and eosinophils than in a sub-phenotype of patients with 
chronic bronchitis  [196] . 

   Analysis of sputum from patients with exacerbations 
of asthma or COPD has provided interesting new informa-
tion. Mild exacerbations of asthma induced by tapering the 
dose of inhaled steroids are associated with sputum eosi-
nophilia        [197, 198] . In contrast, mild exacerbations that are 
spontaneous are associated with eosinophilia in about 50% 
of subjects, but the other 50% do not have sputum eosi-
nophilia  [199] . In children, eosinophilic airway infl amma-
tion is associated with deteriorating asthma over time. Th is is 
consistent with the hypothesis that airway infl ammation has 
an adverse eff ect on the prognosis of childhood asthma and 
suggests a role for monitoring infl ammation in asthma man-
agement  [200] . Severe asthma exacerbations are associated 
with more prominent sputum neutrophilia  [201] . Bronchial 
neutrophilia has also been observed in bronchial lavage fl uid 
from asthmatics during status asthmaticus  [202] . 

   Interestingly, exacerbations of chronic bronchitis or 
COPD are associated with quite similar changes in spu-
tum cell count. Mild exacerbations of chronic bronchitis or 
COPD are associated with eosinophilia in sputum and in 
biopsy specimens        [203, 204] , whereas severe exacerbations 
of COPD are associated with sputum neutrophilia  [205] . 

   Th us, at least in sputum, the changes in infl ammatory 
cells during exacerbations may be no diff erent in asthma 
and COPD. Once again, this evidence underlines the 
similarities between the two diseases and the diffi  culty in 

making a diff erential diagnosis in those few cases in which 
clinical fi ndings are not defi nitive. 

   Several biochemical markers have been studied in 
induced sputum from both asthma and COPD patients 
             [206–210]  ( Table 41.4   ). Although some markers are 
markedly diff erent in asthma and COPD, and studying 

 FIG. 41.1          Photomicrographs showing 

bronchial biopsy specimens immunostained 

with anti-EG-2 (eosinophil cationic protein) 

from a patient with fi xed airfl ow obstruction 

and a history of COPD (A) and from a patient 

with fi xed airfl ow obstruction and a history 

of asthma (B). The two patients had a similar 

degree of fi xed airfl ow obstruction. In (B), 

there is prominent eosinophilia beneath the 

destroyed epithelium that is not present in (A). 

Photomicrographs showing bronchial biopsy 

specimens stained with H & E from a patient 

with fi xed airfl ow obstruction and a history of 

COPD (C) and from a patient with fi xed airfl ow 

obstruction and a history of asthma (D). The two 

patients had a similar degree of fi xed airfl ow 

obstruction. In (D), there is a thicker reticular 

layer of the epithelial basement membrane 

compared with (C) (from Ref.  [10] ).          

 TABLE 41.4          History, symptoms, and results of pulmonary function tests in 

the diff erential diagnosis between asthma and COPD.  

     Asthma  COPD 

   Onset  Mainly in childhood  In mid to late adult life 

   Smoking  Usually non-smokers  Almost invariably 

smokers 

   Chronic cough and 

sputum 

 Absent  Frequent (chronic 

bronchitis) 

   Dyspnoea on eff ort  Variable and reversible 

to treatment 

 Constant, poorly 

reversible and 

progressive 

   Nocturnal symptoms  Relatively common  Uncommon 

   Airfl ow limitation  Increased diurnal 

variability 

 Normal diurnal 

variability 

   Response to 

bronchodilator 

 Good  Poor 

   Airway 

hyperresponsiveness 

 In most patients, with 

or without airfl ow 

limitation 

 In most patients with 

airfl ow limitation 
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these markers may provide useful information in research 
protocols, their use in clinical practice has not been shown 
to be superior to simple cell counts.  

    Exhaled NO 

   While endogenous NO may be involved in the pathophysi-
ology of asthma and COPD        [211, 212]  ( Fig. 41.2   ), exhaled 
NO is increased in atopic asthma              [213–217]  but less at lesser 
extent so in nonatopic asthma        [218, 219].  Furthermore, 
exhaled NO is reduced   by glucocorticosteroids  [220]  but 
not by bronchodilators  [221] . Confl icting results have been 
obtained in COPD                  [222–228] . 

   In patients with stable COPD, a partial bronchodi-
lator response to inhaled salbutamol is associated with 
increased exhaled NO and sputum eosinophilia  [101] . 
Taken together with previous fi ndings  [73] , this suggests 
that there is a subset of patients with COPD who share 
some characteristics of asthmatic infl ammation and who 
may be responsive to steroids  [100] .    

    DIFFERENTIAL DIAGNOSIS BETWEEN ASTHMA 
AND COPD 

   In most patients, the clinical presentation and particularly 
the history provide the strongest diagnostic criteria to dis-
tinguish asthma from COPD ( Table 41.5   ). Results of pul-
monary function tests, particularly spirometry, that show 

a nearly complete reversibility of airfl ow limitation may 
help to confi rm a diagnosis of asthma, and those that show 
poorly reversible airfl ow limitation may help to confi rm the 
diagnosis of COPD ( Table 41.5 ). 

   Diff erential diagnosis between asthma and COPD 
becomes more diffi  cult in elderly patients, in whom some 
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 FIG. 41.2          Exhaled breath analysis: current state of standardization, research, and clinical use (from Ref.  [212] ).    

 TABLE 41.5          Ancillary tests in the diff erential diagnosis between stable 

asthma and COPD.  

   Ancillary test  Asthma  COPD 

   Reversibility to 

bronchodilator and/or 

glucocorticosteroids 

 Usually present  Usually absent 

   Lung volumes

             Residual volume, total 

lung capacity

            Diff usion capacity 

 

Usually normal 

or, if increased, 

reversible

Normal 

 

Usually irreversibly 

increased

Decreased 

   Airway hyperresponsiveness  Increased  Usually not 

measurable due to 

airfl ow limitation 

   Allergy tests  Often positive  Often negative 

   Imaging of the chest  Usually normal  Usually abnormal 

   Sputum  Eosinophilia  Neutrophilia 

   Exhaled NO  Increased  Usually normal 
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features may overlap, such as smoking and atopy, and, more 
importantly, when the patient develops poorly reversible air-
fl ow limitation that responds only partially to treatment. In 
these cases, symptoms, lung function, airway responsiveness, 
imaging, and even pathological fi ndings may overlap and 
thus may not provide solid information for the diff erential 
diagnosis. Because the diff erential diagnosis mainly aims to 
provide better treatment, it is important in these cases to 
undertake an individual approach and to perform additional 
tests. Reversibility to corticosteroids alone or in combina-
tion with long-acting bronchodilators, measurements of 
lung volumes and diff usion capacity, analysis of sputum and 
exhaled NO, and imaging of the chest may demonstrate 
whether asthma or COPD is the predominant cause of 
airfl ow limitation (Table 41.5)  . In contrast, reversibility to 
bronchodilator and assessment of airway hyperresponsive-
ness or skin testing may not be useful in these patients.  

    COMORBIDITIES OF ASTHMA AND COPD 

   Th e coexistence of chronic rhinitis, nasal polyposis, and 
sinusitis may contribute to the severity of asthma        [229, 230] .
Th ere is broad evidence to show that adequate treatment 
of these upper airway diseases is benefi cial to asthma by 
mechanisms that are not clearly understood. Th e  “ one 
airway ”  concept developed by the WHO ARIA Group 
 [231]  has drawn attention to the importance of treat-
ing the whole respiratory tract while managing asthma. 
Gastroesophageal refl ux is also occasionally associated with 
asthma, both in adults and in children  [232] , but treatment 
of refl ux usually has little overall eff ect on mild to moderate 
asthma  [233] . Two recent studies        [234, 235]  indicate that 
proton-pump inhibitors in patients with symptomatic refl ux 
improve asthma control in severe disease. A frequent and 
quite important comorbidity of asthma in adults is COPD, 
most likely due to smoking, which is quite common in asth-
matics. Smoking modifi es the airway pathology of asth-
matics to a COPD-like pattern and reduces the response 
to treatment  [7] . Comorbidities may become important in 
severe asthmatics, whereas overall they play a less important 
role overall in the clinical manifestations of mild to moder-
ate asthma        [236, 237] . 

   Recent research suggests that infl ammation in COPD 
is not confi ned to the lungs, because the main risk factor, 
smoking, may simultaneously cause pulmonary and sys-
temic infl ammation. Th is may account for the observation 
that patients with COPD often present with one or more 
comorbid conditions. Th e most common comorbidities that 
have been described in association with COPD are  hyper-
tension ,  diabetes , coronary artery disease        [238, 239] ,  chronic 
heart failure   [240] , pulmonary infections,  cancer   [241] , and 
 pulmonary vascular disease         [242, 243] . 

   Comorbidities are highly likely to aff ect health out-
comes in COPD. Progressive respiratory failure accounts 
for only about one-third of COPD-related deaths: COPD 
patients are more likely to die of  cardiovascular  complica-
tions or  cancer  than of respiratory failure  [242] . Th erefore, 
factors other than the progression of lung disease must play 
a substantial role. Th e number of preexisting comorbidities 

in patients with COPD is associated with increased in-
hospital mortality  [239] . Comorbid conditions that have 
been associated in particular with an increased mortality risk 
in COPD patients include chronic renal failure, cor pulmo-
nale  [244] , and  pulmonary vascular disease   [245] . Underlying 
heart diseases have not been consistently associated with a 
higher mortality risk. However, since COPD is frequently 
underreported, it is diffi  cult to make an accurate estimate 
of how comorbid conditions infl uence COPD mortal-
ity or, conversely, how COPD aff ects the outcome of other 
diagnoses  [242] . 

   Th e complexity of chronic comorbidities applies 
to acute exacerbations of asthma and COPD to a similar 
extent. Acute exacerbations of respiratory symptoms may be 
present in several other acute conditions that should always 
be carefully considered and excluded, such as acute left ven-
tricular failure, pulmonary thromboembolism, pneumonia, 
metabolic acidosis, and anemia.  
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C H A P T E R

                            

             Non-invasive Assessment of 

Airway Infl ammation 

    INTRODUCTION 

   Airway infl ammation is thought to be an impor-
tant component of asthma, chronic obstructive 
pulmonary disease (COPD), and the various 
cough syndromes. However, it is not routinely 
assessed in clinical practice and much of what we 
know about the nature and importance of air-
way infl ammation is derived from bronchoscopy 
studies. Th ese studies are limited by the invasive 
nature of bronchoscopy, bronchial biopsy, and 
bronchoalveolar lavage so it has not been possi-
ble to study large heterogeneous populations nor 
has not been standard practice to assess airway 
infl ammation in clinical practice or clinical trials. 

   Over the last 15–20 years there has been 
an explosion of interest in the assessment of air-
way infl ammation using non-invasive means and 
there are now a large number of diff erent tech-
niques to assess airway infl ammation, each with 
its own strengths and weaknesses ( Table 42.1   ). 
Two techniques are particularly well developed 
and are already widely used in clinical trials and 
impacting on clinical practice: induced sputum, 
where a sputum diff erential and total cell count is 
used to determine the characteristics and inten-
sity of the lower airway infl ammatory response; 
and exhaled nitric oxide (FE NO ), where the con-
centration of nitric oxide (NO) in exhaled air is 
used to provide information about the presence 
of eosinophilic, corticosteroid responsive airway 
infl ammation. Induced sputum has the advantage 
of providing measurements of the type of airway 
infl ammation (eosinophilic versus neutrophilic) 
as well as its severity. Th e main limitation is that 
results are not available immediately, limiting the 
application of the technique in asthma moni-
toring. FE NO  has the advantage of being simple 
to measure and provides an immediate result 
but it provides only limited information on the 

nature of the infl ammatory response. Th e diff er-
ent strengths and weaknesses of the techniques 
suggests that they may fi nd diff erent roles, with 
FE NO  being used mainly in primary care to facili-
tate diagnosis and to titrate corticosteroid therapy 
and induced sputum used in secondary and terti-
ary care, where more detailed information on the 
type of lower airway infl ammation is necessary. 

   In this chapter we will review the method-
ology and validation of induced sputum and FE NO  
and outline other more experimental approaches 
to the assessment of airway infl ammation. We will 
fi nish by discussing how the widespread applica-
tion of induced sputum to large and heterogene-
ous populations of patients with airway disease 
has furthered our understanding of the complex 
relationship between airway infl ammation and the 
clinical expression of airway disease and opened 
the way to a new approach to the management 
of airway disease based on assessment of airway 
infl ammation (infl ammometry).  

    INDUCED SPUTUM 

    Methodology 

   Sputum induction using nebulized hypertonic 
saline is used to collect respiratory secretions from 
the airways of patients who do not expectorate 
spontaneously. Th e precise mechanism leading to 
production of increased secretions is not known 
but increased production of mucous by the sub-
mucosal glands, increased vascular permeability of 
the bronchial mucosa and release of pro-infl am-
matory mediators may all contribute. Eighty to 
ninety percent of patients with airway disease and 
a similar proportion of healthy controls are able 
to produce a satisfactory sputum sample follow-
ing hypertonic saline inhalation. 
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   A variety of protocols for sputum induction have 
been published and shown to be safe provided patients are 
pre-treated with bronchodilators and monitored care-
fully        [1, 2] . Risk factors for bronchoconstriction include a 
low baseline FEV 1 % predicted  [3] , overuse of short-acting 
 β 2-agonists  [4]  and poor asthma control  [4] . Symptomatic 
bronchoconstriction is unusual in patients with COPD, 
even those with severe airfl ow obstruction  [5] ; sputum 
induction has also been carried out repeatedly and safely 
in patients with severe asthma  [6] . It is likely that higher 
nebulizer output, higher concentration of inhaled saline, a 

longer duration of saline inhalation and reduced frequency 
and timing of safety assessment by forced expiratory volume 
in 1 s or peak expiratory fl ow reduce safety. Higher output 
nebulizers have also been associated with the develop-
ment of a sputum neutrophilia 24 h after sputum induction 
 [7] . Whether this is seen with the low output nebuliz-
ers is unknown. A common and well-validated protocol is 
to use a relatively low output ultrasonic nebulizer (output 
0.7–0.9 ml/min) delivering increasing concentrations of 
hypertonic saline          [5, 6, 8] . Th e method is summarized in 
 Box 42.1   . 

 TABLE 42.1          Comparison of methods measuring airway infl ammation.  

     Ease of performing 

technique 

 Ease of analyzing 

result  Time to result  Cost 

 Infl uence on outcome 

proved  Potential use 

   Induced sputum  Simple sputum 

sample 

 Simple, but 

requires 

experience 

 3–4 h  Moderate  Yes  Secondary care 

   Blood eosinophil 

count 

 Simple blood test  Simple  30 min  Inexpensive  Suggests eosinophilic 

airway infl ammation 

when raised in correct 

context 

 Secondary care 

   Eosinophil 

cationic protein 

 Urine test/sputum test/

blood test 

 Simple  3–4 h  Moderate  Not proven 

conclusively 

 Research  

   Exhaled nitric 

oxide 

 Very easy 

breathing test 

 Easy  Immediate  Expensive though 

could become 

cheaper 

 Not proven  Research 

Possibly primary 

care 

   Exhaled breath 

temperature 

 Thermometer. Complex 

currently but could be 

simplifi ed. 

 Easy  Immediate  Inexpensive  Studies awaited  Research 

   Breath condensate  Cooling/freezing 

of exhaled air 

 Simple  Moderate  Inexpensive  Studies awaited  Research 

   BAL, bronchial 

wash, and biopsy 

 Biopsy- invasive  Complex  2 days  Moderate  Yes  Secondary care 

BOX 42.1  PROTOCOL FOR SPUTUM INDUCTION USING NEBULIZED HYPERTONIC SALINE.  

�10%, �20% fall in FEV1

Measure FEV1

Salbutamol 200μg    – by MDI with spacer

Remeasure FEV1 after 20min

Administer 3% saline using an ultrasonic nebulizer for 5min

Blow nose, rinse mouth, and swallow water

Expectorate sputum

Repeat procedure with 4% and 5% saline

Remeasure FEV1

�20% fall in FEV1 or troublesome sy

�10% fall in FEV1

Discontinue
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   Once expectorated sputum should be processed within 
2 h. Th ere is evidence that sputum can be stored for up to 9 h 
in a refrigerator at 4 o C or that sputum can be snap frozen for 
longer without aff ecting cell counts  [9] , although experience 
with these techniques is limited. Th e whole expectorate or 
selected sputum plugs can be processed. Th e latter approach 
has the advantage of producing better quality cytospins and 
more repeatable diff erential cell counts  [10] . A common 

method used to process induced sputum is outlined in  Box 
42.2   . Th e total cell count, cell viability and squamous cell con-
tamination are assessed using a hemocytometer. Diff erential 
cell counts are determined by counting 400 leukocytes on an 
appropriately stained cytospin. Other biomarkers can also be 
measured in the sputum supernatant. Some of the molecular 
markers of airway infl ammation that have been successfully 
measured in sputum are shown in  Table 42.2   . 

  BOX 42.2 PROTOCOL FOR PROCESSING OF SPUTUM.  

Select sputum (if necessary using inverted microscope)

Weight and incubate with 4 � volume 0.1% dithiothreitol (DTT)

Process at 4°C within 2 h of expectoration

Gently aspirate with pasteur pipette, vortex for 15 s

Rock on bench rocker for 15 min on ice

Mix with equal volume (to DTT) of Dulbecco’s phosphate buffered saline (DPBS)

Vortex for 15 s

Filter through 48 μm nylon gauze (pre-wet with DPBS)

Centrifuge 790 g 10 min

Resuspend cell pellet in DPBS

Perform total cell count and viability by trypan blue exclusion
method in Neubauer hemocytometer

Adjust cell suspension to 0.5�0.75 � 106 cells/ml with DPBS

Prepare cytospins by placing 50 or 75 μl cell suspension in cups of cytocentrifuge and
centrifuge at 450 rpm for 6 min

Air dry and stain

Store supernatant at �70°C

Measure fluid phase

 TABLE 42.2          Cell types and molecular markers that have been successfully measured in induced sputum.  

   Cells  Eff ector mediators  Cellular markers 

 Cytokines/

chemokines 

   Eosinophils

Neutrophils 

Macrophages 

Lymphocytes

Epithelial 

Mast cells 

 Leukotrienes

C/D/E 4 

Prostaglandin D 2  

Histamine 

 Eosinophilic cationic 

protein

Neutrophil elastase 

 Interleukin-8 
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   It is generally agreed that the central airways are sam-
pled with induced sputum. Th is view is supported by stud-
ies showing a greater proportion of granulocytes in both 
sputum and bronchial samples compared with bronchoal-
veolar lavage          [11–13]  and by the demonstration that spu-
tum induction results in greater clearance of radiolabeled 
aerosol from the central airways than the peripheral air-
way  [14] . Th ere is evidence that increasing the duration of 
sputum induction leads to sampling of more distal airways 
although, as yet, the clinical utility of this technique has not 
been explored  [15] .  

    Validation 

   Sputum diff erential cell counts have been shown to corre-
late closely with bronchial wash cell counts  [16] , less closely 
with bronchoalveolar lavage counts        [13, 16]  and not at all 
with biopsy cell counts  [17] . Th is may refl ect sampling of 
diff erent airway compartments by the diff erent techniques 
and the fact that some cell types (notably eosinophils and 
neutrophils) are not tissue dwelling. 

   Normal ranges have been published for a large adult 
population          [18–20]  ( Table 42.3   ). Age has been shown 
to infl uence diff erential sputum neutrophil counts, with 
the higher values occurring in the older age groups  [20] . 
Sputum diff erential eosinophils, macrophage and neutrophil 
counts and the sputum supernatant concentration of eosi-
nophilic cationic protein (ECP), cysteinyl–leukotrienes, 
prostanoids, and IL-8 can be measured repeatably in asthma 
         [21–23]  and in COPD  [5]  ( Table 42.3 ). Th e diff erential 
lymphocyte and epithelial cell count and the total cell count 
are less repeatable  [22] . Spontaneous and induced sputum 

have similar cell and molecular characteristics and they can 
be used interchangeably in asthma and COPD; there is 
no evidence that pre-treatment with salbutamol or a prior 
methacholine inhalation test infl uences sputum cell counts. 

   Th e sputum eosinophil count is responsive in that it 
increases when asthma worsens (e.g. after allergen challenge 
and following relevant occupational exposures        [24, 25] ), 
and decreases when asthma improves with inhaled corti-
costeroid (ICS) treatment  [26] . Sputum and bronchoscopy 
studies with corticosteroids        [26, 27]  and anti-IL-5        [28, 29]  
suggest that the sputum eosinophil count is more responsive 
than tissue eosinophil counts. Th e sputum diff erential neu-
trophil count is reduced following treatment with the fi xed 
dose combination inhaler seretide in patients with COPD 
 [30] . Th ere are theoretical reasons to suggest that the total 
neutrophil count may be a more responsive measure than 
the diff erential count since the relationship between them 
becomes relatively fl at over a diff erential neutrophil count 
of 80%  [31] . 

   Based on what is known about the responsiveness 
and repeatability of the sputum eosinophil count, a 2-fold 
change is regarded as clinically signifi cant  [32] . A reduc-
tion of the sputum neutrophil diff erential cell count of 13% 
or more has been regarded as signifi cant since longitudinal, 
observational studies suggest that a diff erence of this mag-
nitude is associated with a clinically important reduction 
in the rate of decline in lung function in patients with 
COPD  [33] .  

    Findings in disease 

   Clinically relevant patterns of airway infl ammation include 
neutrophilic, eosinophilic, and mixed eosinophilic and 

 TABLE 42.3          Normal ranges and within subject repeatability of induced sputum cell counts in adults.  

     Normal ranges  Repeatability 

   Author  Belda [18]  Spanevello [19]  Thomas  [20]  Pizzichini  [22]  in’t Veen  [21]  Spanavello [23] 

   Number (male)  96 (54)  96 (46)  66 (24)  39 (20)  21 (10)  88 (44) 

   Characteristics  Healthy  Healthy  Healthy  Asthma (19) 

Healthy (10), 

Smokers (10) 

 Asthma  Asthma (53)

Healthy (19)

Rhinitis (16) 

   Mean age  Not recorded  Not recorded  46 (25)  39  24 (4)  38 

   TCC (×10 6 /g)  4.1 (4.8)  2.7 (2.5)  2.1 (2.4)  0.35    0.44 

   Eosinophils (%)  0.4 (0.9)  0.6 (0.8)  0.3 (0.6)  0.94 (0.75 a ) b   0.85 (6.2)  0.84 (0.17 a ) 

   Neutrophils (%)  37.5 (20.1)  27.3 (13.0)  47.0 (27.0)  0.81 (14.0)  0.57 (15.5)  0.75 

   Macrophages (%)  58.8 (21.0)  69.2 (13.0)  49.0 (25.2)  0.71  0.64 (7.7)  0.76 

   Lymphocytes (%)  1.0 (1.1)  1.0 (1.2)  1.0 (1.4)  0.25  0.76 (3.9)  0.39 

   Epithelial cells (%)  1.6 (3.9)  1.5 (1.8)  2.5 (3.2)    0.64 (7.7)  0.56 

  Figures represent mean (SD). Repeatability expressed as intra-class correlation coeffi  cient (within subject SD or  a log within subject SD). Repeatability was assessed over 2-days 

(in’t Veen  et al .), 6-days (Pizzichini  et al .) and 1-week (Spanavello  et al .).  b Within subject log standard deviation of sputum eosinophil count overly infl uenced by small absolute 

diff erences in normals; in subjects with asthma it was 0.25.  
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neutrophilic ( Fig. 42.1   ). Th e latter pattern is most com-
monly seen in COPD, refractory asthma, and in exacerba-
tions of airway disease. A sputum neutrophilia with a raised 
total cell count suggests infective bronchitis, COPD, and 
bronchiectasis; a neutrophilia with a normal total cell count 
is more non-specifi c but is commonly seen in chronic cough 
and non-eosinophilic asthma. A signifi cant minority of 
patients with airway disease have paucigranulocytic sputum 
characterized by normal sputum eosinophil and neutrophil 
counts ( Fig. 42.1 ). 

   A raised sputum eosinophil count is the most charac-
teristic fi nding in patients with asthma. 60–80% of patients 
with symptomatic untreated asthma and around 50% of 
patients taking ICS have a sputum eosinophil count above 
the normal range. A minority of patients with asthma 
of all severity grades have consistently non-eosinophilic 
sputum; many have a sputum neutrophilia. A raised spu-
tum eosinophil count is not exclusive to asthma: 30–40% 
of patients with cough and a similar proportion of patients 
with COPD have a sputum eosinophilia ( Fig. 42.2   ). 
Roughly a half of patients with cough and a sputum eosi-
nophilia have evidence of variable airfl ow obstruction and/
or airway hyperresponsiveness and meet diagnostic crite-
ria for cough variant asthma. Th e remainder consistently 
do not and are classifi ed as having eosinophilic bronchitis. 
Patients with COPD and a sputum eosinophilia may have 
more asthma like features such as bronchodilator revers-
ibility, atopy, and airway hyperresponsiveness but there is 
too much overlap in the presence of these features to make 
it possible to reliably predict pathology on the basis of 
these tests.   

    EXHALED NITRIC OXIDE 

    Methodology 

   FE NO  is usually measured by chemiluminescence. Th is uses 
ozone to react with NO and produce nitrogen dioxide which 
then emits photon in a stoichiometric relationship with the 

amount of NO present in the gas sample. Th is technique 
is sensitive, allowing measurements down to 1 part per bil-
lion (ppb)  [34] . FE NO  can be measured either  “ offl  ine ”  or 
 “ online ” . Online measurement involves the inhalation of 
NO free air immediately followed by exhalation at a steady 
fl ow directly into the measuring apparatus, whereas in offl  ine 
measurements the exhaled air is collected in a Mylar® bal-
loon and then transported to the NO analyzer. 

   Th ere is now a consensus that FE NO  is best meas-
ured before other spirometric maneuvers, at an exhaled rate 
of 50 ml/s maintained within 10% for  � 6 s, and with an 
oral pressure of 5–20 cmH 2 O to ensure velum closure  [35] . 
Th e technique is simple and well within the scope of most 
patients in primary care, including children as young as 5 
years of age  [36] . Results are expressed as the NO concen-
tration in ppb (equivalent to nanoliters/liter) based on the 
mean of two or three values within 10%  [37] . NO output 
can be calculated as the product of the exhaled NO con-
centration in nl/l and the exhalation fl ow in l/min. Alveolar 
NO concentration can be estimated from measurement 
of NO output at multiple exhalation fl ows  [38] . Alveolar 
NO may refl ect distal lung infl ammation; it is increased in 
patients with refractory asthma and is reduced by oral, but 
not inhaled, corticosteroids  [39] . Th e clinical role of this 
derived measurement has not been fi rmly established and it 
will not be considered further.  

Normal eosinophil count (�1.9%) Raised eosinophil count

Normal neutrophil
count (�61%)

Paucigranulocytic

Well controlled or intermittent asthma
Consider alternative diagnosis

Eosinophilic

Asthma
Eosinophilic bronchitis

Raised neutrophil
count

Neutrophilic

Acute infection (viral or bacterial)
Chronic infection (chlamydia,
adenovirus)
Smoking and COPD
Environmental pollutants (ozone, NO2)
Occupational antigens
Endotoxin exposure
Obesity
Chronic cough syndromes

Mixed granulocytic

Exacerbations
Refractory asthma
COPD

 FIG. 42.1          Classifi cation based on induced 

sputum patterns of cellular infl ammation 

in airway diseases.    

100

80
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40

20

Normal

%

Cough COPD Asthma

 FIG. 42.2          Approximate prevalence of eosinophilic airway infl ammation 

(defi ned as a sputum eosinophil count  � 1.9%) in diff erent patient 

populations. Each dot represents an estimate of prevalence from a single 

study. Adapted from Gibson  et al.   [75] .    
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    Validation 

   Robust estimates of FE NO  measured using the above meth-
ods are available in children  [40]  and, to a lesser extent, adults 
 [37] . FE NO  tends to increase in healthy children to the age 
of 17; thereafter the values are similar to adults. Th ere is no 
age eff ect in adults. Th ere is confl icting data on the eff ects of 
gender        [37, 40] . One study suggested fl uctuations in FE NO  
in healthy pre-menopausal women related to the menstrual 
cycle, with peak values mid-cycle  [41] . A reasonable esti-
mate of the normal ranges of FE NO  in adults is  � 30 ppb        [37, 
40] ; this is reduced to  � 24 ppb when outliers are removed 
from the analysis and  � 22.4 ppb when outliers and atopics 
are removed. Various factors have been shown to infl uence 
FE NO  and some do so independently of the presence of eosi-
nophilic airway infl ammation. Th ese factors and the likely 
mechanism of the eff ect on FE NO  are summarized in    Table 
42.4   . Genetic factors are known to aff ect the production of 
NO: van’s Gravesande  et al . demonstrated a strong relation-
ship between a known functional NOS3 missense sequence 
variant in the endothelial nitric oxide gene (G894T) and 
FE NO  level in a cohort of subjects with asthma  [42] , and the 
number of alpha-1 antitrypsin (AAT) repeats in intron 20 of 
this gene correlate with NO levels, with a higher number of 
repeats associated with lower NO levels  [43] . 

   Th e between subject standard deviation of FE NO  is 
around 25 ppb in asthma and 8 ppb in normal controls  [37] . 
Th e within subject standard deviation has been estimated at 
1.6–2 ppb in a range of subjects        [37, 40] . FE NO  is reduced 
2- to 4-fold by corticosteroids in patients with asthma 
         [44–46]  and is increased (by about 60%) by during the late 
response to allergen in subjects with atopic asthma  [47] . 
Th ere is a dose-related eff ect of low dose ICS on FE NO  but 
no additional benefi t above a dose of budesonide of 400  μ g/
day          [44, 48, 49] . Based on what is known about the eff ect of 
ICS on FE NO  and the predictive value of a change in FE NO  
 [50] , a reasonable minimally important diff erence is a 60% 
change either way.  

    Findings in disease 

   Any form of airway infl ammation increases FE NO  levels, 
including that seen in bronchiectasis, viral infection, fi bro-
sing alveolitis, allergic rhinitis, pulmonary tuberculosis, 
COPD, and pulmonary sarcoidosis, although the relation-
ship between infl ammation and FE NO  is complex as pneu-
monia  [51] , ciliary dyskinesia, and cystic fi brosis  [52]  have 
been shown to be associated with reduced FE NO . Cross-
sectionally, the relationship between FE NO  levels and eosi-
nophilic airway infl ammation is much closer than the 
relationship with other markers of airway infl ammation 
 [53]  and it is not clear to what extent the fi nding of a raised 
FE NO  are a true refl ection of the presence of eosinophilic 
airway infl ammation in these conditions.   

    OTHER METHODS TO MEASURE AIRWAY 
INFLAMMATION 

    Exhaled condensate 

   Th e collection of exhaled breath condensate (EBC) and 
assay of infl ammatory markers is the most recent devel-
opment in non-invasive asthma monitoring technologies. 
Methodological aspects of EBC collection and analysis have 
been reviewed by a European Respiratory Society (ERS) 
working party  [54] . Water vapor and respiratory droplets and 
particles are cooled and collected and used for conventional 
assay or infl ammatory markers such as leukotrienes  [55] , 
8-isoprostane  [56] ,  pH   [57] , and hydrogen peroxide          [58–60] . 
Th e current methods for the collection of EBC vary prima-
rily in the type of condensers that are employed. Th e physical 
surface properties of each condenser system may infl uence the 
condensate that is collected. Th erefore it is possible that there 
may be variation between systems in terms of the particles 

 TABLE 42.4          Factors associated with increased and decreased FE NO .  

   Factor  Eff ect on FE NO   Likely mechanism 

   Age  Increase until age 17, no eff ect thereafter  Increased airway size 

   Gender  Mixed evidence. If anything lower in females 

independent of height but not a major eff ect 

 ? Increased airway size in males 

   Height  Small increase with increasing height  Increased airway size 

   Atopy  Increased in atopic patients  Underlying eosinophilic airway infl ammation, which may be 

asymptomatic in some 

   Smoking  Increased in non-smokers  Unclear. May depend on time of last cigarette. Relationship between 

FE NO  and sputum eosinophil count lost in smokers 

   Spirometry  Transient reduction after spirometry  Unclear. FE NO  should be done before other tests. 

   Rhinitis  Increased, independent of atopy  ? Increased eosinophilic airway infl ammation 
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collected. Th e infl uence of salivary contamination on EBC val-
ues may also be a problem as many of the mediators assayed 
are found in high concentration in saliva  [61] . Th e measure-
ment characteristics of some of the mediators detectable in 
EBC are summarized in    Table 42.5   . 

   Assessment of airway infl ammation using EBC is 
non-invasive and feasible in almost all patients. It has the 
potential to provide information about diff erent aspects 
of the airway infl ammatory response and this informa-
tion may be clinically important. However, results are not 
available immediately, limiting the clinical utility of the 
technique. Future technological advances may overcome 
this problem. Th ere is evidence of signifi cant variabil-
ity in the concentration of some EBC markers and the 
reported relationship between the concentration of EBC 
markers and other infl ammatory or clinical measures is 
variable between studies raising the possibility of unre-
solved methodological issues and a need for further valida-
tion work.  

    Exhaled breath temperature 

   Exhaled breath temperature is a potential marker of airway 
infl ammation as it is likely to refl ect vascular hyperperfusion 
secondary to tissue infl ammation and airway remodeling. 
Measurement of exhaled breath temperature and bronchial 
blood fl ow  [62]  is feasible in asthma  [63]  and COPD  [64] . 
Asthma is associated with increased exhaled breath temper-
ature presumable refl ecting increased blood fl ow due to new 
vessel formation and vasodilatation. Exhaled breath tem-
perature is not consistently increased in COPD, suggesting 
diff erences in bronchial blood fl ow and tissue remodeling. 
Whether exhaled breath temperature provides clinically 
important information over and above other techniques 
has not been established but if it does, then the simplicity 
of the  technique makes it an attractive option as a non-
invasive marker of airway infl ammation although the lack 
of specifi c information on the pattern of airway infl amma-
tion may limit its clinical value.  

    Serum ECP 

   ECP is a product of eosinophils and there has been inter-
est in the use of serum, sputum or urinary ECP as a non-
invasive marker of eosinophilic airway infl ammation. Serum 
ECP concentrations are higher than EDTA plasma concen-
tration, probably because blood eosinophils continue to pro-
duce ECP  ex-vivo  in the absence of additives. Serum ECP 
concentrations are thought to be better at discriminating 
health from disease and are preferred. A standardized collec-
tion, processing, and testing method has been described  [65] . 

   Serum ECP increases with spontaneous allergen expo-
sure or after a laboratory allergen challenge and decreases 
following allergen avoidance and ICS therapy. However, 
serum ECP is a less responsive measure than the sputum 
eosinophil count and FE NO         [66, 67] . Compared with eosi-
nophil counts, ECP measurements in either induced spu-
tum or serum failed to refl ect treatment-related changes in 
chronic asthma  [68] , supporting the view that serum ECP 
is not a sensitive or reliable means of evaluating eosinophilic 
airway infl ammation. Moreover, serum ECP was found to 
be insensitive marker in titrating and monitoring therapy 
with ICS over a wide dose range in childhood asthma  [69]  
and it does not help predict a response to corticosteroid 
therapy  [70] . Finally, a randomized trial which compared a 
serum ECP based algorithm with a conventional algorithm 
for managing asthma found no improvement in symptom 
scores, in spite of increased doses of ICS  [71] . Th ese fi nd-
ings suggest that serum ECP is an imperfect and insensitive 
measure of eosinophilic airway infl ammation, which pro-
vides no particular advantages over other techniques.   

    NEW INSIGHTS INTO THE IMPORTANCE OF 
AIRWAY INFLAMMATION IN AIRWAY DISEASE 

   Our view of the importance of infl ammation in the patho-
genesis of asthma and other airway diseases has been heav-
ily infl uenced by bronchoscopy studies performed over the 

 TABLE 42.5          Measurement characteristics of markers assayed in exhaled breath condensate.  

     8-isoprostane  Cysteinyl leukotrienes  Hydrogen Peroxide  pH 

   Methodology  EIA, GCMS  EIA    De-aerated sample, pH 

meter 

   Normal range  ?  ?  ?  6.8–8.1 

   Repeatability  ?  ?  Acceptable  Acceptable 

   Result in asthma  Increased 3-fold  Increased 3-fold  Increased  Reduced 

   Eff ect of corticosteroid  Inhaled: nil 

Oral: reduced 

 Nil  Reduced  pH normalises 

   Correlation with other 

markers 

 FEV1: NS  FEV1: NS  Correlates with eosinophils  Correlated with 

eosinophils, lung 

function 

   Notes : EIA: enzyme immunoassay; GCMS: gas chromatography–mass spectrometry; NS: not signifi cant.  
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last 20 years  [72] . Th ese, by necessity, were largely limited 
to young volunteers with mild disease. Th e development of 
a non-invasive technique to assess airway infl ammation has 
made it possible to relate the presence of airway infl amma-
tion to objective measures of disordered airway function in 
larger and more heterogeneous populations than was pos-
sible with bronchoscopy studies. Th ese studies have sug-
gested a complex relationship between airway infl ammation 
and the pattern and severity of airway dysfunction          [8, 73, 
74] . Clinicians and researchers interested in using measures 
of airway infl ammation need to be aware of this relation-
ship in order to fully appreciate the added value such meas-
ures provide. A number of key observations are particularly 
important. All have been primarily made using induced 
sputum as the measure of airway infl ammation but they 
are potentially relevant to the use of FE NO  given the 
close relationship between FE NO  and eosinophilic airway 
infl ammation. 

   Firstly, the presence of pattern of airway infl am-
mation is not closely related to either the pattern or the 
severity of the airway dysfunction or symptoms. A raised 
sputum eosinophil count is seen in 60–80% of corticosteroid 
naive patients with asthma, 50% of corticosteroid treated 
patients with symptomatic asthma  [75] , 30–40% of patients 
with cough  [76] , and up to 40% of patients with COPD 
 [77] . Within diagnostic groups there is a weak correlation 
between the presence of eosinophilic airway infl ammation 
and the severity of symptoms or disordered airway function 
 [73] . Th us, little can be deduced about the presence, nature 
and severity of airway infl ammation from a standard clinical 
assessment. 

   Th is observation is important as it strongly implies 
that there is not a close causal link between eosinophilic air-
way infl ammation and the airway dysfunction that underlies 
many of the day-to-day clinical manifestations of asthma. 
Further support for this view is provided by studies show-
ing that treatment with anti-IL-5 markedly reduced eosi-
nophilic airway infl ammation but does not aff ect asthma 
symptoms, lung function or airway responsiveness        [29, 78] . 
A comparative bronchial biopsy study of asthma and eosi-
nophilic bronchitis (a condition where one sees eosinophilic 
airway infl ammation in the absence of the abnormalities of 
airway function that characterize asthma) has shown that 
infi ltration of the airway smooth muscle with mast cell is 
only seen in asthma  [79] . Moreover, the extent of infi ltra-
tion is closely related to airway hyperresponsiveness imply-
ing that it is the interaction between mast cells and airway 
smooth muscle that is of fundamental importance in the 
genesis of airway hyperresponsiveness  . 

   Secondly, the presence of eosinophilic airway infl am-
mation is more closely associated with a positive response 
to corticosteroids than other clinical measures. Moreover, 
a positive response to corticosteroids is seen irrespective of 
the pattern of airway disease in which eosinophilic airway 
infl ammation occurs ( Fig. 42.3   )              [26, 77, 80–82] . Th us, if the 
clinical questions were whether a patient with symptoms 
suggesting airway disease should receive corticosteroid treat-
ment (as it often is), then the identifi cation of eosinophilic 
airway infl ammation would be a better basis for making this 
decision than the fi ndings of other tests. 

   Th irdly, the sputum eosinophil count is a better marker 
for titrating corticosteroid therapy than standard clinical 
measures. Studies in asthma        [6, 83]  and COPD  [84]  have 
shown that management strategies where decisions about 
corticosteroid use and dose are guided by the sputum eosi-
nophil count results in a lower frequency of exacerbations and 
more economical use of corticosteroids than management 
guided by traditional clinical measures ( Fig. 42.4   ). Th e fi nd-
ings of these studies, together with evidence that a sputum 
eosinophilia is an important and independent predictor of the 
occurrence of an asthma exacerbation following corticosteroid 
withdrawal        [85, 86] , suggest that eosinophilic airway infl am-
mation is a more valid surrogate marker of preventable exac-
erbation risk than other currently available markers. 

   Fourthly, there is a clear and consistent positive cor-
relation between a raised sputum neutrophil count and 
the presence of fi xed airfl ow obstruction as refl ected by a 
reduced post-bronchodilator FEV 1  and FEV 1 /FVC. Th is is 
seen in patients with asthma  [87]  and COPD  [88]  and in 
COPD a raised sputum neutrophil count is associated with 
longitudinal decline in FEV 1   [33] . Th ese fi ndings raise the 
possibility of a common mechanism for the development 
of fi xed airfl ow obstruction involving neutrophilic airway 
infl ammation. Much more information is required before 
we can be sure that there is a causal link between neu-
trophilic airway infl ammation and fi xed airfl ow obstruction. 
In particular, there is a need for longitudinal studies evalu-
ating the eff ect of reducing neutrophilic airway infl amma-
tion. Nevertheless, there is suffi  cient evidence to speculate 
that a raised sputum neutrophil count is a useful biomarker 
of risk of subsequent decline in lung function. 

   Th e new understanding of the importance of airway 
infl ammation in airway disease has opened the way for 
a new approach to the management of airways disease in 
clinical practice where assessment of airway infl ammation 
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is used to identify risk of future adverse outcome and likely 
response to treatment.  

    FE NO  AS A MEANS OF MONITORING 
AIRWAY INFLAMMATION 

   Th e main limitations of induced sputum are that the tech-
nique is labor intensive, it requires a signifi cant amount of 
training to get reliable results and results are not available 
immediately, limiting the application of the technique in 
disease monitoring. FE NO  has the advantages of being sim-
ple to measure and providing an immediate result making it 
much more suitable for a monitoring tool. 

   FE NO  is a reasonably robust measure of the presence 
of eosinophilic airway infl ammation across a wide range of 
patients diff ering in atopic status, diagnosis, and medication 
 [53] . Th e association is lost in current smokers  [53] . As for 
sputum eosinophils, it has been shown that a raised FE NO  
level is a reliable indicator of a positive response to corti-
costeroids in a heterogeneous population of patients with 
symptoms suggesting airway disease  [89] . Th is fi nding was 
independent of the clinical diagnosis at presentation, in 
particular the label of asthma. One corticosteroid reduc-
tion study has shown that a raised F E NO is predictive of 
loss of asthma control  [50]  but two others have shown less 
convincing evidence for such an eff ect        [86, 90] . Th e rela-
tionship between airway eosinophilia, FE NO  levels, steroid 
responsiveness, and exacerbation risk raises the possibil-
ity that FE NO  can be used as a guide to corticosteroid dose 
requirements. Th is has been investigated in a number of 
small studies in diff erent populations          [91–93] . Th e fi ndings 
show a consistent trend to reduction in asthma exacerba-
tion of around 25%, in one study this was achieved with a 
40% lower mean daily dose of ICS  [91] . More defi nitively, 
studies have shown that FE NO  levels may be used to iden-
tify which patients do and do not require long-term main-
tenance therapy with inhaled steroids: the predictive values 

for either high ( � 50 ppb) or low ( � 25 ppb) FE NO  levels 
are highly signifi cant and may be used with confi dence to 
guide decision-making        [94, 95] . More needs to be learnt 
about the optimum cut-points for FE NO  as a marker of 
corticosteroid responsive airway disease and as a tool for 
asthma monitoring, but the evidence to date suggests that 
the use of regular FE NO  measurements is a promising way 
to achieve more economical and eff ective use of ICS  [96] .  

    POTENTIAL CLINICAL ROLE OF 
INFLAMMOMETRY 

    Role in diagnosis 

   None of the currently available diagnostic tests are suffi  -
ciently sensitive to rule out asthma        [97, 98]  with the result 
that treatment trials are often instigated without good evi-
dence variable airfl ow obstruction, airway hyperresponsive-
ness or airway infl ammation. One study has shown that 
out of 263 subjects referred to a tertiary referral center 
with suspected asthma, 160 received an alternative diagno-
sis  [99] . Many of these had received prolonged treatment 
with potentially toxic therapy before the correct diagnosis 
was reached. Even in tertiary referral centers the diagnosis 
of refractory asthma can be diffi  cult to make with certainty 
 [100] . Th e presence of a sputum eosinophilia or raised 
FE NO  in asthma is suffi  ciently common to suggest that 
these fi ndings may have a role in the diagnosis of asthma. 
Hunter  et al .  [98]  showed that the sensitivity of a sputum 
eosinophil count outside the normal range in identifying 
asthma (defi ned as consistent symptoms with objective evi-
dence of abnormal variable airfl ow obstruction) was around 
80%, signifi cantly better than PEF amplitude % mean and 
the acute bronchodilator response and approached the sen-
sitivity and specifi city of measurement of airway respon-
siveness. Smith  et al .  [97]  have reported similar fi ndings; in 
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this study a high FE NO  concentration achieved a similarly 
high diagnostic accuracy. Similar results have been reported 
by Berkman  et al .  [101]  and Dupont  et al .  [102] . FE NO  
performed less well in a community study  [103] , possi-
bly because the diagnosis of asthma was less rigorous and 
because subjects were tested whilst taking ICS. 

   Arguably it matters more to patients what can be 
done to help them than the diagnostic label attached to 
them. Th us, testing strategies that identify patients who are 
going to respond well to corticosteroid and provide guid-
ance on the dosing of corticosteroids might be particularly 
helpful. Th ere is now compelling evidence that the presence 
of a sputum eosinophilia or a raised FE NO  predicts corticos-
teroid responsiveness. Th is was fi rst clearly demonstrated by 
Morrow-Brown in the 1950s who showed that patients with 
airway disease and a sputum eosinophilia responded to cor-
ticosteroid treatment whereas those without a sputum eosi-
nophilia did not  [104] . It has since been shown that patients 
with non-eosinophilic asthma respond less well to inhaled 
budesonide than a group with more typical sputum features 
       [26, 105] . Th is is also the case with longer-term corticoster-
oid treatment in patients with more severe asthma  [6] . A 
sputum eosinophilia or raised FE NO   [91]  is a predictor of a 
steroid response irrespective of the clinical context: patients 
with chronic cough respond well to inhaled corticosteroids 
if there is a sputum eosinophilia        [80, 106]  and patients with 
COPD with a sputum eosinophilia respond better to sys-
temic and ICS than those without          [77, 81, 107] .  

    Role in monitoring asthma 

   Once a decision is made to start corticosteroid treat-
ment the next question is how best to titrate this therapy. 
Traditionally dose titration is done by assessing the clini-
cal response to treatment and attempting to defi ne the low-
est dose of ICS that maintains this. Many patients do very 
well with this approach  [108]  but there is evidence that 
the use of the induced sputum eosinophil count to titrate 
therapy results in a lower exacerbation frequency with 
no overall increase in treatment, particularly in patients 
with more severe asthma ( Fig. 42.4 )        [6, 83] . A number of 
researchers have investigated whether a similar eff ect is seen 
using FE NO  as the monitoring tool ( Table 42.6   ). Smith 
 et al .  [91]  used FE NO  measurements at a fl ow of 250ml/s 
to titrate ICS in a single blind parallel group trial involv-
ing 92 subjects with asthma. Subjects were treated accord-
ing to their FE NO  measurements or Global Initiative for 
Asthma (GINA) guidelines. Following a run in period the 
steroid dose was reduced in the FE NO  group if the FE NO  
was  � 15 ppb (equivalent to an FE NO  of about 45 ppb using 
an expiratory fl ow of 50 ml/s). In the control group, ster-
oid reduction was based on current GINA guidelines and 
only occurred when the subjects had, over the course of 
the previous week, achieved all of the following: less than 
2 night-time awakenings, a mean peak fl ow amplitude of 
 � 20%, bronchodilator use  � 4 times on 1 or 2 days, mini-
mal asthma symptoms, and a FEV 1        �      90% predicted. 

 TABLE 42.6          Summary of studies investigation FE NO  as a tool for monitoring corticosteroid treatment in asthma.  

   Study  Design  Population  Duration  Intervention 

 Reduction in 

exacerbation 

frequency 

 Change in ICS 

dose 

   Smith  et al .  [91]   Single blind, 

parallel group 

 97 adults with mild-

moderate asthma 

 12 months, after 

an optimization 

phase of up to 

12 months 

 Control: conventional 

measures of asthma 

control Intervention: 

FE NO        �      15 *  ppb 

 0.49 moderate and 

severe exacerbation/

patient/year in 

intervention and 0.9 

in control ( p       	      0.27) 

 40% lower in 

intervention 

group 

( p       	      0.003) 

   Pijnenburg 

 et al .  [92]  

 Single blind, 

parallel group 

 85 children with 

atopic asthma 

 12 months  Control: control of 

symptoms Intervention: 

Control of symptoms 

and FE NO        �      30 ppb 

 Eight courses of 

prednisolone in 

intervention and 18

in control;  p       	      0.6 

 Cumulative 

dose over 5 

visits of 4407  μ g 

in intervention, 

4332  μ g in 

control 

   Shaw  et al.   [93]   Single blind, 

parallel group 

 118 adults with 

a primary care 

diagnosis of asthma 

 12 months  Control: control of 

symptoms Intervention: 

FE NO        �      26 ppb 

 0.42 severe 

exacerbation/

patient/year in 

control and 0.33 

in intervention 

( p       	      0.4) 

 12% higher in 

intervention 

group ( p       	      0.4) 

   Note : ICS: inhaled corticosteroid.  

  *  Measured at 250 ml/s.  
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In the FE NO  group the optimal dose was one dose above 
the dose at which the subjects FE NO  was  � 15 ppb. In the 
control group the optimal dose was one dose above the dose 
at which a loss of control had occurred. Th ese became the 
optimal doses at which subjects entered the fi nal year of the 
study. During this stage the steroid dose was increased in 
the FE NO  group if the FE NO  was  � 15 ppb and in the con-
trol group the optimal dose was increased if a loss of con-
trol occurred. Although there were fewer exacerbations in 
the FE NO  group, this did not reach statistical signifi cance. 
However, over the year of the study the FE NO  managed 
group used 40% less ICS. 

   A similar study in a pediatric population showed a 
signifi cant improvement in airway responsiveness in chil-
dren whose FE NO  was maintained below 30 ppb when 
compared to a population whose corticosteroid dose was 
titrated using traditional measures  [92] . Few exacerbations 
were seen with either management strategy and there was 
no overall reduction in corticosteroid dose. 

   Shaw  et al .  [93]  took a diff erent approach in a single 
blind parallel group trial of 118 adults with asthma man-
aged in primary care. In the control group the goal of treat-
ment was to maintain the Juniper asthma control score 
below 1.57  [109] ; in the intervention group the aim was 
to achieve this and to maintain the FE NO  between 16 and 
26 ppb. Exacerbation frequency assessed over 12 months 
was 21% lower ( p       	      0.4) in the intervention group and 
there was no overall diff erence in corticosteroid dose over 

the year. Th e study was underpowered to show a clinically 
important eff ect on exacerbation frequency although the 
eff ect on severe exacerbation frequency was similar to that 
seen by Smith  et al . 

   Th e results of corticosteroid dose–titration studies 
with FE NO  are therefore mixed. Th ere is a fairly consist-
ent fi nding of a small reduction in severe asthma exacerba-
tions in patients managed with reference to FE NO  ( Table 
42.6 ) but a much larger study will be needed to deter-
mine whether such an eff ect is real, and whether it can be 
achieved cost eff ectively and with no overall increase in cor-
ticosteroid therapy. 

   Th e induced sputum studies showing a reduction in 
exacerbation frequency have generally included a more 
severe patient population than the FE NO  studies and it is 
possible that more clear evidence of benefi t of FE NO  moni-
toring would be seen in this population. In support of this, 
Jayaram  et al .  [83]  noted that the benefi t of sputum eosi-
nophil directed management was much more clearly seen 
in patients with more severe asthma. Patients taking long-
acting  β  2 -agonists did particularly well and it is possible 
that the increased dissociation between eosinophilic air-
way infl ammation and symptoms seen after treatment with 
long-acting  β  2 -agonists  [110]  is an important determinate 
of this. FE NO  is measurable in most patients with severe 
asthma and it appears to be as good a marker of eosinophilic 
airway infl ammation as it is in less severe asthma  [111] , so 
future studies should evaluate its use in severe asthma. In a 
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less severe population the main impact of infl ammometry 
might be a reduction in corticosteroid dose without loss of 
effi  cacy. 

   Trials evaluating FE NO  as a monitoring tool for 
asthma have used a wide variety of target ranges for FE NO  
( Table 42.6 ). Since than there has been an increase in our 
understanding of the relationship between FE NO  and eosi-
nophilic airway infl ammation an there is now a consensus 
that an FE NO  of  � 25 ppb is a sensitive indicator of the 
absence of eosinophilic airway infl ammation        [93, 96]  and is 
therefore an appropriate cut off  for a reduction in ICS  [112] . 
Conversely, an FE NO  above 50 ppb is a specifi c marker for 
the presence of eosinophilic airway infl ammation        [93, 96]  
and a good response to corticosteroids is consistently seen 
above this value  [89] . Th ese therefore would appear to be the 
most appropriate values for a reduction and an increase in 
corticosteroid dose. Values lying between 25 and 50 ppb are 
indeterminate and clinical criteria should be used to guide 
corticosteroid treatment. A suggested approach to interpre-
tation of FE NO  values in the diagnosis and monitoring of 
asthma is outlined in  Fig. 42.5    and  Table 42.7   .   

    FUTURE DIRECTIONS 

   Recently it has become possible to investigate the contribution 
of the distal lung in the infl ammatory process in asthma and 
other airway diseases by measurement of FE NO  at diff erent 
expiratory fl ows  [38] . Lehtimaki  et al . have used this method 
to demonstrate that patients with nocturnal symptoms have 
elevated alveolar NO concentrations  [113]  and that alveo-
lar NO concentration does not fall in response to treatment 
with ICS  [114] . Patients with refractory asthma have a raised 
alveolar NO concentration which is reduced by oral but not 
ICS  [39]  suggesting that it refl ects corticosteroid responsive 
infl ammation in a site that can’t be accessed by ICS. Induced 
sputum may also have a role in investigating proximal and 
distal airway infl ammation as there is evidence that distal 
airways are sampled with increasing output and duration of 
nebulized hypertonic saline  [15] . Th e clinical utility of these 
methods has not been explored. Th ey could provide useful 
information on the need for a systemic rather than an inhaled 
approach to anti-infl ammatory treatment with agents such as 
prednisolone, anti-IgE, and perhaps anti-IL-5. 

   Th ere is an urgent need for a non-invasive technique 
capable of providing accurate information on the character-
istics of the lower airway infl ammatory response from an 
easily accessible sample. Th e technique should be capable 
of providing an immediate result and be useable in acute as 
well as outpatient settings. Whether FE NO  or EBC analysis 
as it currently stands are ideal for this purpose is doubtful. 
Refi nements of breath analysis, or perhaps identifi cation of 
novel biomarkers in urine or blood are perhaps most likely 
to advance this area. Work already done with induced spu-
tum provide a strong scientifi c rationale for the use of these 
markers as a means of defi ning risk and likely treatment 
response.   
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C H A P T E R               Quantitative Imaging of the Lung  

    INTRODUCTION 

   Imaging of the lung has always played a very 
important role in pulmonary medicine. Th e 
advent of quantitative imaging allowed lung 
researchers to move beyond descriptive studies 
in the lung and actually apply measurements 
that could be applied to humans generally and 
disease conditions specifi cally. Weibel was one 
of the fi rst researchers to meticulously measure 
the lung and open up a whole new fi eld of path-
ologic research known as quantitative stereology 
               [1–6] . Th ese techniques have undergone some 
modifi cation over the last 40 years, with the 
proliferation of computers, but the basic prin-
ciples remain unchanged today. Unfortunately, 
pathologic techniques have some considerable 
drawbacks most notably that they require the 
tissue from either resected or autopsy speci-
mens. Th e second limitation is that they are his-
tologic examinations and because of their depth 
of scale require an extensive amount of work 
to cover a small region of the lung. However, 
pathology and histology are still considered 
the gold standard by which all other measuring 
devices are judged and remains the cornerstone 
of quantitative analysis. 

   Today the search for quantitative imaging 
techniques that are not as invasive as pathology 
and allow the investigator to obtain multiple 
measurements over time is becoming very impor-
tant. With the explosion worldwide of chronic 
lung diseases and, therefore, our need to accurately 
measure the structure of the lung and possibly 
any changes due to the pathogenic mechanism 
or interventions is key. It is for these reasons that 
medical imaging has become so popular and the 
introduction of the computed tomography (CT) 
scanner by Hounsfi eld has changed the way 

that we look at organs today. As the CT scanner 
developed and images became easier in terms of 
time and fi nancial considerations, it has become 
one of the fi rst lines of clinical medicine. Th e 
CT technology is now so pervasive that nearly 
every hospital has at least one CT scanner and 
the technology behind CT has changed so much 
that now images of entire organs can be obtained 
in less time than it took to acquire one image in 
the original CT scanner. Of course many other 
techniques have also started to proliferate includ-
ing magnetic resonance imaging, which provides 
not only anatomic information, but also some 
functional information as well. Th is chapter will 
focus on these non-invasive quantitative measure-
ments of lung structure specifi cally as they apply 
to lung structure and the changes involved in 
chronic obstructive pulmonary disease (COPD). 
Th is chapter will start with an examination of 
CT since it is the most popular both in terms of 
market penetration of the CT scanner, and quan-
titative methodologies. Th e other major focus of 
this chapter will be hyperpolarized magnetic res-
onance (MR) imaging since it is a growing fi eld 
and potentially has some valuable insights. Th is 
chapter will also divide COPD into two separate 
sections based on widely accepted phenotypic 
expressions of the disease, emphysema and small 
airways disease because the exact pathogenesis 
of COPD is still unknown and it varies widely 
between individuals. 

   It has been established that the root cause 
of COPD is an exaggerated infl ammatory 
response that, in susceptible people, results in 
either a destruction of lung tissue (emphysema) 
or a remodeling of the airway wall structure. 
Both of these processes result in changes to the 
function of the lung that termed COPD, but the 
exact role and contribution of these two proc-
esses varies between individuals and is thought 
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to be under genetic control. Th erefore, studies of COPD 
must take into account the diff erences in these pathogenic 
pathways particularly as therapeutic interventions are devel-
oped because it is very likely that a specifi c intervention 
for the infl ammatory response in airway walls may be the 
exact wrong intervention for the destructive components of 
emphysema.  

    QUANTITATIVE MEASUREMENTS 
OF THE LUNG IN COPD 

    Emphysema analysis 

   In brief, CT images are obtained by passing a beam of X-rays 
through the body and measuring their absorbance which, in 
biological tissues, is directly proportional to the density of 
tissue. Th is apparent absorbance of X-rays is converted to 
a relative scale known as the Hounsfi eld Unit (HU) scale 
which is a linear scale based on the attenuation water. In 
the Hounsfi eld scale the apparent attenuation of water is set 
at 0       HU while the absorbance of air is  � 1000       HU. Th e CT 
scan is a transaxial image so each of the pixels, or picture ele-
ments, in the image has an X and a Y dimension. However, 
the X-ray beam and detector system of the scanner also has 
at width which gives the CT scan a  “ slice thickness ”  making 
the pixel of the CT image more appropriately known as a 
voxel or volume element. In a classic conventional CT scan 
the slice thickness was 10       mm which allowed adequate cover-
age of the lung using the shortest breath hold maneuver. Th e 
X-ray detectors then became thinner so that images could be 
acquired down to 1       mm in thickness, which combined with 
a high spatial frequency reconstruction algorithm, became 
known as the high-resolution CT scan (HRCT). CT scan-
ners have seen immense growth over the last 10–15 years as 
the introduction of slip ring technology allowed continuous 
acquisition of images while the patient moved through the 
gantry, the helical or spiral CT scan, to the sub-division of 
the X-ray detector into multiple elements allowing for mul-
tiple slice acquisitions simultaneously, the multi-detector row 
or multi-slice CT scanner. 

   Th e normal human lung is approximately 80 % airspace 
and 20% tissue and blood  [1]  and CT densitometry studies 
have shown that the normal human lung has a symmetrical 
distribution of X-ray attenuation values around a mean of 
approximately  � 800       HU            [7–10] . Th is distribution of X-ray 
attenuation values was the fi rst quantitative feature of the 
CT scan that was exploited to quantify structural changes 
in disease states because changes in the quantity of tissue 
and gas in the lung causes changes in the shape of this dis-
tribution. Independently, investigators led by Hayhurst  [11]  
in Edinburgh and Müller  [12]  in Vancouver found that the 
extent of emphysema quantifi ed pathologically was directly 
correlated to either the percentage of lung voxels with atten-
uation values less than a HU specifi c threshold value,  “ density 
mask ”         [12, 13] , or the actual HU value at the lowest 5th per-
centile of the frequency distribution curve  [14] . While both 
of these techniques are similar in idea they are d iff erent in 

application and have led to numerous disagreements in the 
literature concerning their applicability. 

   Since these initial studies CT scanners have undergone 
remarkable changes as described above. Th e initial descrip-
tion of the  “ density mask ”  technique found that for CT scans 
that were 10       mm thick and reconstructed using a low spa-
tial frequency reconstruction algorithm, emphysematous 
holes greater than 5       mm in diameter correlated well with a 
threshold value of  � 910 HU ( Fig. 43.1   ). Th is means that the 
percentage of lung voxels with attenuation values less than 
 � 910 HU was correlated with the percentage of the lung 
occupied by holes greater than 5       mm in diameter        [12, 13] . 
Coxson and colleagues took this analysis a step further and 
found that by estimating the average maximal lung infl ation 
for a subject (based on a 6       l TLC and 1000       g lung mass) they 
found that a cut-off  value of 6.0       ml gas per gram of tissue 
( � 856 HU) estimated the extent of emphysematous holes 
between 2 and 5       mm in size  [15] . 

   As CT scanner technology changed threshold v alues 
have also had to change. Gevenois and co-workers re-examined 
the  “ density mask ”  technique using 1       mm thick CT slices 

 FIG. 43.1          (A) This fi gure shows a CT scan from a subject with relatively 

severe emphysema indicated by the arrows. (B) The voxels with attenuation 

values less than  � 950       HU or below the threshold or  “ density mask ”  are 

highlighted on the CT scan.      
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reconstructed using a high spatial frequency reconstruction 
algorithm and found that the best correlation between lung 
pathology and CT was obtained using the  � 950 HU thresh-
old value        [16, 17] . Furthermore, the lowest 5th percentile 
was also redefi ned to be the lowest 15th percentile        [18, 19] . 
Finally with the advent of multi-detector row CT scan-
ners that obtain multiple CT images at the same time and 
acquire these images helically while the subject is moving 
through the CT gantry. Madani and colleagues found that 
the best correlations with pathology were obtained using 
the  � 960 HU threshold and all percentile points below 
the lowest 18th percentile correlated with macroscopic and 
microscopic measures of emphysema, although the strongest 
correlation with the lowest fi rst percentile  [20] . 

   Uses of the  “ density mask ”  and percentile method 
have proliferated in the literature in recent years. Th e  “ den-
sity mask ”  technique has been used to measure the extent 
of emphysema in very severe subjects undergoing lung vol-
ume reduction surgery (LVRS)            [15, 21–23]  or other thera-
peutic interventions such as retinoic acid treatment  [24] . 
It has also been used to describe diff erences in the extent 
of disease in males and females and has reported that for 
a given level of obstruction males have more  “ emphysema ”  
than females  [25] . It has also even been used to investigate 
emphysema like changes in lung structure in subjects with 
Anorexia Nervosa and found that the subjects with the 
lowest body mass index had the lowest diff using capacity 
for carbon monoxide and also had X-ray attenuation values 
that were similar to heavy smokers and normally attributed 
to emphysema  [26] . 

   Th e percentile technique has also been applied to 
LVRS studies  [27]  and numerous studies of  α  1 -antitrypsin 
defi ciency                [18, 19, 27–30] . Th ese investigators have shown 
that the lowest 15th percentile point is a robust threshold 
and allows subjects to be compared over time and is less 
susceptible to minor changes that may be induced by the 
CT scanner or the size of the breath the subject takes dur-
ing the scan          [18, 28, 30] . 

   Having a robust metric of lung change is an extremely 
important tool because with the proliferation of CT scan-
ners and the continuous changing of the devices by man-
ufacturers it makes it very diffi  cult come up with a metric 
that changes with the disease process and not just the with 
features of the scanner. Th erefore, when conducting longi-
tudinal studies all aspects of the scan must be considered, 
including patient parameters such as breath size and motion 
during the scan, but also calibration of the scanner, slice 
thickness, reconstruction algorithm, type of scanner and 
radiation dose. In a longitudinal study of subjects with  α  1  
defi ciency, Parr  et al . noticed a drift in density mask meas-
urements which they managed to trace back to calibration 
of the CT scanner  [31] . Th ey found that while the water 
calibration of the scanner was performed routinely, there 
was no attempt to calibrate the scanner to air and therefore 
the change they were observing in lung density was due 
entirely to the scanner and not the disease. For this rea-
son the authors had to develop a correction factor for their 
CT scans to take into account this shift in X-ray attenu-
ation values  [31] . In another study, Boedeker  et al . found 
that even when all other aspects, such as scanner type, size 
of breath, etc. were carefully controlled, the reconstruction 

algorithm could make up to a 15% (average 9.4%) diff er-
ence in the extent of emphysema measured using a  “ den-
sity mask ”  technique  [32] . Th eir data showed that some 
reconstruction algorithms, described as  “ over-enhancing, ”  
improve spatial resolution by over-enhancing the diff er-
ence between lung voxels; thereby changing the frequency 
distribution of the apparent X-ray attenuation values within 
the CT image and ultimately the number of voxels below a 
certain cut-off  value  [32] . Other investigators have looked 
at the eff ect of dose, and scanner manufacturer. Using a 
phantom, Stoel found that there were signifi cant diff erences 
between single and multi-slice scanners  [33] . In this study 
they reported that there were more errors in the volume 
measurements of single slice scanners than multi-slice and 
the higher degree of apparent random error in the density 
measurements led them to conclude that only multi-slice 
CT scanners should be used in clinical multi-center studies. 
Madanai  et al . recently examined the eff ect of slice thick-
ness and radiation dose on measurements of emphysema. In 
this study the authors used one multi-slice CT scanner and 
acquired images using diff erent radiation doses (mA) and 
then reconstructed the images using diff erent slice thick-
nesses  [34] . Th ey found that there were signifi cant correla-
tions between their metrics of emphysema, either threshold 
cut-off s or percentile technique, however X-ray dose had an 
eff ect on the threshold cut-off  measurements but not per-
centile method while slice thickness had a signifi cant eff ect 
of both threshold and percentile techniques. In a similar 
study, Yuan and colleagues compared two multi-slice CT 
scanners as well as changes in radiation dose and showed 
that there was no diff erence between the techniques in 
terms of volume measurements if scanner or dose was 
changed  [35] . However, there were diff erences in mean lung 
density between scanners and, most importantly, large dif-
ferences in the extent of emphysema measured using either 
the threshold or the percentile technique when the X-ray 
dose was changed  [35] . Th erefore, the conclusions of all of 
these studies are that if you intend to use CT as a measure-
ment of emphysema in a longitudinal and/or multi-center 
study you must pay careful attention to the details. A multi-
slice scanner should be use for these studies and if you are 
to use a Toshiba scanner a correction factor must be applied 
to the X-ray attenuation values. Furthermore, the radiation 
dose must be carefully monitored because this factor alone 
can have large eff ects on the emphysema measurements. In 
conclusion, the CT scanner can be used to measure emphy-
sema, but it must be treated like all other measuring tools 
and all of the parameters must be carefully monitored. 

   An aspect of emphysema measurements that has been 
largely overlooked in the literature is some type of emphy-
sema hole size measurement. While it has been shown that 
there are decent correlations between the threshold cut-off  
and the percentile techniques and pathologic measurements 
of emphysema, these techniques do not provide any infor-
mation on the size or location of the emphysematous hole 
( Fig. 43.2   ). Th is is an area that needs more research because 
the number of publications using these types of techniques 
is very small. One of the fi rst attempt to quantify hole size 
used a technique known as the  “ fractal ”  or  “ cluster ”  analy-
sis        [36, 37]  whereby the size of low attenuation areas, as 
defi ned by the number of connected voxels below a given 



Asthma and COPD: Basic Mechanisms and Clinical Management

562

threshold, is correlated to the number of these low attenuat-
ing areas. Mishima validated this technique using an  “ elastic 
spring ”  model and showed that as the emphysema become 
more extensive the holes become larger and they decrease in 
number  [36] . Th ey also found that in subjects with COPD 
but similar percentage emphysema as control subjects the 
 “ fractal ”  measurement was lower in the COPD subjects sug-
gesting that while they had the same  “ extent ”  of emphysema 
the emphysematous lesions tended to be larger in subjects 
with COPD. Th is study was follow-up by another study 
that examined the size and location of the lesion in sub-
jects undergoing lung volume reduction surgery. Th is study 
showed that that subjects with large upper lung region 
lesions have the best outcome following LVRS  [37] . Th e 
National Emphysema Treatment Trial (NETT) applied a 
similar technique to their study subjects and found that there 
was a good correlation between the radiologist assessed hole 
size and the computer assessed metric  [22] . Furthermore, the 
size and location of these lesions, large lesions located in the 
apical regions of the lung, seemed to have a predictive eff ect 
on survival following surgery  [22] . More complex techniques 
that quantify multiple features within the CT scan, such as 
the adaptive multiple feature method, have reported decent 
results in disease stratifi cation including the ability to sepa-
rate smokers from non-smokers in the absence of other dis-
ease  [38] . However, the disadvantage of these new  “ texture ”  
analysis techniques is that they often use complex math-
ematical terminology to describe the lung rather than ana-
tomic or physiologic terminology that are more commonly 
used in medicine and have not been validated using patho-
logic assessment of the underlying lung structure. Finally, the 
location of the emphysema seems to be important as well as 

indicated by the NETT study and the e mphysematous hole 
size studies above        [22, 37] . Nakano fi rst showed that emphy-
sema located in the upper-outer regions of the lung pre-
dicted better outcome following surgery, presumably because 
it is more accessible to surgical resection than those with 
more centrally located or diff use disease  [39] . Th e studies 
of location of emphysema and the eff ect that it has on lung 
function are sparse in the literature, but it is hoped that with 
the widespread use of multi-slice CT scanners that these 
types of studies will shed more light on the pathogenesis of 
emphysema ( Fig. 43.3   ). 

   Finally, there is great interest in using CT scans in 
multi-center studies as an end point for a therapeutic inter-
vention. Th is has already been accomplished in studies such as 
the NETT trial but the work of Dirksen really adds impor-
tance to this approach. In a small study of  α  1 -a ntitrypsin 
defi cient subjects, Dirksen found that there was no signifi cant 
change in the functional or structural (assessed using CT) 
characteristics over the course of the study  [28] . However, 
when the authors performed a power calculation of their data 
they found that to show a diff erence in FEV 1  the authors 
would have had to study 550 subjects but to show a d iff erence 
using CT the authors would only have had to study 130  [28] . 
Th ese data add further credence to the important role that 
CT scans can play in clinical intervention studies. 

   In conclusion, these studies all show that CT measure-
ments of emphysema are correlated with pathologic measure-
ments of emphysema. Furthermore, these measurements can 
be used to follow disease progression, possibly with more sen-
sitivity than the traditional metrics of FEV 1 , and that size and 
location of the disease is important. Also, these techniques 
can be used to measure early or small changes in the lungs 

 FIG. 43.2          This fi gure shows the voxels identifi ed as below  � 950       HU in two diff erent subjects, one with predominately smaller holes (A) and one with 

predominately large holes (B). A cluster analysis can be used to separate the subjects with large holes from the one with smaller holes.      
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of early disease subjects and can be used to compare diff er-
ences in disease between g enders. Overall, the assessment of 
emphysema using CT has a long and well developed history 
and is now starting to be applied in more and more longitu-
dinal studies. However, it is important to keep in mind that 
CT, like any measuring device, must be used properly. Th e 
CT scanners must be comparable and the CT image acquisi-
tion techniques must be comparable. It has been shown that 
low dose studies can be performed in these groups of subjects, 
but because dose eff ects the measurements of emphysema the 
dose must be kept constant throughout the study.  

    Airway analysis 

   Of course assessing the emphysema is only one part of the 
analysis of the structural changes that cause the chronic 

airfl ow limitation because it has long been recognized that 
the site of major airfl ow limitation is the small airways  [40] . 
Th ere have been numerous investigations of small airway 
dimensions and COPD that have confi rmed the impor-
tance of the remodeling in these structures, but once again, 
these rely on histologic specimens                [40–45] . Th e introduction 
of CT scanning peaked investigators interest in measur-
ing airways non-invasively so several methods were imple-
mented to manually trace the airway walls using the CT 
images printed on fi lm, similar to how it was accomplished 
using histology. However, one thing that became immedi-
ately apparent was that optimal measurement of airway 
lumen using this technique required very specifi c display 
settings. For example, it was found that an accurate meas-
urement of wall area required the use of a window level of 
 � 450       HU and a window width of 1000–1400       HU            [46–49] . 
Unfortunately, these display settings produce images that are 
too dark for optimal visualization of the lung parenchyma 
and so are never used clinically. Furthermore, because the 
technique is cumbersome, time consuming, and associated 
with considerable intra- and interobserver variability, this 
approach was quickly abandoned          [47–49] . 

   Since the CT scan is a digital image and contains 
gray scale information attention quickly turned to using 
automated airway analysis techniques. McNitt-Gray  et 
al . found that the lumen area could be accurately meas-
ured using a threshold cut off  of  � 500       HU  [50]  which was 
further validated using excised formalin fi xed pig lungs 
by King and co-workers who reported that a threshold of 
 � 577       HU produced the least error in the measurements 
 [51] . However, these techniques just measured the airway 
lumen so attention turned to using the X-ray attenuation 
values of the CT scan to measure both the airway lumen 
and wall. One of the more common techniques is the  “ Full-
Width-At-Half-Maximum ”  ( “ half-max ” ) method ( Fig. 
43.4   ) where the distribution of apparent X-ray attenua-
tion values along a ray projected from a central point of the 
lumen to the parenchyma is measured. Th e distance between 
the point at which the attenuation is half way between the 
local minimum in the lumen or parenchyma and the maxi-
mum within the wall is considered to be wall thickness        [52, 
53] . Unfortunately, the shape of this curve is dependant on 
various parameters including: the reconstruction algorithm 
used to create the image, partial volume averaging due to 
fi eld of view and orientation of the airway within the CT 
image and the inevitable blurring of edges that occurs due 
to the point spread function of the CT scanner. Validation 
studies show that the CT scans over-estimate airway wall 
area and underestimate lumen area and that these errors 
become very large in small airways        [52, 54] . Furthermore, 
this algorithm requires that the airway being analyzed on 
CT is cut in cross section. While it is relatively easy for 
observers to fi nd airways cut in cross section, because the 
CT slice has a thickness, typically on the order of 1       mm, the 
airway observed on CT may or may not have actually been 
cut in cross section ( Fig. 43.5   ). Th is is another source of 
error within the airway wall measurements and makes them 
especially unreliable as the airways approach the resolu-
tion of the CT scanner. For these reasons investigators have 
developed numerous other algorithms to measure these air-
ways such as the  “ maximum-likelihood method ”  whereby 

(A)

 FIG. 43.3          This fi gure shows a three dimension analysis of emphysema 

in a subject with predominately upper lobe emphysema. The trans-axial 

images (A) show more highlighted regions (arrows) in the upper lobes 

while the coronal images (B) show quite clearly that there are more 

highlighted voxels in the upper lobes (arrows) than the lower lobes (arrow 

heads). A cluster analysis (C) that highlights the connected regions clearly 

shows larger clusters in the upper lobes. Images were created using the 

Pulmonary Workstation 2.0 software (VIDA Diagnostics Inc.).        

(B)

(C)



Asthma and COPD: Basic Mechanisms and Clinical Management

564

the attenuation threshold along each ray is matched to an 
ideal calculated ray  [54] , the  “ score-guided erosion algo-
rithm ”   [51]  where airway wall edges are found using an edge 
fi nding algorithm that assumes that airways are circular and 
have a relatively high density compared to the surrounding 
parenchyma, and an algorithm where ellipses are fi t to the 
airway lumen and wall  [55] . 

   Because it is well recognized that airway wall remod-
eling plays a very important role in COPD there is great 
interest in non-invasive measurement of airway wall dimen-
sions. However, the applications of these techniques have so 
far been very limited. One of the fi rst papers published in this 
fi eld was a study by Nakano and co-workers  [53]  who evalu-
ated the right apical segmental bronchus of asymptomatic 
smokers and COPD subjects. Th e authors chose this air-
way to measure because it is routinely cut in cross section on 
transaxial CT scans, and they could compare the same air-
way across all subjects. Th e authors also measured the extent 
of emphysema using a threshold technique and c orrelated 

the emphysema and airway wall dimension data with pul-
monary function data. Th e data from this study showed that 
the thickening in this large airway correlated with FEV 1  per-
cent predicted, FVC percent predicted and RV/TLC while 
the emphysema correlated with FEV 1 , FEV/FVC ratio and 
the DL CO . Furthermore, a multiple regression analysis sug-
gested that, for a given FEV 1 , subjects with more extensive 
emphysema had less airway wall thickening than those with 
less extensive emphysema  [53] . Obviously a segmental air-
way is unlikely to be the major source of airfl ow limitation 
in subjects with COPD. Furthermore, it is questionable 
whether any of the airways that can be observed using CT 
are the airways responsible for the airfl ow limitation. Since 
histology is considered the gold standard for small airway 
wall remodeling, Nakano compared the measurements of 
wall area obtained using CT (average diameter of 3.2       mm) 
to those obtained using histology of small airways (1.27       mm 
d iameter) in resected specimens  [56] . Th ese data show a 
signifi cant association ( R  2       	      0.57,  p       	      0.001) between the 

(A) (B)

 FIG. 43.4          This fi gure shows a CT scan (A) from which an airway is chosen and displayed using a magnifi ed view (B). The measurement of the airway wall 

dimensions is performed by using the Full-Width-At-Half-Maximum method whereby the length of the rays is determined by choosing the halfway point 

between the minimum X-ray attenuation value in the lumen or lung parenchyma and the maximum value within the airway wall. The lumen area and the 

internal perimeter of the airway wall are measured using the internal boundary of the rays (shown by arrowhead) and the wall area and the outer perimeter 

are measured by the external boundary of the rays (arrow).    

 FIG. 43.5          This fi gure shows the same airway from gross pathology (A), histology (B) and from the pre-operative CT scan (C). From this image some of the 

measuring artifacts can be seen including the fact that the airway may not actually be cut in cross section in the CT scan because the airway is slightly 

diff erent shape in the CT and can be seen to not be in perfect cross section in the gross pathology section. Secondly, the resolution issues can clearly be 

seen as the actual pixels are visible in the CT scan and the image appears very pixilated. All of the scale bars are 5       mm in length.        

(A) (B) (C)
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dimensions of the smaller and larger airways. Th e authors 
conclude that, at least for COPD, measuring airway dimen-
sions in the larger bronchi, which are more accurately 
assessed by CT, can provide an estimate of small airway 
remodeling. It is likely that the same pathophysiologic proc-
ess, which causes small airway obstruction, also takes place in 
larger airways where it has less functional eff ect. 

   Recently focus has turned away from measurements 
of airways cut in cross section on transaxial CT images 
to what is thought to be a true cross section of the airway 
obtained by multi-planar reformats of three-dimensional 
airway data. Multi-slice scanners can now obtain CT images 
with resolution in the Z dimension that approaches that 
of the X–Y dimensions, although most studies still use CT 
slices with 1–1.25       mm slice thickness. Investigators can 
now segment the airway tree in three dimensions starting 
in the trachea and projecting out to the fi fth or sixth gen-
eration ( Fig. 43.6   ). Also, this technique allows the investi-
gator to section the airway at any place and any angle that 
they choose. Of course this technique assumes that the voxel 
dimension in the Z dimension is small, that is 1       mm or less, 
or the assumptions inherent to the re-format become too 
large. Another important advance to this technique is that 
now investigators can know exactly where they are in the 
airway tree and if they wish to compare the airway size of a 
specifi c airway between individuals and over time they have 
the landmarks to do so and no longer have to count on ran-
dom selections of airways. While random airway selections 
have their advantages in that you have an overall picture of 
airways within a subject they also have their drawbacks. For 
example, investigators often normalize airway wall dimen-
sions between individuals by comparing the percent of the 
total airway (lumen      �      wall) that is occupied by wall, the so 
called Wall Area Percent (WA%). Th is is a very good esti-
mate of wall area between subjects but it assumes that you 
are comparing equal sized airways because in large airways 
the WA% is always small because the wall area is such 
a small fraction of the total airway. On the other hand, in 
small airways, the WA% is always large because now the 
lumen is very small and the wall starts to occupy a much 

larger fraction of the total airway. Th erefore, you can poten-
tially measure a statistical diff erence in WA% between indi-
viduals, because there is an infl ammatory process occurring 
in the airway wall that is making the wall area bigger, or you 
could simply be comparing big airways to small airways due 
to improper sampling. Th e new three-dimensional recon-
struction technique can avoid that trap by allowing investi-
gators to compare the exact airway between individuals and 
over time. Th at was one of the original goals of the Nakano 
paper where they measured the right apical segmental bron-
chus only, but it is now better achieved and in smaller air-
ways using current CT and image analysis technology. 

   Th is approach was recently put to the test by Hasegawa 
and co-workers  [57]  who used multi-slice CT scans to meas-
ure the right apical and basal segmental bronchus at diff erent 
branch points along its pathway. Th ese authors were not able 
to verify the fi ndings of Nakano by comparing the right api-
cal segmental bronchus to FEV 1  however, they did show that 
as they moved more distally, to the sixth generation of the 
airway tree, the correlation with FEV 1  improved. Th e authors 
concluded that the airfl ow limitations are more strongly 
associated with the dimensions of the distal airways than 
the proximal ones and demonstrate that these new three-
dimensional techniques can be used to obtain measurements 
from a specifi c location within a specifi c airway  [57] . Also, it 
once again shows the importance of airway measurements in 
understanding COPD.  

    Hyperpolarized noble gas imaging 
of the lung 

   Other techniques such as MR imaging of the lung are 
becoming very attractive techniques particularly because 
they do not expose the subject to any ionizing radiation. 
Th is has always been a strong point of MR, but factors such 
as the small nuclear spin polarization at thermal equilibrium 
and the fi eld inhomogeneity problems associated with the 
lung have greatly limited the application of this technique 
 [58] . However, the last few years have seen resurgence in 

 FIG. 43.6          This fi gure shows multi-planar reformatted reconstructions of the airway tree (A). Using these new software tools it is now possible to segment 

the airway tree from the lung parenchyma and, using a pre-defi ned pathway, reconstruct it as a long straight tube and obtain measurements at a cross 

section to the center line of the airway at any point along the pathway (B). Images were created using the Pulmonary Workstation 2.0 software 

(VIDA Diagnostics Inc.).      
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MR imaging research because of the introduction of hyper-
polarized noble gases. Research has shown that by exposing 
noble gases such as  129 Xenon or  3 Helium to a laser you can 
hyperpolarize the gas by aligning more of their magnetic 
moments into the same orientation. Th is allows the gas to 
be used as a contrast agent within the lungs during an MR 
scan and has allowed investigators to measure the ventila-
tion of the lung        [59, 60] , the size of the alveolus airspace 
 [61]  and airway dimensions        [62, 63] . Th e most well estab-
lished of these techniques is the measurement of alveolar 
size by a technique known as the  “ Apparent Diff usion Co-
effi  cient ”  or ADC. Th is technique works on the principle 
that gas molecules will move, or diff use, within a given vol-
ume such as the alveolus of the lung. In the normal lung the 
airspaces are much smaller so that the movement of Helium 
is restricted but in emphysema where the airspaces become 
much larger. Several studies have correlated the ADC with 
spirometry measurements in animal models, normal volun-
teers and in subjects with airfl ow limitations emphysema 
                     [60–62, 64–69] . In a recent study Woods  et al . showed 
that there was a very good correlation between the ADC 
and alveolar size measured using either the surface area to 
volume ratio of the lung parenchyma or the mean linear 
intercept and that the ADC was able to separate emphyse-
matous lung from normal lung with greater sensitivity than 
histology  [61] . 

   Other investigators have shown that it is possible 
to create three-dimensional reconstruction of the airway 
lumen to the seventh-generation of airways        [62, 63] . While 
this is an interesting technique it does not provide meas-
urements of airway wall thickness and so the applicability is 
still uncertain. 

   Finally, while it appears that hyperpolarized gas MR 
has some very powerful applications in the study of COPD, 
the technique its self is very limited by availability of a 
hyperpolarized helium or xenon source and the extremely 
technical nature and cost of the procedure. While it is an 
exciting and innovative technique, it is very likely that 
hyperpolarized gas MR will remain a research tool for the 
immediate future.   

    CONCLUSION 

   In conclusion, the last 20 years have seen a large amount 
of growth in both the interest and the application of non-
invasive quantitative imaging of the lung. As long as the 
scanners are treated properly it is now possible to obtain 
reliable quantitative information on the extent of emphy-
sema, the size of the emphysematous lesions and airway 
wall dimensions. Th e advent of multi-slice CT scanners has 
opened up new avenues of research into regional distribu-
tion of disease and specifi c tagging and measurements of 
airways. On the downside CT imaging has some inherent 
limitations: particularly concerning radiation exposure to 
the subject and the standardization and quality control of 
the CT scan parameters. Hyperpolarized gas MR imaging 
has come a long ways in the last several years and has made 
some important steps to provide both quantitative structure 

and functional information. However, because of techni-
cal and fi nancial reasons CT is currently the only readily 
accessible, relatively non-invasive technique that provides 
quantitative structural data  in vivo . Th e proper application 
of these techniques should produce valuable information on 
the pathogenesis of COPD and the eff ects of new thera-
peutic interventions.   
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    Systemic Manifestations 

    INTRODUCTION   

   Single organ diseases can have systemic mani-
festations. Acute diseases, such as urinary tract 
infections or pneumonia can cause septic shock, 
multiple organ failure, and eventually, death. 
Likewise, chronic diseases like cancer, heart fail-
ure, or chronic obstructive pulmonary disease 
(COPD), to name only a few, are associated with 
systemic manifestations as well. In a much more 
relentless way than in acute conditions, systemic 
manifestations in chronic diseases infl uence the 
course of the disease, and eventually, contribute 
to death. Th is chapter reviews the systemic man-
ifestations associated to two chronic respiratory 
diseases, COPD, and asthma, and discusses their 
potential implications for the management and 
treatment of these patients.  

    SYSTEMIC MANIFESTATIONS 
OF COPD 

   Th e COPD guidelines published jointly by the 
American Th oracic Society (ATS) and European 
Respiratory Society (ERS) in 2004 were the 
fi rst to explicitly recognize that  “  although chronic 
obstructive pulmonary disease (COPD) aff ects the 
lungs, it also produces signifi cant systemic conse-
quences  ”   [1] . More recently, the last update of the 
Global Obstructive Lund Disease (GOLD) initi-
ative published in 2006 incorporates and extends 
this concept by defi ning COPD as  “  a preventable 
and treatable disease with some signifi cant extra-
pulmonary eff ects that may contribute to the severity 
in individual patients  ”   [2] . It is interesting to note 
that the systemic manifestations of the disease 

are quoted in this update even before stating that 
 “  its pulmonary component is characterized by air-
fl ow limitation that is not fully reversible  ”   [2] . Th is 
highlights the clinical relevance of these extra-
pulmonary eff ects because: (1) they contribute 
to disease progression independently of airfl ow 
obstruction. In fact, it is likely that important 
clinical outcomes, such as mortality or health 
status, among others, eventually result from 
the interplay between the intra-pulmonary and 
extra-pulmonary eff ects that occur in COPD 
( Fig. 44.1   )  [3] ; and (2) they constitute novel ther-
apeutic targets  [4] .  Table 44.1    presents the sys-
temic manifestations of COPD identifi ed so far. 

    Nutritional abnormalities 

   Unexplained weight loss occurs in about 50% of 
patients with severe COPD, but it can also be 
seen in patients with mild to moderate disease 
(10–15%)  [5] . It is a poor prognostic indicator        [6, 
7]  and interestingly, it is independent of other tra-
ditional indices, such as the volume of air exhaled 
in the fi rst second of a forced spirometry maneu-
ver (FEV 1 ) or the arterial partial pressure of oxy-
gen  [6] . Th erefore, weight loss identifi es a new 
systemic domain of COPD that needs to be taken 
into consideration in their clinical management. 
In this context, Celli  et al . have recently pro-
posed a composite index (the BODE index) that 
includes body weight (assessed by the body mass 
index, BMI), the degree of airfl ow obstruction 
(assessed by the FEV 1  value expressed as percent-
age of the reference value), the level of dyspnea 
experienced by the patient (assessed by the modi-
fi ed Medical Research Council scale), and their 
exercise capacity (assessed by the 6-min walk-
ing test), that predicts survival much more accu-
rately than FEV 1  alone  [8] . Th is approach has the 
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historical merit of being the fi rst to assess COPD multi-
dimensionally, but it is likely that the BODE index may be 
modifi ed in the future by the inclusion of other relevant 
domains of the disease, such as the degree of infl ammation  [9] , 
the number and severity of exacerbations episodes  [10] , and/or 
the severity of lung hyperinfl ation  [11] , to name only a few.  

    Skeletal muscle dysfunction 

   Unexplained weight loss in COPD is mostly due to skel-
etal muscle atrophy        [12, 13] . Further, the remaining muscle 
mass is often dysfunctional  [14] . Th is combination con-
tributes signifi cantly to reduce the exercise capacity (thus, 
health status) of patients with COPD  [14]  and is likely to 
contribute to the BODE index discussed earlier. Th e mech-
anisms underlying skeletal muscle abnormalities in COPD 
are not precisely defi ned, but they are probably multiple and 
interdependent, including sedentarism, malnutrition, sys-
temic infl ammation, and tissue hypoxia among others  [13] . 

In this context, systemic infl ammation is probably a key 
contributor  [15] . Several molecular abnormalities have been 
described. On the one hand, a number of cytokines, par-
ticularly TNF- α , activate the transcription factor NF- κ B, 
upregulate the inducible form of the nitric oxide synthase 
(iNOS) and facilitate the degradation of myosin heavy 
chains through the ubiquitin–proteasome complex  [16] . On 
the other hand, these same cytokines have the potential to 
promote apoptosis (programmed cell death) in skeletal mus-
cle cells, and this has been shown to occur in patients with 
COPD and low body weight  [17] . Finally, abnormalities of 
the sarcoplasmic–endoplasmic reticulum calcium adenosine 
triphosphatase 2 (SERCA2) have been described by Morlá 
 et al .  [18] . Th ese investigators found that the expression of 
SERCA2 was signifi cantly lower in COPD patients with 
low BMI (another domain captured by the BODE index 
discussed earlier) and, interestingly, related to iNOS  [18] . 
All these molecular abnormalities are likely to contribute to 
skeletal muscle atrophy and dysfunction in COPD        [19, 20] .  

    Cardiovascular disease 

   Cardiovascular disease (CVD) is another clinically relevant 
systemic manifestation of COPD  [21] . Despite the fact 
that tobacco smoking is a major risk factor for both COPD 
and CVD, recent investigations have shown that the risk of 
CVD is higher among those smokers who develop COPD as 
compared to those who do not develop it  [21] . For instance, 
Sin  et al . reported that when the lowest quintile of FEV 1  is 
compared with the highest quintile, the risk of cardiovascu-
lar mortality increases by approximately 75% both in men 
and in women, and that the presence of symptoms of chronic 
bronchitis increases the risk of coronary deaths by 50%  [22] . 
Further, the presence of ventricular arrhythmias increases the 
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 FIG. 44.1          The interaction between the pulmonary and extra-pulmonary components of COPD contributes the clinical presentation of the disease. 

Reproduced from Ref.  [3] .    

 TABLE 44.1          Systemic eff ects of COPD.  

   Nutritional abnormalities 

   Skeletal muscle dysfunction 

   Cardiovascular disease 

   Depression 

   Osteoporosis 

   Metabolic syndrome 

   Systemic infl ammation 
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risk of coronary events two-fold, suggesting that the cardio-
vascular eff ects of COPD are amplifi ed in those who have 
underlying cardiac rhythm disturbances  [22] . Sin  et al . calcu-
lated that, for every 10% decrease in FEV 1 , all-cause mortal-
ity increases by 14%, CVD mortality by 28%, and nonfatal 
coronary event increases by 20%, and concluded that COPD 
is a powerful, independent risk factor for CVD morbidity 
and mortality  [22] . Th ese fi ndings were later confi rmed in a 
large ( n       	      11,493), retrospective cohort study in health-care 
databases maintained by the government of Saskatchewan 
(Canada). Curkendall  et al . found that persons diagnosed and 
treated for COPD have a signifi cantly increased risk for hos-
pitalizations and deaths due to CVD  [23] . Th e mechanism(s) 
for the synergy between COPD and CVD are still under 
investigation, but the low-grade persistent systemic infl am-
mation that characterizes COPD is likely to contribute sig-
nifi cantly        [21, 24]  by causing endothelial dysfunction        [25, 26] .  

    Depression 

   In patients with severe COPD (FEV 1        �     50% reference 
value), the prevalence of depression was 25.0% whereas it 
was 19.6% in patients with mild to moderate COPD and 
17.5% in controls  [27] . When results were adjusted for 
demographic variables and comorbidity, the risk for depres-
sion was 2.5 times greater for patients with severe COPD 
than for controls  [27] .  

    Osteoporosis 

   Osteoporosis in COPD might develop possibly due to a 
number of factors related or not related to the disease, includ-
ing age, sedentarism, smoking, steroid use, and systemic 
infl ammation        [28, 29] . In a study by Jorgensen  et al ., 68% of 
patients with severe COPD (FEV 1  33% of reference value) 
had osteoporosis or osteopenia and the use steroids could not 
explain this high prevalence  [30] . Th e occurrence of fractures, 
as a consequence of osteoporosis, can contribute to the dis-
ability and mortality of patients with COPD and add to the 
economic burden of the disease  [31] . Randomized placebo-
controlled trials are required to assess the eff ect of interven-
tion, such as bisphosphonates, hormone replacement, calcium 
supplementation, on the prevention and treatment of oste-
oporosis and fractures in these patients  [31] . Interestingly, 
very recently Sabit and coworkers have described a link 
between CVD and osteoporosis in patients with COPD  [32] . 
Th ese authors found that arterial stiff ness and serum infl am-
matory mediators were particularly increased in patients with 
osteoporosis suggesting that age-related bone and vascular 
changes occur prematurely in COPD  [32] .  

    Metabolic syndrome 

   Th e metabolic syndrome is characterized by the presence of 
abdominal obesity, atherogenic dyslipidemia, raised blood 
pressure, presence of insulin resistance, and prothrom-
botic and infl ammatory states that predispose to CVD 
 [33] . It is frequently present in patients with COPD  [34] . 

For instance, its prevalence in patients with moderate to 
severe COPD (FEV 1  43% of reference value) who par-
ticipated in a cardiopulmonary rehabilitation program was 
47%, whereas it was 21% in controls  [33] . 

   Insulin resistance and diabetes mellitus are a key com-
ponents of the metabolic syndrome  [33] . In the Nurses ’  
Health Study (a prospective cohort that included 103,614 
female nurses) during 8 years of follow-up, a total of 2,959 
new cases of type 2 diabetes were identifi ed  [35] . Th e risk of 
type 2 diabetes was signifi cantly higher (multivariate relative 
risk 1.8) for patients with COPD, suggesting that COPD may 
be a risk factor for developing type 2 diabetes  [35] . Authors 
speculated that systemic infl ammation in these patients might 
contribute to the increased risk of type 2 diabetes  [35] .  

    Systemic infl ammation 

   Th e systemic manifestations of COPD reviewed earlier 
have been often related to the presence of systemic infl am-
mation in these patients  [34] . Many diff erent studies have 
now provided convincing evidence that COPD is associated 
with increased levels of several pro-infl ammatory cytokines 
(such as TNF- α  and its soluble receptors soluble (sTNF-
R55 and sTNF-R75)), interleukins 6 (IL-6) and 8 (IL-8), 
acute phase reactants (such as C-reactive protein, CRP), 
oxidative stress and activations of several infl ammatory cells 
(such as neutrophils, monocytes, and lymphocytes)        [13, 36] . 
Gan and associates conducted a meta-analysis encompass-
ing all these previous studies and showed beyond doubt 
that COPD is associated with systemic infl ammation  [15] . 
Interestingly, other chronic conditions such as chronic heart 
failure, asthma (reviewed later), obesity, diabetes, and the 
normal process of aging are also associated with a similar 
low-grade systemic infl ammatory process          [37–39] . 

   Many questions related to systemic infl ammation 
in COPD remain unanswered  [3] . For instance, we do 
not know if systemic infl ammation occurs in all patients 
with COPD or only in a subgroup of them. Also, because 
all studies carried out so far are cross-sectional, we do not 
know the quantitative and qualitative longitudinal variation 
of systemic infl ammation in a given patient, although recent 
data by Pinto Plata  et al . indicate that, in the absence of an 
episode of exacerbation, CRP values tend to be relatively 
stable        [40, 41] . In contrast, systemic infl ammation (like pul-
monary infl ammation) appears to burst during the episodes 
of exacerbation of the disease              [42–46] . 

   Th e origin of systemic infl ammation in COPD is 
unclear. It is possible that the pulmonary infl ammation that 
characterizes COPD  “ spills-over ”  into the systemic cir-
culation and/or contribute to activate the infl ammatory 
cells during their transit through the pulmonary circula-
tion  [13] . Yet, several observations appear to contradict this 
hypothesis. For instance, Vernooy  et al . could not fi nd any 
relationship between the levels of soluble TNF- α  (and its 
receptors) and IL-8 measured in induced sputum and in 
plasma of 18 COPD patients  [47] . More recently, Hurst 
 et al . were also unable to fi nd such relationships for individ-
ual cytokines, albeit overall, global pulmonary infl ammation 
correlated with global systemic infl ammation  [48] . Another 
mechanism of systemic infl ammation in COPD is smoking. 
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It can cause by itself, that is, in the absence of COPD, sys-
temic infl ammation  [49] . However, Vernooy  et al . found 
that former smoker patients with COPD also had systemic 
infl ammation  [47] . Interestingly, the persistence of infl am-
mation after smoking cessation occurs also in the lungs 
of patients with COPD        [9, 50]  and has actually raised the 
possibility that the pathogenesis of COPD may include an 
auto-immune component  [51] . Another potential mecha-
nism of systemic infl ammation in COPD is the lung hyper-
infl ation that occurs as a consequence of the chronic airfl ow 
obstruction that characterizes the disease  [52] , because it can 
stimulate the production of cytokines from the lungs          [53–
55] . Importantly, if this was the case, systemic infl ammation 
in COPD should be responsive to bronchodilator therapy. 
Th is hypothesis is testable. In fact, in support of this possi-
bility is the very recent observation that patients undergoing 
lung volume reduction surgery (a surgical procedure aimed 
at, basically, reduce lung hyperinfl ation) present a reduced 
incidence of episodes of exacerbation of COPD, which are 
characterized by a burst of infl ammation  [56] . Other poten-
tial origin of systemic infl ammation in COPD is the skele-
tal muscle, which, as discussed above, is often abnormal and 
dysfunctional in these patients. In support of this possibility, 
Rabinovitch  et al . have shown that, contrary to healthy sub-
jects, systemic infl ammation increases after muscular exercise 
in patients with COPD  [57] . It has to be considered also that 
the bone marrow is the site of production of infl ammatory 
cells and that smoking, as well as air pollution, can stimulate 
their release from the bone marrow          [58–60] . Finally, the pos-
sibility that bone marrow abnormalities can contribute to 
systemic infl ammation in COPD has not been studied sys-
tematically, but a recent study by Palange  et al . showed that 
circulating hemopoietic progenitors (CD34  �   cells) were sig-
nifi cantly reduced in COPD patients as compared to controls 
and that CD34[ � ] cell counts correlated with exercise capac-
ity and severity of airfl ow obstruction  [61] . Two fi nal consid-
erations deserve comment when considering the origin of 
systemic infl ammation in COPD. First, the normal aging pro-
cess is also associated with low-grade systemic infl ammation 
       [62, 63] , and COPD is an age-related disease  [39] . Further, 
smoking has been shown to enhance telomeric loss (a marker 
of cell aging) ( Fig. 44.2   )  [64] , and evidence for cell senes-
cence has been recently identifi ed in the lung parenchyma of 
patients with emphysema        [65, 66] . Th us, a better understand-
ing of the mechanisms of lung aging and their relationship 
with the pathogenesis of COPD in general, and to systemic 
infl ammation in particular, may be very valuable in this set-
ting. Second, even in subjects with lung function values within 
the normal range (FEV 1  values above 80% predicted), an 
inverse linear relationship exists between CRP concentrations 
and FEV 1   [67] . Th is relationship occurs also in never-smoker 
individuals, suggesting that systemic infl ammation may be 
linked to early perturbations of pulmonary function  [67] . 
Whether systemic infl ammation precedes or follows lung 
function changes requires longitudinal studies. 

   Irrespective of its origin, an intriguing possibility 
about systemic infl ammation in COPD is that it may  “ feed 
back ”  to the lungs and contribute to enhance the chronic 
destructive process that characterizes the disease. In other 
words, a systemic manifestation of COPD may contribute 
to the core pulmonary domain of the disease. It is possible, 

although not proven, that systemic oxidative stress  [68]  and 
the increased plasma levels of pro-infl ammatory cytokines 
(most notably TNF- α   [69] ) can contribute to the pathogen-
esis of lung damage in COPD because, fi rst, the inhibition 
of the vascular endothelial growth factor (VEGF) receptors 
cause lung cell apoptosis and emphysema  [70] , second, oxi-
dative stress and apoptosis interact and cause emphysema 
due to VEGF receptor blockade  [71] , and third, endothelial 

 FIG. 44.2          Relationship between relative telomeric length (RTL), a marker 

of biological ageing, and chronological age in never smokers (  panel A ) 

and smokers with (closed symbols) and without COPD (open symbols) 

(  panel B ).  Panel C  shows the relationship between RTL and FEV1 in smokers 

with (closed symbols) and without COPD (open symbols). For further 

explanations, see text. Reproduced from Ref.  [64] .        
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cell death and decreased expression of VEGF and the VEGF 
receptor KDR/FLK-1 occur in patients with smoking-
induced emphysema  [72] .  

    Therapeutic implications 

   Th e systemic manifestations of COPD discussed earlier 
off er new opportunities for therapy because they constitute 
novel targets beyond the traditional therapies in COPD 
(broncho-dilators, inhaled steroids), which aimed at improv-
ing lung function  [2] . For instance, malnutrition and poor 
skeletal muscle performance can be improved by diet sup-
plementation and adequate rehabilitation programs        [2, 73] . 
Tissue hypoxia and the associated systemic manifestations 
are potentially treatable by domiciliary oxygen therapy        [74, 
75] . Likewise, those systemic manifestations of COPD 
related to systemic infl ammation may be responsive to anti-
infl ammatory therapy. Sin and coworkers showed that with-
drawal of inhaled corticosteroids in patients with COPD 
increased the plasma levels of CRP by about 30% and that 
2 weeks of treatment with inhaled fl uticasone (or oral pred-
nisolone) reduced them by about 50%  [76] . If low-grade 
chronic systemic infl ammation is really a relevant mecha-
nism in the pathogenesis of many of the systemic eff ects of 
COPD described earlier, then it is likely that the biological 
eff ects described by Sin  et al . may well be clinically relevant. 
In fact, a retrospective study has suggested that the risk of 
acute myocardial infarction in COPD patients was reduced 
by 32% in those receiving low doses of inhaled steroids 
 [77] . Th e recently published, study, TORCH has explored 
the potential benefi cial eff ect on survival of the combina-
tion of salmeterol and fl uticasone propionate (versus pla-
cebo) in patients with moderate and severe COPD  [78] . 
Strictly speaking, the  p  value of the study did not reach 
the predetermined level of statistical signifi cance, but this 
occurred only after adjusting for the potential eff ect of the 
interim analysis performed. In absolute terms, there was 
a reduction in the risk of death of 17.5% in the patients 
receiving the combination of a salmeterol and fl utica-
sone propionate  [78] , a reduction that is in the same order 
of magnitude as that provided by statins. Unfortunately, 
no measurement of systemic infl ammation was obtained 
in these subjects, so the interpretation of these results is 
still open  [78] . Other therapeutic alternatives, such as the 
use of the antioxidant N-acetyl-cysteine        [79, 80] , anti-
TNF- α  or other cytokine antibodies, NF-�B blockers and 
i-NOS inhibitors, among others, require large and rigorously 
conducted clinical trials before entering clinical practice but, 
as recently reviewed        [81, 82] , they may be interesting alter-
natives. Finally, other systemic manifestations of COPD may 
deserve specifi c therapy. For instance, because patients with 
COPD are at increased risk of developing depression, par-
ticularly those with severe airfl ow obstruction, living alone, 
with airfl ow reversibility, respiratory symptoms, and physi-
cal impairment  [27] , it is important to reduce symptoms and 
improve physical functioning both (rehabilitation) as well as 
use anti-depressants drugs if needed. Likewise, as the preva-
lence of osteoporosis and osteopenia is increased in severe 
COPD, it is necessary to select the individuals at risk and to 
initiate prophylaxis or treatment for the disease  [30] .   

    SYSTEMIC MANIFESTATIONS OF ASTHMA 

   Although often overlooked, asthma is frequently associated 
with systemic manifestations. Th e link between asthma and 
rhinitis, sinusitis, or allergic dermatitis is a good examples 
 [83] . However, other potential systemic manifestations of 
asthma ( Table 44.2   ) have been less extensively studied than 
those of COPD discussed earlier. Several features can con-
tribute to explain this. First, asthma tends to be a disease of 
young (otherwise healthy) individuals  [84] , whereas COPD 
is rarely diagnosed before the sixth decade of age in indi-
viduals who often have other comorbidities        [2, 85] . Second, 
lung disease is reversible in asthma but mostly irreversible in 
COPD  [86] . It is plausible that the chronicity of the disease 
may favor the development of abnormalities in other distant 
organs. Finally, available therapies (mostly inhaled steroids 
with or without long-acting bronchodilators) are very eff ec-
tive in the vast majority of asthmatics  [84]  whereas, inter-
estingly, the same therapy is considerably less eff ective in 
patients with COPD  [2] . 

    Systemic infl ammation 

   Airway infl ammation is a key pathologic mechanism in 
asthma  [84] . As in COPD, there may be cross-communication 
between the airways and the bone marrow in patients with 
asthma through infl ammatory mediators that can eventu-
ally lead to systemic infl ammation  [83] . Sauleda  et al . were 
the fi rst to report that the activity of cytochrome oxidase 
(CytOx), the terminal enzyme of the mitochondrial respi-
ratory chain, was abnormally increased in circulating lym-
phocytes of patients with asthma (as compared to those with 
COPD, arthritis and/or healthy subjects)  [87]  ( Fig. 44.3   ). 
Th is was a totally unexpected and serendipitous observa-
tion because the goal of that study was to investigate if the 
observation made previously by these same investigators of 
increased CytOx activity in skeletal muscle of patients with 
COPD  [88]  could be reproduced in other cell types and 
other chronic infl ammatory diseases. As shown in  Fig. 44.2 , 
CytOx activity was higher in COPD than in healthy sub-
jects (as previously observed in skeletal muscle  [88] ), but 
its activity was one order of magnitude greater in patients 

 TABLE 44.2          Systemic manifestations of asthma.  

   Systemic infl ammation 

   Obesity 

   Diabetes mellitus 

   Cardiovascular disease 

   Skeletal muscle abnormalities 

   Osteoporosis 

   Depression and panic disorders 

   Infl ammatory bowel disease 
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with asthma  [87]  ( Fig. 44.3 ). Th e mechanisms and impli-
cations of these fi ndings were unclear, but authors specu-
lated that they were likely to refl ect activation of circulating 
lymphocytes (thus systemic infl ammation) in these con-
ditions  [87] . Other studies that were published later, pro-
vided further evidence of systemic infl ammation in asthma. 
Jousilahti  et al . found that the age-adjusted odds ratios 
of asthma increased in proportion to the levels of several 
infl ammatory markers in plasma (CRP, serum amyloid-A, 
and fi brinogen), and that this association was independ-
ent of smoking, the waist-to-hip ratio (a marker of central 
obesity), and symptoms of chronic bronchitis  [89] . Silvestri 
 et al . reported that patients with severe asthma had higher 
circulating neutrophil and eosinophil number, as well as 
increased serum levels of IL-8 and TNF- α , than controls 
and that there was a positive correlation between circulating 
neutrophil counts, plasma TNF- α  levels, and exhaled nitric 
oxide (a well-established marker of pulmonary infl amma-
tion in asthma) as well as between TNF- α  and IL-8 plasma 
levels and the degree of airfl ow obstruction (FEV 1 , % of 
reference)  [90] . Higashimoto  et al . found that the systemic 
infl ammatory profi le of patients with asthma was similar to 
that of patients with COPD, including increases in serum 
CRP, fi brinogen, TNF- α , IL-6, and the tissue inhibitor of 
matrix metalloproteinase TIMP-1  [91] ; interestingly, how-
ever, serum TGF- β 1 levels were higher in asthma patients 
than in COPD patients  [91] . Finally, the latest US National 
Health and Nutrition Examination Survey in 8020 adults 
found that those with asthma have higher levels of CRP in 
plasma, suggesting that this may be a clinically useful marker 
for asthma severity and control  [92] . From all these studies, 
therefore, it is clear that asthma is also associated with sys-
temic infl ammation. Like in COPD, thus, it is possible that 
systemic infl ammation in asthma contributes to some (or 
all) the systemic manifestations reviewed later.  

    Obesity 

   At variance with COPD, where unexplained weight loss is 
frequent (see above), in patients with asthma, a relationship 
with obesity has been suggested        [93, 94] . For instance, the 

First National Health and Nutrition Examination Survey 
studied 14,407 subjects, aged 25–74, followed-up dur-
ing a mean of 10 years and found that, both at baseline 
and during the follow-up, increasing BMI was associated 
with increased prevalence of asthma  [95] . Other studies 
have shown that obesity precedes and predicts the onset 
of asthma, increased obesity leads to more severe asthma, 
weight reduction improves asthmatic symptoms, and obes-
ity co-occurs with intermediate asthma phenotypes        [93, 94] . 
Th ese observations suggest that obesity and asthma may be 
causally related through immunologic and infl ammatory, 
hormonal, genetic, and/or nutritional mechanisms  [93] .  

    Diabetes mellitus 

   It is unclear whether or not asthma and type 1 diabetes mel-
litus are related (and the direction of such potential relation-
ship). Contrary to fi ndings in COPD, the Nurses ’  Health 
Study could not detect an increased risk of type 2 diabetes 
among asthmatic patients  [35] . Yet, other authors have sug-
gested an inverse relationship between asthma and type 1 
diabetes mellitus (DM1)  [96] . It has been hypothesized 
that because, according to the  “ hygiene hypothesis, ”  the risk 
of asthma decreases with infections early in childhood by 
shifting the Th 2 profi le, common at birth, to the Th 1 phe-
notype, the latter may favor the development of DM1  [96] . 
Th us further research is required to fi nd out whether or not 
asthma and DM1 are related.  

    Cardiovascular disease 

   Several pieces of evidences indicate that the risk of CVD 
is increased in asthmatics  [97] . Schanen  et al . reported that 
asthma was an independent risk factor for incident stroke 
(but not coronary heart disease) in a cohort of 13,501 adults 
followed during 14 years  [98] . In an even larger cohort 
(74,342   participants in the Canadian Community Health 
Survey), Dogra  et al . found that asthmatics were 43% more 
likely to have heart disease and 36% more likely to have 
high blood pressure than non-asthmatics  [97] . Interestingly, 
the age of onset of asthma did not infl uence this relation-
ship signifi cantly  [97] . Finally, Wu  et al . reported increases 
in multiple infl ammatory markers of atherosclerosis in 
patients with asthma  [86] . Th us, available evidence supports 
the concept that CVD risk is increased in patients with 
asthma.  

    Skeletal muscle abnormalities 

   Skeletal muscle abnormalities are uncommon (or at least, 
seldom studied) in patients with asthma, at variance with 
COPD (see above). In one of the rare studies that have 
addressed this issue, Picado  et al . could not fi nd signifi cant 
diff erences between oral steroid-dependent asthmatics and 
age- and sex-matched steroid naïve asthmatics in respira-
tory and skeletal muscle strength, endurance time, or fi ber-
type composition  [99] .  
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    Osteoporosis 

   A recent systematic review of the literature by Kearney  et al . 
found that patients with asthma (and COPD, as discussed 
earlier) are at risk of osteoporosis, particularly those treated 
with high doses of corticosteroids  [100] .  

    Depression and panic disorders 

   Depression and panic disorders are frequent in patients 
with asthma. Schneider  et al . found that about 4% of asth-
matics visited in primary care suff ered from major depres-
sive disorder, 23% from minor depressive disorder, and 8% 
from panic disorder  [101] . Further, the presence of depres-
sion predicted hospitalization within the subsequent year 
(odds ratios, OR 6.1) and panic disorder predicted unsched-
uled emergency home visits (OR 4.8). Likewise, McCauley 
 et al . found that 125 out of 767 adolescents with asthma 
(16.2%) reported signifi cant anxiety and depressive dis-
orders in the last 12 months, and this was related to func-
tional status  [102] . Overall, these results indicate that the 
impact of psychiatric comorbidity on health outcomes for 
patients with asthma is substantial  [103] . Interestingly, the 
frequency of symptoms of anxiety and depression is greater 
among asthma patients (particularly those with uncon-
trolled asthma) than among patients with COPD  [104] .  

    Infl ammatory bowel disease 

   Th e prevalence of asthma is particularly increased in 
patients with infl ammatory bowel disease. Berstein  et al . 
found that patients with ulcerative colitis ( n       	      3879) and 
Crohn’s disease ( n       	      4193) had a signifi cantly greater like-
lihood of having arthritis, asthma, bronchitis, psoriasis, 
and pericarditis than population controls, and that asthma 
was the most common comorbidity in Crohn’s disease 
patients  [105] . Th e reasons for these associations are 
unknown but shared infl ammatory mechanisms have been 
postulated  [83] .  

    Therapeutic implications 

   Inhaled steroids (with or without long-acting bronchodila-
tors) are very eff ective in patients with asthma  [84] . Th ey 
reduce local infl ammation and improve pulmonary function 
but their eff ects upon the systemic manifestations of asthma 
are less well studied  [83] . In the context of the systemic 
manifestations of asthma, oral medications, such as leuko-
triene receptor antagonists, can block the action of cystei-
nyl leukotrienes and thus improve both asthma and rhinitis 
and other conditions systemically linked with asthma  [83] . 
Other potential treatments include receptor-blocking mol-
ecules and synthesis inhibitors related to eicosanoid infl am-
mation  [83] . Further, as depression and panic disorders are 
frequent in patients with asthma and both are predictive of 
health-care resources utilization, specifi c psychiatric inter-
ventions may reduce inappropriate health-care utilization 
and avoid adverse outcomes  [101] .    
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C H A P T E R           Cardiovascular Eff ects 

    INTRODUCTION 

   Chronic obstructive pulmonary disease 
(COPD) and asthma are infl ammatory disor-
ders of the lung, characterized by airfl ow limi-
tation and symptoms of dyspnea and cough  [1] . 
In both of these conditions spirometric param-
eters are usually abnormal with a forced expira-
tory volume in one second (FEV 1 ) to forced 
vital capacity (FVC) ratio of less than 80%. 
In asthma, this ratio may normalize following 
administration of a bronchodilator, whereas in 
COPD, there is little or no reversibility of lung 
function  [1] . Although these disorders are dis-
tinct and have diff erent pathophysiologies, in 
both conditions, cardiovascular complications 
are frequently observed. For instance, in patients 
with COPD, the risk of cardiovascular hospi-
talizations and mortality including those related 
to ischemic heart disease, stroke, arrhythmias, 
heart failure, and sudden death is two to three 
times higher than those without COPD  [2] . 
In mild to moderate cases of COPD, the lead-
ing causes of hospitalization are cardiovascular 
events, accounting for approximately 50% of all 
cases  [3] . In this chapter, we will review the epi-
demiological evidence and explore the potential 
mechanistic link(s) between obstructive airways 
diseases and cardiovascular comorbidities.  

    EPIDEMIOLOGY 

    Reduced lung function and CVD 

   One of the defi ning features of asthma and 
COPD is reduced FEV 1  in addition to a reduced 

FEV 1  to FVC ratio. Th ere have been many stud-
ies that have evaluated the relationship between 
FEV 1  and cardiovascular diseases (CVD) in var-
ious populations. Almost universally, these stud-
ies have shown that reduced FEV 1 , regardless of 
the cause, is a signifi cant risk factor for CVD. 
As an example, in the First National Health and 
Examination Survey Epidemiologic Follow-up 
Study ( n       	      1861), Sin and colleagues found that 
individuals in the lowest quintile of FEV 1  (i.e. 
reduced lung function) had the highest risk for 
cardiovascular mortality (relative risk, RR, 3.36; 
95% confi dence interval, CI, 1.54–7.34), while 
individuals in the highest FEV 1  quintile had 
the lowest risk. Th e mortality risk was particu-
larly notable for deaths related to ischemic heart 
disease (RR, 5.65; 95% CI, 2.26–14.13). Th e 
CVD risk was slightly lower in FEV 1  quintiles 
2 and 3 but still signifi cantly higher than that 
for the lowest quintile group (RR, 2.00, 95% 
CI, 1.03–3.89 for quintile 2; and RR, 2.22; 95% 
CI, 1.23–4.01 for quintile 3) suggesting that the 
relationship between reduced FEV 1  and CVD is 
linear  [2] . Similar fi ndings were observed when 
the analysis was limited to nonsmokers suggest-
ing that the relationship between reduced FEV 1  
and CVD is independent of the eff ects of ciga-
rette smoking. 

   In another population-based study, the 
SALIA Cohort (Study on the infl uence of 
Air pollution on Lung function, Infl ammation 
and Aging) investigators found that the RR of 
cardiovascular mortality of women with FEV 1  
less than 80% of predicted was 3.79 (95% CI, 
1.64–8.74) at 5 years and 1.35 (95% CI, 0.66 to 
2.77) at 12 years of follow-up compared with 
women who had normal lung function  [4] . In 
a Norway study, the investigators found that 
the risk of CVD mortality increased by 7% 
with every 10% decrease in FEV 1  (as percent 
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 TABLE 45.1          Baseline characteristics of included studies and their reported association between FEV 1  and cardiovascular mortality (from Ref.  [2] ).  

   Author 

 Publication 

year  Study population  Sample size  Age (year)  Male (%) 

 Mean FEV 1  

(liter or % of 

predicted) 

 Current 

smokers 

(%) 

 FEV 1  categorization 

(% predicted or liter) 

 Follow-up 

(years) 

 RR of cardiovascular 

mortality (95% CI) 

   Marcus  [11]   1989  Honolulu Heart Program, 

US (Japanese American) 

 5924  54  100  2.71 (94%)  48  Quintiles (2.10       l versus 

3.28       l) 

 15–18  1.93 (1.46, 2.54) 

   Higgins  [7]   1970  Tecumseh, US  5140  16–75 

(range) 

 47.7  NA  NA   � 2.0       l (1.4 b ) versus 

 � 2.0       l (1.4 b ) 

 2–6  5.03(3.07, 8.22) 

   Hole  [10]   1996  Renfrew  &  Paisley, UK  15,411  45–64 

(range) 

 45.8  2.83 a

 1.99 b  

 36  Quintiles ( � 73–75% 

versus  � 108–113%) 

 15  1.56 (1.26, 1.92) a

 1.88 (1.44, 2.47) b  

   Beaty  [12]   1985  Baltimore Longitudinal 

Study of Aging, US 

 874  50.7  100  95.6%  21   � 80% versus  � 80%  24  1.58 (0.96, 2.60) 

   Schunemann  [9]   2000  Buff alo � Erie County, US  1195  46.8  46.4  2.8  58.3  Quintiles ( � 80% versus 

 � 109–114%) 

 29  2.11 (1.20, 3.71) a

 1.96 (0.99, 3.88) b  

   Ebi-Kryston  [13]   1988  Whitehall Civil Servants, UK  17,717  40–64 

(range) 

 100  NA  NA   � 65% versus  � 65%  10  1.49 (1.24, 1.80) 

   Lange  [14]   1991  Copenhagen City Study, 

Denmark 

 12,511  53.1  NA  NA  NA   � 60% versus  � 80%  6.5  1.8 (1.4, 2.4) 

   Tockman  [15]   1989  Washington County, 

Maryland 

 884  NA  100  NA  32.3  Quartiles ( � 65% versus 

 � 100%) 

 10  3.66 (1.76, 7.61) 

   Krzyzanowski  [16]   1986  Cracow, Poland  3047  19–70 

(range) 

 59  NA  38.4   � 65% versus 76–100%  13  2.56 (1.35, 4.85) a

 1.99 (0.95, 4.18) b  

   Hospers  [17]   1999  Vlagtwedde-Vlaardingen, 

Netherlands 

 5382  36  54  98%  55   � 80% versus  � 100%   � 25  1.82 (1.42, 2.34) 

   Kuller  [18]   1989  Multiple Risk Factor 

Intervention Trial 

 7368 c   46  100  3.38  64  Quintiles ( � 2.8–3.0       l 

versus  � 3.8–4.0       l) 

 7  2.33 (1.35, 4.03) d  

   Speizer  [8]   1989  Harvard Six Cities Study  8427  49  45  2.85  39.9  Quartiles (2.0–2.6L 

versus 2.9–4.1       l) 

 12  1.42 (1.07, 1.90) a 

2.74 (1.93, 3.90) b  

   Pooled summary      83,880              1.99 (1.71, 2.29) 

  Test for heterogeneity,  p       	      0.001.

  NA: not available; FEV 1 : forced expiratory volume in 1       s;RR: relative risk of cardiovascular mortality; CI: confi dence interval.  

  a  Male values.  

  b  Female values.  

  c  Although 12,866 participants were originally enrolled in the study, only 7368 participants had an acceptable pulmonary function testing.  

  d  Although the smoking-adjusted RR was reported, its 95% CI was not provided; thus, the adjusted data could not be used for the meta-analysis.  
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predicted) over a 26-year follow-up  [5] . In the Honolulu 
Heart Program, which prospectively followed 5924 healthy, 
middle-aged men for up to 18 years, Curb and colleagues 
found that the individuals in the lowest FEV 1  quintile had 
a 1.93-fold increase in the risk of cardiovascular mortal-
ity compared to those in the best FEV 1  quintile (RR, 1.93; 
95% CI, 1.46–2.54)  [6] . In the Tecumseh Cohort Study, 
Higgins and colleagues observed that individuals with 
FEV 1  values less than 2.0       l had a fi vefold increase in the risk 
for CVD mortality compared with those with FEV 1  greater 
than this value (RR, 5.03; 95% CI, 3.07–8.22)  [7] . In the 
Harvard Six Cities Study, Speizer and colleagues reported a 
RR of 2.74 (95% CI, 1.93–3.90) in women and 1.42 (95% 
CI, 1.07–1.90) in men, comparing the lowest FEV 1  quar-
tile to the highest quartile  [8] . Schunemann and colleagues 
reported a RR of 1.96 (95% CI, 0.99–3.88) in women and 
2.11 (95% CI, 1.20–3.71) in men, once again comparing 
the lowest FEV 1  quintile to the highest quintile  [9] . Hole 
and colleagues reported a RR of 1.88 (95% CI, 1.44–2.47) 
in women and 1.56 (95% CI, 1.26–1.92) in men, compar-
ing the lowest to the highest quintile of FEV 1   [10] . Overall, 
these large population-based studies showed that reduced 
FEV 1  is an important, independent risk factor for CVD 
morbidity and mortality (pooled RR, 1.99; 95% CI, 1.71–
2.29) even among nonsmokers where the RR is 1.67 (95% 
CI, 1.35–2.01)  [2] . Th e relationship between reduced FEV 1  
and cardiovascular mortality appears to be similar between 
men (RR, 1.64; 95% CI, 1.48–1.84) and women (RR, 2.14; 
95% CI, 1.75–2.59). In general, when the lowest quintile of 
FEV 1  is compared with the highest quintile, the risk of car-
diovascular mortality increases by ~75% in both men and 
women  [2] . Taken together, these population-based studies 
clearly support the notion that CVD risk increases as FEV 1  
decreases ( Table 45.1   ). 

   Th e population attributable risk of ischemic car-
diac deaths imposed by reduced FEV 1  was estimated by 
Hole  et al .  [10] . Th ey showed that when the lowest quin-
tile of FEV 1  was compared with the highest quintile, the 
population attributable risk for deaths related to ischemic 
heart disease was 26% (95% CI, 19–34%) in men and 24% 
(95% CI, 14–34%) in women, independent of the eff ects 
of cigarette smoking. Th e magnitude of the mortality bur-
den attributed to reduced FEV 1  in this model was similar 
to that imposed by hypercholesterolemia. In the same study, 
comparison of total serum cholesterol (between the lowest 

to the highest quintile levels) produced a population attrib-
utable risk of 21% in men and 25% in women for deaths 
related to ischemic heart disease  [10]  ( Fig. 45.1   ). In certain 
populations, reduced FEV 1  may be responsible for 20–30% 
of deaths related to ischemic heart disease  [10] . 

   Th e risk of CVD in those with reduced FEV 1  is 
amplifi ed by the presence of another risk factor for CVD 
such as hypertension. In the  “ Malmo Born in 1914 ”  Study, 
the risk of cardiac events defi ned as fatal or nonfatal myo-
cardial infarction, was only 10% higher in individuals who 
had reduced FEV 1  but without hypertension  [19] . Th e 
risk nearly tripled (RR, 2.9; 95% CI, 1.8–4.5) when sub-
jects had both reduced FEV 1  and hypertension together. 
Th e incidence of stroke was nearly fourfold higher (RR, 
3.8; 95% CI, 1.9–7.6) when subjects had both reduced 
FEV 1  and hypertension. In contrast, reduced FEV 1  alone 
was not associated with increased risk of stroke (RR, 1.2; 
95% CI, 0.70–2.2)  [19] . In the same cohort, Engstrom and 
colleagues found that individuals who had reduced FEV 1  
and ventricular dysrhythmia on the baseline electrocardio-
gram (ECG) experienced a twofold increase in the risk of 
coronary events (RR, 2.31; 95% CI, 1.28–4.20)  [20] . In 
contrast, reduced FEV 1  alone in the absence of ventricular 
ectopy was not signifi cantly associated with coronary events 
(RR, 1.24; 95% CI, 0.67–2.27). Similarly, ventricular ectopy 
by itself was not associated with coronary events (RR, 1.16; 
95% CI, 0.58–2.33).  

    The relationship between rate of 
FEV 1  decline and CVD 

   Another important physiologic phenotype associated with 
COPD is accelerated decline in lung function over time 
 [21] . Individuals who experience rapid decline in FEV 1  are 
two times more likely to experience COPD-related hospi-
talizations and mortality  [22] . Th ey are also more likely to 
experience CVD events. In the Malmo  “ Men Born in 1914 ”  
Study, the cardiovascular event rate among smokers in the 
high, middle, and low thirds with regard to the decline in 
FEV 1  was 56.0, 41.0, and 22.7 events per 1000 person-
years, respectively ( p  for trend      	      0.01)  [23] . Th e Baltimore 
Longitudinal Study of Aging showed that individuals who 
experienced the most rapid decline in FEV 1  over 16 years 
were three to fi ve times more likely to die from a cardiac 
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cause of death than those who had the slowest decline in 
FEV 1   [24] . In lifetime nonsmokers, accelerated decline in 
FEV 1  was associated with a 5- to 10-fold increase in the 
risk for cardiac deaths. In the US National Study of Coal 
Workers ’  Pneumoconiosis, a longitudinal health survey of 
male underground coal miners, Beeckman and colleagues 
found that workers who had an accelerated decline in FEV 1  
(defi ned as FEV 1  decline of 60       ml � year or greater) were 
more likely to develop incident asthma or COPD compared 
to individuals with a slower FEV 1  decline. Importantly, the 
former group had nearly 50% excess mortality than the lat-
ter group (RR of all-cause mortality, 1.45), driven mostly 
by excess CVD deaths (RR, 1.90) and pulmonary causes of 
mortality (RR, 3.20)  [25] .  

    The relationship between FEV 1  to FVC 
ratio and CVD 

   Reduced FEV 1  � FVC ratio is a more specifi c indicator of 
airways disease than is reduced FEV 1  alone in the general 
population. Using data from the Th ird National Health 
and Nutrition Examination Survey in the United States 
 [26] , Sin and Man found that individuals with severe air-
fl ow obstruction (defi ned as FEV 1        �     50% of predicted and 
FEV 1  � FVC ratio  � 70%) were twice as likely to have ECG 
evidence of probable or possible myocardial infarction than 
individuals with normal lung function. In the  “ Men Born 
in 1914 Study, ”  Engstrom  et al . found that compared to 
subjects in the highest FEV 1  � FVC quintile (ratio  � 77.3%), 
those in the lowest FEV 1  � FVC ( � 66.3%) quintile were 73% 
more likely to experience coronary events ( p       	      0.01)  [20] . 
Th e risk for frequent or complex ventricular arrhythmia was 
83% higher in the lowest FEV 1  � FVC quintile compared 
with the highest quintile. As with FEV 1 , reduced FEV 1  
to FVC ratio may have a modifying eff ect on CVD. In the 
study by Engstrom  et al ., reduced FEV 1  � FVC ratio by itself 
was a modest independent risk factor for coronary events 
(RR, 1.30). Presence of arrhythmias in those with normal 
FEV 1  � FVC was not associated with coronary events (RR, 
1.01). However, the combination of reduced FEV 1  � FVC 
ratio and presence of arrhythmias increased the risk of coro-
nary events by over twofold (RR, 2.43; 95% CI, 1.36–4.32) 
 [20] . Th ese data suggest that airfl ow obstruction impacts 
synergistically on the diseased heart to make it more vul-
nerable to acute coronary events.  

    COPD and CVD 

   Th e Lung Health Study (LHS) is one of the largest COPD 
cohorts that studied the eff ects of smoking cessation and 
inhaled anticholinergic drugs on disease progression in 
patients with mild COPD (Global Initiative for Chronic 
Obstructive Lung Disease, GOLD, Stages 1 and 2)  [27] . 
Although the initial study was designed as a 5-year trial, 
the follow-up was subsequently extended to 14.5 years. 
Th e latter was called Lung Health Study-3 (LHS-3)  [28] . 
In this study, the LHS investigators confi rmed the benefi ts 
of smoking cessation in retarding disease progression and 
attenuating morbidity and mortality  [28] . Notably in this 

study, the leading cause of hospitalization was CVD  [3]  and 
the leading cause of mortality was lung cancer  [28] . CVDs 
accounted for nearly half of all hospitalizations and 22% of 
all deaths, while lung cancer accounted for 33% of all deaths. 
In contrast, only 8% of the cohort died from respiratory fail-
ure  [28] . Th ese data are a sobering reminder of the impor-
tance of CVD and cancer in patients with mild COPD. 

   Even in more advanced disease (GOLD Stages 3 and 4),
CVD and lung cancer are important causes of morbid-
ity and mortality. In TORCH (Towards a Revolution in 
COPD Health) study, a 3-year randomized controlled trial 
that assessed the eff ects of salmeterol � fl uticasone in severe 
COPD (FEV 1        �     60% of predicted), CVDs accounted for 
26% and cancer accounted for 21% of all deaths  [29] . In 
an analysis of data from the Kaiser Permanente Medical 
Group, Sidney and coworkers found that having COPD 
increased the risk of hospitalization for cardiac arrest and 
ventricular fi brillation by 2.8 fold, atrial fi brillation by 2.1 
fold, angina by 2 fold, myocardial infarction by 87%, conges-
tive heart failure by nearly 4 fold, stroke by 39%, pulmonary 
embolism by 2.7 fold, and other CVD by 86%, independent 
of age, sex, and history of hypertension, hyperlipidemia, and 
diabetes  [30] . Curkendall and colleagues reported similar 
fi ndings using a completely diff erent cohort  [31] . On aver-
age, for every 10% decrease in FEV 1 , all-cause mortality 
increases by 14%, cardiovascular mortality increases by 28%, 
and nonfatal coronary event increased by almost 20%, after 
adjustments for relevant confounders such as age, sex, and 
smoking status  [3] . 

   In COPD, there are two major phenotypes: emphysema 
and small airways disease. Emphysema can be determined 
noninvasively using quantitative computerized tomography 
(CT) scanning  [32] . McAllister and coworkers used this 
method and found a signifi cant relationship between emphy-
sema severity as assessed by quantitative CT scanning of the 
lungs and arterial stiff ness as measured by pulse wave velocity 
 [33].  Arterial stiff ness is a good surrogate of atherosclerosis 
and a robust predictor of future CVD risk  [34] .  

    The relationship between asthma and CVD 

   Although most of the attention has been directed at the 
relationship between COPD and CVD, there is emerging 
literature supporting the notion that asthma is also a risk 
factor for CVD. In one study from Sweden, Toren and 
colleagues estimated the risk of mortality in patients with 
asthma. Compared to the expected mortality, the mortality 
rate among patients with severe asthma, defi ned as one who 
needed daily treatment of oral corticosteroids for at least a 
year, was twofold higher (RR, 2.1, 95% CI, 1.8–2.5)  [35] . 
Th e RR of ischemic cardiac deaths was also nearly two-
fold higher (RR, 1.9, 95% CI, 1.4–2.4) with women hav-
ing a particularly high RR at 2.5 (95% CI, 1.7–3.3)  [35] . In 
another population-based study, Musk and colleagues found 
that patients with asthma had excess mortality compared 
to the rest of the population (standardized mortality ratio, 
SMR, for all causes of death 1.6 for men ( p       �      001) and 
1.7 for women ( p       �      0.001)). Th e risk of ischemic cardiac 
death was also elevated (SMR, 1.3) but only in the older 
age group  [36] . A Canadian study found that patients with 
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self-reported asthma were 43% more likely to have heart 
disease and 36% more likely to have hypertension com-
pared to nonasthmatics  [37] . Using the Northern California 
Kaiser Permanente database, a large Health Maintenance 
Organization providing to over 3 million people, Iribarren 
and colleagues found that patients with asthma defi ned 
based on self-report or hospitalization for asthma had a 24% 
increase in the risk for coronary heart disease hospitalization 
or death adjusted for confounders such as age, race � ethnicity, 
education level, smoking status, white blood cell count, 
hypertension and diabetes, and occupational exposures. Th e 
relationship was particularly strong in women  [38] . 

   However, there are some dissenting studies. For 
instance, Belli and coworkers failed to fi nd a signifi cant asso-
ciation between asthma and mortality in an elderly group of 
individuals. In this study, the risk of cardiovascular mortal-
ity was similar between those with and without asthma 
 [39] . Similarly, in the Atherosclerosis Risk In Communities 
(ARIC) Study, Zureik and colleagues found that compared 
with individuals without asthma, those with (ever) asthma 
(defi ned by self-report) had similar RR of coronary heart 
disease (RR, 0.87; 95% CI, 0.66–1.14). Th e RR using a 
time-dependent analysis was 0.88 (95% CI, 0.69–1.11). 
However, they found that individuals with asthma had 
increased risk of stroke (RR, 1.43; 95% CI, 1.03–1.98 using 
a time-dependent analysis)  [40] . 

   One of the characteristic physiologic signs in 
asthma is bronchial hyperresponsiveness (BHR). Zureik 
and colleagues used data from the European Community 
Respiratory Health Survey to determine the relationship 
between BHR and carotid intima-media thickness, which is 
a marker of atherosclerosis  [41]  and a risk factor for stroke 
 [42] . Th ey found that in men but not in women who dem-
onstrated BHR (defi ned as a 20% fall in baseline FEV 1  with 
methacholine exposure of 4       mg or less) the mean carotid 
intima-media thickness was greater compared to men who 
did not have BHR (0.68  �  0.11 in men with BHR versus 
0.62  �  0.09       mm in men without BHR,  p       	      0.002)  [43] . 
Although the mechanism for this observation is not com-
pletely known, a recent study indicates that BHR is associ-
ated with systemic infl ammation, as measured by circulating 
C-reactive protein (CRP)  [44] .   

    POSSIBLE MECHANISMS 

   While the epidemiological link between COPD (and to 
lesser extent with asthma) and cardiovascular events is solid, 
the mechanism(s) that underpin this relationship are far 
from certain. 

    The infl ammation theory 

   It is well recognized and accepted that both asthma and 
COPD are infl ammatory conditions associated with both 
lung and systemic infl ammation, though the content and 
the nature of the infl ammatory process diff ers between the 
two conditions  [1] . It is postulated that the infl ammatory 

process starts in the lungs and then  “ spills ”  into the sys-
temic circulation through the rich network of capillary beds 
in the pulmonary microcirculation  [45] . Th e rate of spill-
age is heavily infl uenced by infl ammation (which generally 
increases permeability of the vasculature) and by underly-
ing parenchymal disease. It is believed (though not proven) 
that in asthma and in COPD, proinfl ammatory cytokines 
and chemokines, such as tumor necrosis factor- α  (TNF- α ),
interleukin (IL)-1 β , IL-6, and others, escape into the sys-
temic circulation from the lungs inducing a systemic 
infl ammatory response in the liver, bone marrow, and other 
organs  [46] . In asthma, the infl ammatory process in the 
lungs is thought to refl ect an  “ allergic ”  or  “ atopic ”  response 
to environmental allergens, while in COPD, it is thought to 
be an abnormal (exaggerated) response to cigarette smoke 
and other irritants. Systemic infl ammation is believed to 
contribute to plaque build-up in coronary and cerebral vas-
culature and to their rupture during periods of stress  [47] . 

   Consistent with the systemic infl ammation theory, 
CRP levels in COPD patients have been associated with 
CVD and all-cause morbidity and mortality  [48] . In LHS, 
for instance, the risk of all-cause and CVD mortality over 
7 years of follow-up increased as a function of CRP levels. 
Compared to the lowest CRP quintile group (mean level 
0.21       mg � l), the highest CRP quintile (mean level 7.1       mg � l) 
had a mortality risk that was 1.8 times higher, adjusted for 
sex, race, age, body mass index, pack-years of smoking, bio-
chemically validated smoking status (i.e. continued smokers, 
sustained quitters, or intermittent quitters), rate of descent 
in FEV 1  (in quintiles), and predicted FEV 1  (in quintiles). 
Th e risk of fatal and nonfatal CVD also increased along the 
CRP gradient. Compared to the lowest quintile, the highest 
CRP quintile group experienced a 1.5-fold increase in fatal 
and nonfatal cardiovascular events  [49] .   

    DISTURBANCE OF NEUROHUMORAL TONE 

   Patients with severe COPD have a perturbed neurohumoral 
regulatory system, leading to excess sympathetic nerv-
ous activity and reduced vagal tone  [50] , which is inversely 
related to their oxyhemoglobin saturation. Accordingly, 
COPD patients have raised resting heart rate and have 
an increased risk of rhythm disturbances and ectopic 
beats  [19] , which may increase their risk for CVD events. 
Metaiodobenzylguanidine (MIBG), an analog of guanethi-
dine, has similar metabolism to norepinephrine in sys-
temic nervous tissues  [51] . MIBG has been used to image 
the heart for assessment of cardiac sympathetic activity. 
Increased sympathetic nervous activity leads to reduced 
cardiac to mediastinal activity ratio in the delayed images 
 [51] . In a group of 28 COPD patients and 7 control sub-
jects, COPD patients demonstrated reduced cardiac accu-
mulation of MIBG and a higher washout rate from the 
heart than control subjects, indicating excess activity of 
the sympathetic nervous system with increased norepine-
phrine turnover  [52] . Interestingly, the MIBG accumulation 
rate correlated signifi cantly with the intensity of dyspnea 
as reported by these patients ( p       �      0.05). Consistent with 



Asthma and COPD: Basic Mechanisms and Clinical Management

586

the MIBG data, COPD patients had higher plasma nore-
pinephrine levels than did the control subjects (449 versus 
69       pg � ml;  p       �      0.01). Th ere is little information on whether 
or not patients with mild or moderate COPD have dis-
turbed neurohumoral regulatory system. However, there is 
emerging data to indicate that in mild disease, patients are 
frequently exercise limited by an abnormal cardiovascular 
response to exercise (e.g. reduced anaerobic threshold). In 
contrast, subjects without COPD are limited mainly from 
leg muscle fatigue  [53] . Th ese data suggest that even in mild 
COPD, cardiac performance may be perturbed. 

   Whether certain inhaled drugs commonly used in 
COPD and asthma worsen cardiac status is very contro-
versial. Pharmacoepidemiological studies have linked the 
use of short- or long-acting bronchodilators with increased 
risk of cardiovascular events in COPD and asthma. In one 
study, the use of ipratropium bromide, a short-acting anti-
cholinergic medication, was associated with a 60% increase 
in adjusted mortality compared with nonuse among 827 
patients with COPD  [54] . In the LHS in which one-third 
of the participants were assigned in a random fashion to 
usual care; another one-third to special intervention (for 
smoking cessation) in addition to ipratropium bromide; and 
the remaining subjects to special intervention (for smoking 
cessation) in addition to placebo puff ers, ipratropium bro-
mide was associated with a 26% increase in the risk of car-
diovascular events compared with placebo. Th e risk of fatal 
cardiovascular events was even higher (relative risk, 2.6). 
Although this study was underpowered to detect cardio-
vascular events, these data, nonetheless, raised concerns that 
ipratropium bromide may increase cardiovascular morbidity 
and mortality in COPD  [3] . 

   Th ere is a scarcity of cardiovascular safety data on tio-
tropium. In the 1-year clinical trials, the risk of heart rate 
and rhythm disturbance disorders, such as arrhythmias, 
atrial fi brillation, and tachycardia, were about twofold higher 
in those assigned to tiotropium ( n       	      550 patients) com-
pared with those assigned to placebo ( n       	      371). However, 
these events were rare occurring in only 4.4% of this care-
fully selected group of COPD patients  [55] . Nevertheless, 
tiotropium should be used with caution in patients with 
COPD who also have coexisting rhythm disorders. 

   A systematic review and meta-analysis showed that a 
single dose of a  β  2 -agonist caused an increase in heart rate 
of 9 beats � min and reduced serum potassium by 0.36       mmol � l 
compared with placebo  [56] . Th e use of short-acting 
 β  2 -agonist has been associated with increased cardiovascular 
events. Au and colleagues, for example, studied 630 patients 
with unstable angina or myocardial infarction and 10,486 
control subjects enrolled in 7 Veterans Administration 
Medical Centers, and found that compared with subjects 
who did not fi ll a short-acting  β  2 -agonist, patients who had 
fi lled one  β  2 -agonist prescription in the 3 months prior to 
their index date had  � 70% increase in the risk for an acute 
coronary event  [57] . Importantly, the excess risk was lim-
ited to those patients who had a prior history of CVD; their 
risk was over threefold higher than those who did not use 
 β  2 -agonists. Additionally, new users of  β  2 -agonists had a sev-
enfold increase in the risk of cardiovascular events. Overall, 
treatment with short-acting  β  2 -adrenoceptor agonists was 
associated with a 2.5-fold increase in the risk of adverse 

cardiovascular events, which included ventricular tachy-
cardia, myocardial infarction, and sudden deaths  [56] . Th e 
exact mechanisms by which these medications may poten-
tially increase cardiovascular morbidity and mortality are 
unknown. Future studies are needed to validate these initial 
epidemiologic observations and to determine the potential 
mechanisms by which these medications may increase cardi-
ovascular risk in susceptible COPD and asthmatic patients.  

    CAN HEART-PROTECTIVE DRUGS REDUCE 
COPD MORBIDITY? 

   In view of the intrinsic link between COPD and CVD, 
some have suggested that cardioprotective drugs may have 
benefi cial eff ects in COPD. Th ere have been no randomized 
controlled studies that have carefully and prospectively 
tested this hypothesis. Th ere are, however, several epide-
miological studies that have generated promising data. For 
instance, Mancini and coworkers conducted a time-matched 
nested case-control study using administrative health data in 
Quebec to determine whether or not statins (hydroxymeth-
ylglutaryl CoA reductase inhibitors), angiotensin-
converting enzyme (ACE) inhibitors, and � or angiotensin 
receptor blockers (ARB) could improve survival in COPD. 
Th ey found that the combined use of statins and ACE or 
ARBs was associated with a 34% reduction in hospitaliza-
tion for COPD, a 61% reduction in myocardial infarction, 
and a 58% reduction in all-cause mortality  [58] . Similar 
fi ndings were noted by an independent group in Japan  [59] . 
One of the major limitations of the previous two stud-
ies was that the diagnosis of COPD was not confi rmed by 
spirometry. A Norweigan group using a retrospective cohort 
of 854 patients with spirometry confi rmed COPD (mean 
FEV 1 , 48% of predicted) demonstrated that treatment with 
statins following hospitalization for COPD was associated 
with a 43% reduction in all-cause mortality. Interestingly, 
in the same study, inhaled corticosteroids, which are anti-
infl ammatory drugs, were also associated with reduced 
mortality  [60] , a fi nding that has been observed in other 
epidemiological studies        [61, 62 ]  but not in a randomized 
controlled trial  [63] . Low-dose inhaled corticosteroid ther-
apy has been associated with reduced risk of myocardial inf-
arction, arrhythmias, and CVD mortality          [64–66] . Other 
groups have shown that beta-blockers may also reduce 
mortality in COPD patients but the overall magnitude of 
the benefi t appears to be small  [67] . Moreover, they (espe-
cially noncardioselective beta-blockers) are associated with 
a slight increase in the risk for COPD hospitalizations  [68] . 
Th us, for safety reasons, in general, only cardioselective beta-
blockers in low doses should be employed in COPD  [69] .  

    SUMMARY 

   Cardiovascular events are common complications in COPD 
and asthma. While the mechanisms linking these disorders 
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have not been well established, the epidemiological evi-
dence is strong. Reduced lung function (regardless of the 
cause) increases the risk of cardiovascular hospitalization by 
twofold may contribute up to 25% of all ischemic cardiac 
deaths. In mild to moderate COPD, cardiovascular events 
are the leading cause of hospitalization and the second lead-
ing cause of mortality (trailing only behind lung cancer). 
System infl ammation and neurohumoral disturbances are 
the leading putative mechanisms for the association. Th ere 
are emerging data that cardioprotective drugs may also have 
salutary eff ects in COPD. However, these promising obser-
vations must be validated in clinical trials before they can be 
routinely recommended in patients with obstructive airways 
disease.   
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C H A P T E R

            

    Allergen Avoidance 

    INTRODUCTION 

   Senitization to inhalant allergens is a major risk fac-
tor for asthma, rhinitis, and eczema        [1, 2] . Exposure 
of individuals with established allergic disease to 
high levels of sensitizing allergens causes exacerba-
tion of symptoms and worsening of the underlying 
infl ammatory process                    [3 – 10] . Complete cessation 
of exposure leads to the improvement in disease 
control. For example, patients with seasonal allergic 
rhinitis have no symptoms in the absence of expo-
sure to pollen, and moving atopic asthmatics into 
low-allergen environments such as hospitals  [11]  or 
high-altitude sanatoria          [12 – 14]  improves markers 
of asthma severity. 

   In occupational asthma, cessation of 
exposure to an allergen may be associated with a 
dramatic improvement in symptoms, and some-
times cure, but only  early  in the natural history 
of the disease  [15] . However, exposure over a 
longer period can result in asthma becoming 
persistent in spite of removal from exposure. 
Th is early  “ window of opportunity ”  appears var-
iable between individuals and may explain why 
environmental control is ineff ective in some cir-
cumstances. It suggests that any allergen avoid-
ance strategy must achieve an early and major 
reduction in exposure and be targeted to indi-
viduals likely to benefi t.  

    ALLERGEN AVOIDANCE MEASURES 

   Allergen avoidance measures are usually not spe-
cifi c to any given allergen, or even environmen-
tal contaminant. For example, measures against 
house dust mite allergen will also impact on 

levels of microbial products such as endotoxin 
and glucan. Th is may have unanticipated conse-
quences and may alter the eff ectiveness of aller-
gen avoidance on allergic disease. 

   When designing eff ective methods to 
reduce personal exposure, the aerodynamic char-
acteristics and distribution of allergens have to 
be taken into account  [16] . Mite and cockroach 
allergens are contained within particles  � 10        μ m 
diameter and become airborne after vigorous 
cleaning, whereas substantial cat and dog aller-
gen circulates in the air on small particles ( � 5        μ m 
diameter)          [17 – 19] . Consequently, pet allergic 
patients often develop wheezing, sneezing, or 
itchy eyes immediately on entering a home with 
a pet, but mite and cockroach-sensitized asth-
matics are unaware of the relationship between 
exposure and symptoms. Air fi ltration units have 
little eff ect on personal exposure to mite or cock-
roach but may be useful in removing airborne pet 
allergens. 

    Mite allergen avoidance 

   Reduction of mites and mite allergens in the 
home can be achieved by a number of measures 
( Table 46.1   ; for review see Ref.  [16] ). 

    Bed and bedding 

   Th e greatest exposure to mite allergen is in bed at 
night, and synthetic quilts provide much greater 
risk than feather cover does. Th e most eff ec-
tive mite allergen avoidance measure is to cover 
the mattress, duvet, and pillows with imperme-
able encasings (or get rid of the quilt if it is not 
covered). Finely woven fabrics are the most eff ec-
tive covers  [20] . Sheets should be washed weekly, 
and blankets should be washed regularly in a hot 
cycle (above 55 � C) to kill the mites  [21] .  

  46 
   Ashley   Woodcock   and   

  Adnan   Custovic  

  University of Manchester, 
Manchester, UK    



Asthma and COPD: Basic Mechanisms and Clinical Management

590

    Carpets and upholstered furnishings 

   Fitted carpets should be removed and replaced with hard 
fl oor coverings (e.g., wooden or linoleum fl oor) since they 
are impossible to clean (vacuuming provides substantial per-
sonal exposure). Exposing carpets to direct sunlight, steam 
cleaning, use of acaricides or tannic acid, freezing with liq-
uid nitrogen, etc. are only partially eff ective  [21] . Allergen 
reduction in upholstered furniture is impossible, without 
impermeable (leather or PVC) covers. Fabric curtains can 
be replaced with venetian blinds. Soft toys can be frozen 
then washed to kill mites and remove allergens.  

    Controlling humidity 

   Mites live in beds because of the high levels of humidity; 
but reducing relative humidity of indoor air may be insuf-
fi cient to reduce humidity in the middle of a mattress        [22, 
23] . Th is depends on the local climate, housing design, and 
eff ectiveness of dehumidifi cation. Central mechanical ven-
tilation heat recovery units are eff ective in areas where out-
door humidity is low and home insulation is good, but not 

where outdoor humidity is high and homes are poorly insu-
lated. Portable dehumidifi ers are generally inadequate  [24] . 

   Major reductions in personal exposure are possible, 
but single measures are unlikely to work. A stringent envi-
ronmental control regime combining several measures can 
achieve and maintain a low-allergen environment  [25] , but 
this will be expensive and require long-term discipline  – 
this may be beyond many patients.   

    Pet allergen avoidance 

   Cat and dog allergen levels are low in homes without a 
pet  [16] . After permanent removal of a pet, allergen lev-
els remain high for months  [26] . Pet-sensitized children 
exposed to pets may lose lung function in early life which 
may never be recovered  [3] . Almost all pet owning and pet-
sensitized asthmatics continue keeping their pets, in spite of 
asthma which is hard to control. 

   Air cleaning units with high-effi  ciency particulate 
arrest (HEPA) fi lters can reduce the airborne concentra-
tion of cat and dog allergens in homes with pets  [27] , but 
fi eld studies demonstrated that the magnitude of reduction 
in personal exposure is small ( Fig. 46.1   )  [28] . Washing pets 
produces a modest reduction in airborne allergen        [29, 30]  
but needs to be done more than twice a week  [31]  and is 
unlikely to translate into clinical benefi t. 

   In experimental chambers, vacuum cleaners with built-
in HEPA fi lters and double thickness bags do not leak pet 
allergens. However, in real life (actually vacuuming a car-
pet for which they were designed!) intranasal air samplers 
have shown a fi vefold increase in the amount of cat allergen 
inhaled while using a range of brand new high-effi  ciency 
vacuum cleaners ( Fig. 46.2   )  [32] . Data from experimental 
chamber studies are not a relevant index of personal exposure 
in a real-life situation and thus cannot be used to recommend 
high-effi  ciency vacuum cleaners to allergy suff erers. 

   Pet removal is the only eff ective advice to patients 
with pet allergy who experience symptoms on exposure.  

 TABLE 46.1          Practical measures for reducing house dust mite, pet, fungal, 

and cockroach allergen levels.  

   House dust mite 

         Bed and bedding 

               ●  Encase mattress, pillow, and quilt in allergen impermeable covers 

(preferably fi nely woven fabric) 

    ● Wash all bedding weekly. Use hot cycle (55 – 60 � C) if possible 

         Replace carpets with hard fl ooring (e.g., linoleum or wood) 

         Minimize upholstered furniture/replace with leather furniture 

         Replace curtains with blinds 

         Minimize dust accumulating objects; keep in closed cupboards 

         Remove soft toys (if impossible, hot wash/freeze soft toys) 

         Reduce indoor humidity if possible 

   Cat/dog 

         Remove cat/dog from the home 

   Fungi 

         Reduce indoor humidity if possible 

         Use HEPA air fi lters in main living areas and bedrooms 

         Use Fungicides on heavily contaminated surfaces 

         Minimize upholstered furniture 

         Replace carpets with hard fl ooring (e.g., linoleum or wood) 

          Ensure regular inspection of heating and air conditioning units to

  prevent contamination 

   Cockroaches 

         Remove food and water sources 

         Use suitable pesticide in bait form 

         Remove all dead carcasses and frass 

         Wash down all surfaces, fl oors, and walls with detergent 

         Seal cracks in walls and plaster work to reduce further access 

         Wash all bedding, clothing, and curtains 
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 FIG. 46.1          Air fi ltration with HEPA units results in only moderate reduction 

in personal exposure to cat allergen (assessed by intranasal air fi lters). From 

Ref.  [28]  with permission.    
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    Cockroach allergen reduction 

   Physical and chemical procedures can control cockroach 
populations in infested houses          [33 – 35] . Several pesticides 
are available, in either a gel or a bait form. Elimination of 
food and water sources, sealing holes in plasterwork and 
fl oors, and household cleaning (of contaminated fl oors, 
surfaces, and bedding) are essential. Successful treatments 
reduce exposure in �2 weeks, have maximal eff ect within 
1 month, and reduce populations for up to 6 months. 
Discipline in cleaning and repeat treatments are critical.   

    ALLERGEN AVOIDANCE IN THE TREATMENT OF
ALLERGIC DISEASE 

   Vulnerable patients are bombarded with advertisements for 
allergen avoidance, often with spurious or exaggerated claims 
for extremely expensive vacuum cleaners, dehumidifi ers, etc. 
We have a duty to only recommend clinically eff ective con-
trols, which are relevant to specifi c patients, often relevant to 
their geographical location. Th e questions that remain contro-
versial are whether home environmental changes are ade-
quate, can be sustained in real life suffi  cient to impact disease, 
and how to identify those patients who will benefi t    [36] . 

    Mite allergen avoidance 

   Recent updates of the Cochrane meta-analysis reported 
no eff ect of the interventions and concluded that current 

methods of mite allergen avoidance should not be recom-
mended to mite-sensitive asthmatics        [37, 38] . Th e authors 
concluded that they were unable to demonstrate any clini-
cal benefi t to mite-sensitive patients with asthma of meas-
ures designed to reduce mite exposure (       Figs 46.3 and 46.4     ). 
Th e most recent meta-analysis  [37]  included 3002 patients 
included into 54 trials, which is more than doubling the 
number of patients since the fi rst such review  [39] . Th e 
authors suggested that allergen avoidance methods did not 
adequately reduce mite antigen levels but also stressed that 
mite-sensitive asthmatic patients are usually sensitized to 
other allergens, so that successful elimination of only one 
allergen may have limited benefi t, whatever its success  [37] . 
Recent Cochrane review of dehumidifi cation showed no 
satisfactory studies. 

   In  adults  with asthma, three older studies (98 study 
participants in total) suggested improvements in bron-
chial reactivity with mite allergen avoidance in mite-
sensitive patients          [40 – 42] . In contrast, the largest randomized 
double-blind, placebo-controlled SMAC trial assessed the 
eff ectiveness of mite-impermeable bed covers as a single 
intervention, in over 1000 adult asthmatics. Th ere was no 
improvement in any of the outcome measures [morning 
peak expiratory fl ow rate, PEFR, during the fi rst 6 months 
or 12 months ( Fig. 46.5   ), the proportion of patients who 
are able to discontinue inhaled steroids during the second 
6 months of the study, symptoms scores, quality of life, etc.] 
 [43] . Over two-thirds had positive mite-specifi c IgE and 
one in four beds had mite allergen levels  � 10        μ g/g Der p 1. 
In a  post-hoc  analysis of the subgroup of 130 patients with 
high mite-specifi c IgE ( � 10       kU A /l) and high mite allergen 
exposure ( � 10        μ g/g Der p 1 in mattress dust), there was 
no diff erence between active and placebo groups. Th is was 
confi rmed by a study in 55 adult patients with asthma who 
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seven inner city areas of the USA. Mattress and pillow encas-
ings and a high-fi ltration vacuum cleaner were supplied to all 
homes, and products required for specifi c interventions (e.g., a 
HEPA air fi lter for the reduction in passive smoke exposure) 
were supplied free of charge (the control group had no pla-
cebo interventions). Children in the intervention group had 
signifi cantly fewer days with asthma symptoms, and fewer 
emergency room visits  [50]  ( Fig. 46.5 ). An additional period 
of 34 symptom-free days over 2 years was obtained at a cost of 
$2000/child ( Fig. 46.6   )  [51]   . 

    Rhinitis 

   A Cochrane systematic review of mite avoidance measures 
in the management of perennial allergic rhinitis published 
in 2001 reported that the quality of studies was poor and 
found no evidence of benefi t  [52] . In the very large SMAC 

were sensitized to mite (mite-specifi c IgE  �  0.7 kU A /l) and 
exposed to high levels of dust mite allergen in their mat-
tresses (Der p 1      �      2        μ g/g)  [44] . Recent Dutch studies have 
given opposing results  [45] . In asthma in adults, a single 
intervention with allergen-impermeable encasings for the 
mattress, duvet, and pillows is ineff ective in long-term man-
agement, even in individuals who are highly allergic to dust 
mite and exposed to high levels of mite allergens. 

   In contrast, several studies in  children  with asthma have 
indicated that environmental interventions may improve air-
way reactivity  [46] , lung function  [47] , reduce acute Emergency 
Room visits  [48] , and substantially reduce maintenance inhaled 
steroids  [49] . Th e Inner-City Asthma Study assessed individu-
ally tailored environmental interventions  [50] . A total of 937 
children aged 5 – 11 years with uncontrolled moderate/severe 
asthma and at least one positive skin test were recruited from 
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Outcome: 02 Asthma symptoms score
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 FIG. 46.3          Cochrane meta-analysis reported no eff ect of the interventions. House dust mite reduction versus control, outcome: asthma symptoms score.    
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Review: House dust mite control measures for asthma
Comparison: 01 House dust mite reduction versus control
Outcome: 07 PC20 (provocative concentration for 20% fall in FEV1)
Study Treatment

N Mean (SD) N Mean (SD)
Control Standardized mean difference (fixed)

95% CI
Standardized mean difference

(fixed) 95% CI
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Chang (1996)
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4
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 FIG. 46.4          Cochrane meta-analysis reported no eff ect of the interventions. House dust mite reduction versus control, outcome PC20 (provocative 
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study  [40] , there was no diff erence in rhinitis symptoms 
between active bedding and control groups (data unpub-
lished). A further large randomized, double-blind, placebo-
controlled study has since confi rmed this  [53] .  

    Eczema 

   Th ere are as yet no systematic reviews assessing the eff ect of 
mite avoidance measures in patients with eczema. Two small 
studies        [54, 55]  compared mite-impermeable encasings  � / �  
acaricides with controls and failed to show any improvement 
in eczema. In contrast, an earlier study in which half of the 
study population were children, with a more comprehensive 
environmental intervention which included a combination of 
bed covers, acaricides, and high-fi ltration vacuum cleaners for 
6 months, demonstrated a signifi cantly greater improvement 
in the severity score and area aff ected by eczema in the active 
compared to the control group  [56] .   

    Pet allergen avoidance 

   While experience suggests that clinical improvement can 
occur when a pet to whom a patient is sensitized is removed 
 [57] , it rarely happens. Th ere have been three small studies 
of cat and dog allergen avoidance with the pet still in home 
with contrasting outcomes        [58, 59] , A Cochrane Airways 
review emphasized the lack of evidence on the clinical 
eff ectiveness of pet allergen avoidance  [59] . Larger studies 
are needed before defi nitive recommendations can be made.  

    Food allergen avoidance 

   It is diffi  cult to get patients to comply with food allergen 
avoidance. Th e benefi cial eff ects of food avoidance in food-
allergic patients without other allergic disorders are unam-
biguous, this approach being indeed the mainstay of their 

treatment. Some controversy still exists, however, regard-
ing the role of exclusion diets in patients with combined 
eczema and food sensitivity. Th e few small studies on this 
issue, most investigating the impact of an elemental diet, 
showed no or limited benefi t        [60, 61] .  

    Summary on the use of allergen avoidance 
in the treatment of asthma 

   Th ere is no evidence to support the use of simple single 
allergen avoidance methods amongst adults with asthma; 
with respect to the eff ects of a multifaceted intervention, 
there are as yet no adequately powered studies based upon 
which to make an informed decision in this age group. In 
contrast, the majority of studies in children suggest that 
allergen avoidance may be of benefi t. 

   Until unequivocal evidence for all age groups is 
obtained, we suggest the following pragmatic approach: 

      ●      Single avoidance measures ineff ective 

     –      use a comprehensive environmental control regime 
aiming to achieve a complete cessation of exposure, or 
as great a reduction in personal exposure as possible     

      ●      Tailor the intervention to the patient’s sensitization and 
exposure status 

     –      if unable to assess the exposure, use the level of 
allergen-specifi c IgE antibodies or the size of skin test 
wheal as an indicator     

      ●      Start the intervention as early in the natural history of 
the disease as possible.      

    ALLERGEN AVOIDANCE IN THE PREVENTION 
OF ALLERGIC DISEASE 

   Th e consistent fi nding of an association between allergic 
sensitization and childhood asthma raises the question as 
to whether reducing exposure to allergens early in life can 
reduce the risk of subsequent development of sensitization 
and/or symptoms of allergic disease. 

    Secondary prevention 

   Secondary preventive measures are designed to halt the 
progression of disease in individuals who are at high risk 
for the development of allergic disease, but who have not 
yet developed specifi c symptoms (e.g., prevention of asthma 
in individuals with eczema, rhinitis, or evidence of allergen 
senitization). Th e evidence for eff ective secondary preven-
tion measures is scarce and only a small number of second-
ary prevention trials using allergen avoidance measures have 
been conducted (most research to date has focused on pri-
mary and tertiary prevention). 

   Th e multicentre Study on the Prevention of Allergy in 
Children in Europe (SPACE) secondary prevention study 
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investigated the protective eff ect of mite avoidance in high-
risk allergic children (family history of atopy asthma, rhini-
tis, eczema, but not sensitized to mite). In one study, 636 
young children aged 1.5 – 5 years were randomized to mite-
impermeable mattress covers and specifi c mite avoidance 
advice versus general advice only  [62] . Th e rate of senitiza-
tion to mite after 1 year was reduced in the active group. A 
similar study and intervention including 242 children aged 
5 – 7 years was reported by another group  [63] . After 1 year, 
fewer children were newly sensitized to mite in the active 
group, with a trend for fewer wheezing symptoms. 

   Th ese two studies indicate that senitization to mite 
can be prevented by allergen avoidance in the short term; 
however, further follow-up of these children is essential 
to show whether this eff ect can be sustained, as well as to 
ascertain its impact on the natural history of allergic disease.  

    Primary prevention 

   So, does successful reduction in exposure to allergens early 
in life prevent the development of sensitization and aller-
gic disease? Th is topic has been a subject of several recent 
review articles        [64, 65] . Seven  “ primary prevention ”  studies 
are ongoing, all focussed on children at high risk of devel-
oping allergic disease (e.g., both parents atopic, single parent 
atopic, mother with asthma, etc.). Th e studies used diff er-
ent environmental control approaches (e.g., four combined 
dietary intervention with environmental control). Diff erent 
outcomes were assessed at diff erent ages. While the results 
are not directly comparable, they do provide interesting and 
complementary data. 

   Isle of Wight was the fi rst primary prevention study 
           [66 – 69] . A complex intervention involved avoidance of both 
food and dust mite allergens until age 9 months. Mothers 
who were breast-feeding their children were asked to avoid 
allergenic foods, and these foods were not introduced into 
the infant’s diet until after 9 months of age. Infants who 
were not breast-fed were given a hydrolyzed formula. 
Environmental control comprised of the application of aca-
ricide to carpets and upholstered furniture. Infants in both 
groups slept on polyvinyl-covered mattresses with vented 
head area. Mite allergen levels at age 9 months were lower 
in the active than in the control group but were still higher 
than levels seen in most studies. 

   By age 8 years in the active group, sensitization to mite 
was reduced by more than 50%, and current wheeze, noc-
turnal cough, wheeze with bronchial hyper-responsiveness, 
and atopy were lower in the multivariate analysis.  [69] . 
However, due to the study design it is impossible to deter-
mine which intervention is responsible. 

   Th e Canadian Primary Prevention Study (CaPPS) 
exemplifi es the complexity of adherence to multifaceted 
interventions        [70, 71] . Compliance with mattress encas-
ings and acaricides was excellent. Mite allergens were sig-
nifi cantly reduced in the parental bed throughout the 
study, while child’s mattress levels were low in both groups. 
However, despite advice, there was no reduction in the use 
of carpets and in pet ownership in the active group com-
pared to controls. Th ere was a signifi cant reduction in 
 “ probable asthma ”  and  “ rhinitis without colds ”  at age 2 in 

the active group. At age 7, physician-diagnosed asthma was 
reduced in the intervention group compared to the control 
group (14.9% versus 23.0%)  [71] , but there was no diff er-
ence in allergic rhinitis, eczema, atopy, and bronchial hyper-
responsiveness  [71] . 

   In the Study on the Prevention of Allergy in Children 
in Europe (SPACE), the multifaceted intervention included 
both inhalant and food allergens, studied in new born chil-
dren from Austria, Germany, and UK        [72, 73] . Mattress 
covers were applied to the infants ’  bed. Mothers were 
advised to breast-feed, and hypoallergenic formula was rec-
ommended as an alternative (Austria and Germany, but not 
UK). Parents were advised to delay the introduction of aller-
genic foods. At age 2, no diff erences were found between 
the control and the intervention groups in the prevalence of 
mite sensitization or respiratory symptoms. 

   Th e Childhood Asthma Prevention Study (CAPS) 
is a multicentre, parallel group, randomized controlled trial 
in Sydney, Australia            [74 – 77] . Children from at-risk fami-
lies were randomized into four groups (mite avoidance with 
placebo dietary intervention, mite avoidance with active die-
tary intervention, active dietary intervention alone, no mite 
avoidance; placebo dietary intervention, no mite avoidance). 
A signifi cant reduction in the very high baseline mite lev-
els was achieved in the mite intervention group; the dietary 
intervention consisted of omega 3 fatty acids supplemen-
tation. At age 3 and 5 years, there was a signifi cant reduc-
tion in sensitization to house dust mite in the active mite 
allergen avoidance group, but no signifi cant diff erences in 
wheeze were found with either intervention  [75] . At 5, the 
prevalence of eczema was higher in the active mite avoid-
ance group (26% versus 19%)  [76] . 

   In the Primary Prevention of Asthma in Children 
Study (PREVACS) in the Netherlands, children were 
recruited during the prenatal period and randomized to 
either a control group (receiving usual care) or an interven-
tion group in which families received instruction from nurses 
on how to reduce exposure of newborns to mite, pet and food 
allergens, and passive smoking. Th is study was not eff ective 
in reducing asthma-like symptoms in high-risk children dur-
ing the fi rst 2 years of life, and although a modest eff ect was 
observed at age 2 years, no signifi cant diff erences in the total 
and specifi c IgE were found between the groups  [78] . 

   Th e Prevention and Incidence of Asthma and Mite 
Allergy (PIAMA) is a multi-centre, population-based 
cohort study of  � 4000 children in the Netherlands        [79, 80] . 
Nested within this cohort is an intervention study amongst 
810 high-risk infants who were randomly allocated to 
receive active or placebo mite-proof encasings for the mat-
tress and pillows of the parental and infant beds. Advice was 
given to the active group to wash bedding regularly at more 
than 60 ° C. Baseline mite allergens levels were low in both 
groups, and even lower in the active group at 1 year, there 
was little change in the absolute value  [79] . At age 2 and 
4 years, sensitization and allergic symptoms were similar in 
both groups        [79, 80] . 

   Th e Manchester Asthma and Allergy Study (MAAS) 
is a whole population birth cohort study of  � 1000 children, 
with a nested environmental intervention study in the high-
risk group. Children with two atopic parents who had no 
pets in their home were randomly allocated before birth to 



Asthma and COPD: Basic Mechanisms and Clinical Management

596

an extremely stringent environmental control ( n       	      145) or 
normal regime ( n       	      146)        [81, 82] . Th is included mite proof 
encasings to the parental mattress, duvet and pillows by 
16th week of pregnancy; mite proof cot and carry cot mat-
tresses; advice to hot wash bedding weekly at over 55 � C, 
supply of a high-fi ltration vacuum cleaner, carpets removed 
from the nursery and a vinyl cushion fl oor fi tted, acaricide 
for carpets with high mite allergen levels, hot washable toy. 
No attempt was made to introduce placebo devices into the 
control homes. A substantial and sustained reduction in 
exposure to mite, cat and dog allergens was observed in the 
homes of children in the active group. 

   At age 3, children in the intervention group were 
signifi cantly and  more  frequently sensitized to dust mite 
compared to controls (risk ratio 2.85)  [82] . However, lung 
function (assessed by the measurement of specifi c airway 
resistance) was markedly and signifi cantly better amongst 
children in the intervention group. Since there was no dif-
ference between the groups in infant lung function at age 
4 weeks  [82] , the diff erence had occurred between 4 weeks 
and 3 years of age. Th us, in MAAS stringent environmental 
control was associated with  increased  risk of mite senitiza-
tion but better lung function at age 3 years.   

    CONCLUSIONS 

          ●      Established adult asthma: there is little evidence to 
support the use of simple physical or chemical methods 
as single interventions to control dust mite or pet 
allergen levels (e.g., mattress encasings, acaricides, 
or HEPA fi lters). While it remains possible that a 
multifaceted intervention in carefully selected patients 
could have some benefi t, this has not as yet been 
addressed in an adequately designed study in adults. 
Th ere are serious concerns about the eff ectiveness and 
sustainability outside the context of a clinical trial. Th ere 
is inadequate evidence to advise allergen avoidance in 
adults.  

      ●      In childhood asthma, several smaller trials of allergen-
impermeable bed encasings as a single intervention in 
asthmatic children reported benefi ts, as did a large study 
of a more comprehensive environmental intervention in 
children living in poor quality housing.  

      ●      Th e reasons for the apparent diff erences in response 
between adults and children are not clear, but the 
situation may be analogous to that observed in the 
occupational asthma, where early intervention is 
associated with a better long-term outcome.  

      ●      In the prevention of allergic disease, the clinical outcomes 
reported from diff erent intervention studies appear 
inconsistent and often confusing. Much longer follow-up 
is required before we can be sure that the interventions 
do not cause harm. Th ere is very unlikely to be a  “ one-
size-fi ts-all ”  strategy for primary prevention which will be 
applicable to the whole population; Specifi c environmental 
interventions will be designed and targeted to genetically 
susceptible individuals        [83, 84] .      
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C H A P T E R

           

    Smoking Cessation 

    INTRODUCTION 

   Cigarette smoking is a chronic relapsing disorder 
with secondary complications including athero-
sclerotic cardiovascular disease, chronic obstruc-
tive pulmonary disease (COPD), and lung cancer. 

   Smoking remains the leading cause of pre-
ventable death in the world  [1] . Tobacco control 
policies and smoking cessation therapies have 
been shown to be eff ective deterrents and treat-
ments ( Fig. 47.1   ). Th is chapter will outline the 
epidemiology, pathophysiology, and treatment of 
cigarette smoking with particular emphasis on 
current pharmacotherapies including nortriptyl-
ine, clonidine, nicotine replacement, bupropion, 
and varenicline.  

    THE GLOBAL TOBACCO EPIDEMIC 

   Cigarette smoking led to fi ve million premature 
deaths worldwide in 2000  [2]  ( Fig. 47.2   ). Due to 

declines in smoking prevalence, smoking-related 
mortality is trending downward in d eveloped 
countries like the United States and United 
Kingdom; however, other developing countries 
are experiencing dramatic increases in mortality 
 [3] . In China, smoking is attributed to a million 
deaths annually, a fi gure that is still on the rise  [4] . 
India is expected to achieve this dubious milestone 
by 2010  [5] . Barring alterations in present tobacco 
use, the tobacco epidemic will lead to an estimated 
one billion deaths this century alone  [1] .  

    A HETEROGENEOUS DISEASE 

   Heterogeneity in the susceptibility to and persist-
ence of cigarette smoking is governed by genes, 
environment, and gene by environment interac-
tions  [6] . Genes that modulate neurotransmit-
ter signaling, best characterized for dopamine 
and opiod signaling, have been implicated        [7, 8] . 
Polymorphisms in the enzymes that metabolize 
nicotine into inactive m etabolites like cotinine 
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and 3-hydroxycotinine also play a role. For example, slow 
metabolizers are less likely to become smokers. Nevertheless, 
they comprise about 20% of total smokers but are likely to 
smoke fewer cigarettes, perhaps because they  “ overdose ”  
experiencing higher levels of nicotine for greater duration. 
Th e opposite is true for fast metabolizers  [9] . Environmental 
cues, such as social prohibition or acceptance of smoking, also 
impact smoking prevalence. Th ese factors and their interplay 
lead to a broad spectrum of smoking behaviors.  

    NICOTINE ADDICTION 

   Nicotine as an addictive euphoriant is comparable to ampheta-
mines, cocaine, or opiates  [10] . Nicotinic acetylcholine receptors 
in the central nervous system regulate downstream neurotrans-
mitter release. For example, nicotine addiction appears to be 
mediated by nicotine-stimulated dopamine release in the mes-
olimbic system, a pathway involved in endogenous reward and 
behavioral consolidation        [11, 12] . Additionally, s mokers habit-
ually smoke during common situations, for example, when 
driving or socializing or after eating or during stressful conver-
sations. Th is leads to classic or  “ Pavlovian ”  conditioning, which 
is potentiated by nicotine  [13] . 

   Th e interplay between these neurophysiologic and psy-
chologic forces leads to addiction for roughly 85% of smokers 
 [14]  ( Fig. 47.3   ). Th e presence of addiction is further evidenced 
by a well-defi ned withdrawal syndrome upon smoking cessa-
tion. Features of this syndrome include dysphoria, insomnia, 
irritability, anxiety, diminished concentration, restlessness, 
increased appetite, decreased heart rate, and weight gain  [15] . 
Craving for smoking often persists years fo llowing cessation 
and may wane in frequency but not in intensity, a feature that 

resembles a grief response. Insights such as these have led to 
our current understanding of tobacco dependence as a chronic 
relapsing disorder requiring recurrent therapy.  

    SPECTRUM OF COMPLICATIONS 

   Smoking leads to about one-third of deaths from coronary 
artery disease (CAD), the most common cause of morbidity 

Hatched areas indicate proportions of deaths
that are related to tobacco use and are
coloured according to the column of the
respective cause of death.

*Includes mouth and oropharyngeal cancers,
oesophageal cancer, stomach cancer, liver
cancer, other cancers, as well as cardiovascular
diseases other than ischaemic heart disease
and cerebrovascular disease.

Source: Mathers CD, Loncar D. Projections of
global mortality and burden of disease from
2002 to 2030. PLoS Medicine, 2006, 3(11):
e442. Additional information obtained from
personal communication with C.D. Mathers.

Source of revised HIV/AIDS figure: AIDS
epidemic update. Geneva, Joint United Nations
Programme on HIV/AIDS (UNAIDS) and World
Health Organization (WHO), 2007.
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and mortality in the developed world          [8, 16, 17] . Active and 
passive smoke exposure leads to increases in oxidative stress, 
vascular infl ammation, blood coagulability, platelet aggre-
gation, and thrombus formation as well as reduced oxygen 
delivery and coronary vasoconstriction        [16, 18] . Heart dis-
ease risk drops off  signifi cantly after 1–2 years of cessation 
and normalizes at 3–5 years        [18, 19] . 

   COPD and cigarette smoking are closely linked. 
Smoking directly damages the lung and triggers a cascade 
of secondary infl ammation and impaired repair that leads 
to ongoing damage  [20] . Th ese eff ects lead to COPD in 
roughly 50% of active smokers and 7% of passive smoke 
exposed individuals          [21–23] . Exposure  in utero  or in adoles-
cence compromises subsequent lung growth and predisposes 
to COPD            [24–27] . 

   In countries where smoking is common, the risk of 
lung cancer increases 20-fold leading to 90% of lung cancers 
 [28] . Smoking has been clearly linked to genetic and epige-
netic alterations that promote carcinogenesis          [16, 29, 30] .  

    PUBLIC HEALTH RESPONSE 

   Smoking prevention and cessation should reduce the preva-
lence of smoking and, thus, prevent millions of premature 
deaths  [3] . Public health measures (advertisement bans, 
indoor smoking bans and measures to increase cigarette pur-
chase price) increase smoking cessation and reduce tobacco 
use and passive smoke exposure          [31–33] . While smoking 

trends have been decreasing in the United States, recent esti-
mates suggest this decrease has slowed and nearly stopped 
with a current smoker rate of 20.8%  [34] . Public health ini-
tiatives and tobacco control programs in the United States 
remain underfunded and susceptible to having monies with-
drawn and allocated to support other programs or to cover 
budget defi cits. Despite ample evidence supporting the 
achievements and returns to society of such programs, they 
are transient fi xtures in public health  [35] . Nevertheless, 
many states have continued to push for total bans on smok-
ing and 24 states have been successful. Internationally, sev-
eral countries now too have similar laws prohibiting smoking 
nationwide.  

    SMOKING CESSATION: BEHAVIORAL 
INTERVENTION 

   Smoking abstinence rates at 6–12 months in motivated quit-
ters without behavioral or pharmacologic therapy approach 
3–5%  [36] . Even minimal behavioral therapy delivered 
by a medical practitioner increases this abstinence rate to 
5.5–7.5%  [37] . 

   Th e  “ 5A’s ”  provides general guidelines to smoking ces-
sation in clinical practice ( Table 47.1   )  [38] . Th e  “ stages of 
change ”  model predicts smoking abstinence at 1 year and 
has become a useful tool in tailoring behavioral tobacco 
cessation eff orts  [40]  ( Fig. 47.4   ). In this model, smokers 
are regarded as  “ precontemplators ”  who are not thinking of 

 TABLE 47.1          The 5 A’s: brief smoking cessation strategies for routine practice. The 5 R’s: generating or reinforcing motivation to quit smoking.  

   Step  Action 

   Five A’s 

   Ask about smoking  Systematically assess smoking status 

     Smoking should be a vital sign 

   Advise all smokers to stop  Give a clear, strong, and personalized message to stop smoking 

   Assess willingness to stop  Determine whether the smoker is ready to stop currently or soon. Provide assistance to motivated smokers; 

motivate those unwilling to stop 

   Assist motivated smokers to stop  Help smoker with a quit plan, counseling, pharmacotherapy and additional materials 

   Arrange follow-up  Follow up soon after the quit date. Assess success and diffi  culties. Consider referring for a more intensive 

intervention if there is relapse 

   Five R’s 

Relevance Encourage the patient to indicate why quitting is personally relevant

   Risks  Ask the patient to identify potential negative consequences of tobacco use 

   Rewards  Ask the patient to identify potential benefi ts of stopping tobacco use 

   Roadblocks  Ask the patient to identify barriers to quitting 

   Repetition  Apply 5 R’s whenever interacting with unmotivated or relapsed smokers 

  Adapted from Ref. [45] and   http:ahrq.gov/clinic/tobacco/5rs.htm  .  

http:ahrq.gov/clinic/tobacco/5rs.htm
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quitting,  “ contemplators ”  who are considering quitting, or 
 “ preparers ”  who are ready to trial cessation. Precontemplators 
and contemplators may be advanced by discussing the  “ 5R’s ”  
( Table 47.1 )  [38] . With physician guidance, preparers create 
a smoking cessation plan including a quit date. At this stage, 
smokers should be advised to inform others of the impend-
ing quit attempt and counseled to avoid places or situations 
with close associations to smoking. Th e quit date marks 
their graduation into the action then maintenance stages, 
marked by initial and chronic tobacco cessation, respectively. 
Attempts to bypass stages generally decrease the likelihood 
of success. Inpatient or outpatient episodes of acute illness 
are an exception to this and represent windows of oppor-
tunity when smokers are more liable to quit        [41, 42] . Th e 
chronic, relapsing nature of cigarette smoking means patients 
often will cycle through stages several times before achieving 
stable abstinence  [39] . Additional counseling advice may be 
reviewed elsewhere        [38, 39] . 

   More intensive behavioral therapies like group or 
individual counseling sessions improve the odds of cessation 
when compared to minimal advice (odds ratio 1.44, 95% 
CI      	      1.24–1.67)  [37] . Many smokers, however, are unwill-
ing to participate in more intensive programs. Augmenting 
behavioral support with additional healthcare personnel, 
follow-up visits, or even a brief phone call increases quit 
rates but is not consistently covered by private or public 
health insurance        [37, 38] . 

   Th e majority of patients will relapse in the fi rst 
6–12 months. Reasons for relapse should be reviewed and 

accounted for in future cessation trials. All tobacco cessation 
attempts should supplement behavioral interventions with 
pharmacotherapy as described below.  

    SMOKING CESSATION: PHARMACOTHERAPY 

   Because the subject characteristics and the support off ered 
diff er across clinical trials, the most conventional means to 
assess the eff ect of pharmacotherapy is the quit rate relative 
to placebo. 

   When compared to placebo, pharmacotherapy dou-
bles or triples quit rates achieved by nonpharmacological 
means ( Table 47.2   ). Th e relatively high placebo quit rates 
seen in many clinical trials, which are higher than the rates 
noted above for minimal advice, are likely due to selection 
of highly motivated individuals for entry. 

    Nicotine replacement therapy 

   Smokers who quit not only lose the euphoric eff ects of nico-
tine but frequently experience symptoms related to nico-
tine withdrawal  [4] . Nicotine replacement therapy (NRT), 
the most widely used tobacco cessation agent, may par-
tially ameliorate these ill eff ects and is central to American 
and British guidelines            [1, 5–7] . NRT is given at doses suf-
fi cient to temper withdrawal without providing the rein-
forcing eff ects of bolus nicotine. NRT almost doubles the 
untreated quit rate regardless of whether behavioral coun-
seling is applied        [8, 9] . Smoking abstinence rates at 6–12 
months with combined NRT and limited behavioral therapy 
approach 17% (range 12–34%)              [43, 47–50] . However, a sin-
gle round of NRT does not prevent relapse. About one-third 
of quitters will relapse by 4 years whether NRT is employed 
or not – a result consistent with our current understanding of 
tobacco dependence as a chronic relapsing disorder requiring 
recurrent therapy        [7, 8] . 

   Nicotine gums, lozenges, patches, nasal sprays, and 
inhalers are equally effi  cacious whereas heavy smokers may 
benefi t from higher doses                  [9, 15–19, 51] . Th e patch and nasal 
spray are benefi cial for up to 2 and 3 months, respectively. 
Other forms of NRT are used for 3–6 month courses  [9] . 
Th ere is no benefi t to tapering of NRT versus abrupt with-
drawal  [9] . Physician-prescribed NRT appears to be more 
eff ective than voluntary over-the-counter NRT  [9] . Th e cost 
of 6 weeks of NRT is comparable to that of smoking one 
pack per day and diminishes as the course progresses. 

   Nicotine is metabolized by the liver so that NRT 
with gum or lozenge is dependent on absorption through 
the buccal mucosa. Moreover, nicotine is poorly absorbed at 
low oral pH; thus, gum or lozenge use should be deferred 
during and 15       min after snacks or meals and should not be 
used with acidic beverages          [52–54] . Oral irritation, indiges-
tion, and diarrhea, which likely result from swallowed drug, 
are the most common side eff ects        [52, 53] . 

   Transdermal nicotine patches require no special tech-
nique for application, have no restrictions regarding dosage

Tobacco cessation: Stages of change

Precontemplation
Does not want to quit in 6 months

Contemplation
Wants to quit in 6 months

Preparation
Sets a quit date

Action
Begins pharmacotherapy

Maintenance
Remains smoke-free

Relapse
Alters cessation strategy

 FIG. 47.4          Transtheoretical model of change. Adapted from Ref.  [39] .    
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timing with oral intake, and are associated with fewer 
g astrointestinal complaints. Th ey also have the lowest ad diction 
potential, likely due to their slow pharmacokinetics  [55] . 
Patches are often used at night to treat morning withdrawal 
symptoms; however, this may lead sleep disturbances, particu-
larly vivid dreams or nightmares  [56] . Skin irritation occurs in 
up to 54% of patch users but is generally mild and self-limited 
 [57] . Rotating the site of patch application is recommended to 
minimize irritation. 

   Nicotine nasal spray delivers an aqueous solution of 
nicotine to the nasal mucosa and produces the most rapid 
rise in plasma nicotine concentration amongst various 
forms of NRT  [58] . Th is may lead to prolonged nicotine 
dependence. For example, the rate of continued use after 12 
months in clinical trials ranges from 3% to 13% for nicotine 
nasal spray versus 1% and 8% for nicotine gum        [9, 59] . Th e 
most common side eff ect is nasal irritation that persists in 
up to 81% of patients after 3 weeks of use  [60] . 

   Th e nicotine inhaler is composed of a mouthpiece and 
a plastic, nicotine-containing cartridge that releases nicotine 
upon inhalation. Mild mouth or throat irritation and cough 
occurs with initial use in one-third of cases and wanes with 
time  [61] . While named an  “ inhaler ”  nicotine does not 
eff ectively reach the lower respiratory tract with this device 
and absorption is mostly through the mouth and pharynx. 
Nevertheless, patients with severe airway reactivity should 
consider alternate forms of NRT as inhaled nicotine may 
cause bronchospasm. 

   Serious side eff ects are extremely rare despite short- 
and long-term NRT use by millions of smokers over the 
past two decades        [9, 59] . Patients suff ering acute cardio-
vascular events should defer NRT use; otherwise, NRT 
appears safe in patients with known cardiovascular disease 
                     [9, 58–65] . Th ough not recommended, concurrent smoking 
and NRT use does not appear to enhance cardiac risk  [66] . 
Nicotine crosses the placenta and is excreted in breast milk. 
While animal studies link various fetal and reproductive 
toxicities to nicotine exposure, NRT is devoid of the haz-
ardous compounds present in tobacco smoke  [67] . Ongoing 
tobacco smoking is the single largest modifi able risk for 
pregnancy-related morbidity and mortality and pregnant 
smokers have additional motivation to quit  [68] . Th us, 
NRT is a reasonable alternative to ongoing smoking, should 
behavioral intervention fail. Nicotine gum and lozenge are 
considered safer in this population than other forms of 
NRT by the US Food and Drug Administration (USFDA) 
                   [28, 29, 60, 61, 67–70] .  

    Bupropion 

   Bupropion is an atypical antidepressant that has been used 
as a smoking cessation agent for over a decade  [71] . It is 
believed to block the reuptake of dopamine, serotonin, and 
norepinephrine and thereby treat occult depression, with-
drawal dysphoria, and addiction        [44, 72] . Smoking cessation 

 TABLE 47.2          Pharmacotherapies for smoking cessation.  

   Product 

 Time peak venous 

nicotine blood level 

 Common side 

eff ects  Dosage  Duration 

 Odds ratio 1-year smoking 

abstinence versus placebo 

   Nicotine gum or 

lozenge 

 25–30       min  Oral irritation, 

indigestion, diarrhea 

 1 piece every 1–2       h as needed, 

then taper 

 3 months  1.80 

         Daily maximum: 24 pieces gum or 

20 lozenges 

    

   Nicotine nasal 

spray 

 5–15       min  Nasal irritation  1 inhalation, each nostril, every 

1–2       h as needed, then taper 

 3 months  2.03 

         Daily maximum: 40 doses (80 

sprays) 

    

   Nicotine inhaler  15       min  Oropharyngeal 

irritation 

 Multiple inhalations over 20       min 

every 1–2       h as needed, then taper 

 3 months  2.14 

         Daily maximum: 16 cartridges     

   Nicotine patch  6–12       h  Vivid nightmares  1 patch daily for 16 or 24       h  2 months  2.16 

   Bupropion  NA  Insomnia, lowered 

seizure threshold 

 150       mg daily for 3 d, then 150       mg 

twice daily   

 3 months*  1.83 

   Varenicline  NA  Nausea  0.5       mg daily increasing to 1       mg 

twice daily 

 3 months*  3.22 

  Derived from manufacturers ’  product data sheets and Refs            [43–46]   .  

*Effi  cacy may be increased by extending duration of therapy beyond 3 months.
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rates with bupropion (19% versus placebo) are comparable 
to rates with NRT (17% versus placebo) by indirect com-
parison  [68] . 

   Th e standard dose of sustained-released bupropion 
used for tobacco cessation is 150       mg twice daily. A meta-
analysis comparing standard-dose to low-dose bupropion 
(150       mg once daily) did not demonstrate a benefi t to stand-
ard therapy but was underpowered to establish equivalency 
         [71, 73, 74] . Nonetheless, low-dose therapy remains a rea-
sonable alternative to discontinuation in patients who expe-
rience side eff ects at standard doses. Bupropion is taken 
for up to 12 weeks though longer courses may be benefi -
cial. One randomized, placebo-controlled trial found that 
ongoing use of bupropion decreased weight gain (3.8 versus 
5.6       kg) and relapse rates in quitters at 1 year of treatment 
 [75] . Th is benefi t was lost 1 year after drug discontinuation. 
Two subsequent studies found no benefi t in relapse rates in 
quitters 1 year after cessation with limited duration bupro-
pion (3–6 months) at standard or low doses        [76, 77] . 

   Insomnia, the most common side eff ect, occurs in 
roughly one-third of patients. Bupropion may cause seizures 
in 1 patient per 1000 at standard doses leading to its con-
traindication in persons predisposed to or suff ering from 
seizure disorders          [44, 72, 78] . Bupropion, like other antide-
pressants, increases the risk of suicidality in patients under 
age 24 with psychiatric disorders, though this does not pre-
clude its use in carefully monitored settings if the benefi ts are 
felt to outweigh the risks  [79] . Th e USFDA considers bupro-
pion in the same risk category as nicotine gum and lozenge 
when used by pregnant women          [28, 29, 78] . A higher rate 
of spontaneous abortions has been identifi ed in prospective 
trials of bupropion users who were pregnant or planning a 
pregnancy        [78, 80] .  

    Other antidepressants 

   Nortriptyline, which is not approved by the USFDA for 
smoking cessation, is suggested for consideration for off -
label use in United States and United Kingdom guidelines 
 [38] . Quit rates with nortriptyline are comparable to those 
of NRT and bupropion therapy per indirect meta-analysis 
and direct head-to-head comparison  [44] . It is worth noting 
that the most recent studies in the aforementioned meta-
analysis failed to show benefi t. Side eff ects include nausea, 
sedation, and anticholinergic symptoms. No benefi t has been 
found with selective serotonin reuptake inhibitors including 
fl uoxetine, sertraline, and paroxetine, nor with serotonin-
norepinephrine uptake inhibitors including venlafaxine, in 
either individual studies or meta-analyses  [44] .  

    Clonidine 

   Clonidine, an  α -2 adrenergic and imidazoline agonist used 
for the treatment of essential hypertension, has been sug-
gested for off -label use for smoking cessation  [1] . Clonidine 
reduces withdrawal symptoms; however, only one of six ran-
domized, placebo-controlled studies selected for recent meta-
analysis found a statistically signifi cant benefi t  [81] . Inclusion 
of this study raised the pooled odds ratio at 3 months up to 

1.89 versus placebo. Th is second- or third-line drug may be 
useful in quitters with intense withdrawal symptoms, but 
clear benefi t beyond 3 months of smoking cessation has not 
been established. Dry mouth and sedation, the most com-
mon side eff ects, occur in two-thirds of cases  [81] . Postural 
hypotension is also common. Clonidine should be tapered off  
to avoid rebound hypertension.  

    Varenicline 

   Varenicline is the fi rst nicotine receptor partial agonist 
approved for smoking cessation by the USFDA  [82] . As 
mentioned above, neuronal nicotinic acetylcholine recep-
tors stimulate the mesolimbic dopamine release that leads to 
subsequent nicotine addiction. Varenicline is a partial agonist 
of one such nicotinic receptor, the  α 4 β 2 nicotinic receptor. 
As a partial agonist, varenicline elicits less dopamine release 
than nicotine and blunts subsequent nicotine-induced 
dopamine release  [83] . Th is leads to less intense craving in 
the absence of nicotine and less intense pleasure in the pres-
ence of nicotine            [84–87] . By eroding the reinforcing prop-
erties of smoking, varenicline continues to capture quitters 
weeks after the onset of therapy, an eff ect that seems to dif-
fer from other pharmacotherapies        [85, 86] . Cessation rates 
up to 44% have been documented in clinical trials        [88, 89] . 
In a meta-a nalysis of four randomized, placebo-controlled 
trials encompassing 3300 participants, the number-needed-
to-treat for ongoing smoking abstinence with varenicline 
was 8 versus 15 and 20 for bupropion and NRT, respectively 
 [88] . Trials subsequent to this analysis continue to demon-
strate the effi  cacy and safety of varenicline            [86, 87, 90, 91] . 

   Nausea occurs in up to one-third of patients  [88] . Th is 
is limited by the initial dose titration and in clinical trials led 
to discontinuation rates of 2.5–7.6%  [88] . Dose should be 
adjusted for renal disease (creatinine clearance  � 30       ml � min) 
 [89] . At doses 36–50 times the recommended daily maxi-
mum, low birthweight and subsequent reproductive toxicity, 
but not teratogenicity, were demonstrated. Th us, varenicline 
is USFDA pregnancy category C, the same risk category as 
nicotine gum, nicotine lozenge, and bupropion. 

   In 2007, the FDA informed health care providers 
about suicidal thoughts and aggressive and erratic behavior 
in patients treated with varenicline, even non-quitters  [92] . 
Th is has lead to recommendations that physicians and car-
egivers monitor for neuropsychiatric symptoms such as agi-
tation, behavior change, depressed mood, suicidal ideation, 
and suicidal behavior.  

    Combination therapy 

   Supplementing  trans -dermal nicotine with short-acting 
NRT products, such as nicotine gum, nasal spray, or inhaler, 
increases the likelihood of cessation by 40% compared to 
the use of the same products independently  [43] . Using 
bupropion or nortriptyline in combination with NRT has 
not been shown to be benefi cial by meta-analysis  [44] . Th e 
effi  cacy of combination therapy with varenicline and either 
NRT or bupropion is unknown at present.  
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    Cost-eff ectiveness 

   Consumer expense, lost productivity, and direct and indirect 
medical costs compound the burden of morbidity and mor-
tality inherent with cigarette smoking. Despite this under-
standing, many practitioners reserve pharmacotherapy for 
refractory cases in an eff ort to minimize costs. Smoking ces-
sation is cost-eff ective, regardless of cessation method used, 
statistical analysis utilized, and geographic or socioeconomic 
strata examined          [93–95] . Th us, current guidelines suggest 
that all individuals who are willing to make a serious quit 
attempt should be given the best opportunity to achieve suc-
cess, including pharmacological support  [96] . 

   In the United States in 2000, the cost per life-year 
saved with NRT and bupropion was cost $1914 to $11,217, 
a relative bargain. During this time period, the cost per 
quality-adjusted life-year saved with lovastatin, a popular 
drug used for the primary prevention of cardiovascular dis-
ease, was $56,415 to $438,780  [93] . Subsequent studies sup-
port the cost-eff ectiveness of varenicline  [94] . In the near 
future, gene testing to predict treatment responses may off er 
additional cost reduction  [97] .   

    HARM REDUCTION 

   Harm reduction is an alternative strategy for the smoker 
who cannot, or will not, quit. It is designed to mitigate the 
medical complications of smoking without achieving full 
abstinence. In theory, this could be achieved by pharmaco-
therapy with nicotine or other agents or by substitution of 
less toxic tobacco products  [98] . A similar strategy may also 
reduce the exposure to secondhand smoke among children of 
smokers. To date, however, there are no demonstrated health 
benefi ts of a harm reduction approach. Even if a harm reduc-
tion approach were to benefi t individual smokers, the eff ect 
of such interventions in a population is diffi  cult to predict. 
Some individuals may use reduction as a bridge to cessation. 
Others may opt not to quit but to reduce. Th ese uncertain-
ties have led to considerable debate and controversy.  

    FUTURE DIRECTIONS 

   A number of novel smoking cessation pharmacotherapies 
have followed in the wake of recent insights into nicotine 
addiction. Several cannabinoid receptor antagonists are in 
development. One such cannabinoid receptor antagonist, 
rimonobant, demonstrated effi  cacy but did not lead to drug 
approval due to concerns of toxicity  [45] . A nicotine vaccine 
that stimulates the production of antibodies against nico-
tine has demonstrated effi  cacy in Phase II trials  [99] . Other 
potential targets for smoking cessation drugs under investiga-
tion include the  γ -amino butyric acid  β  receptor, the  μ -opioid 
receptor, and the  β 2 nicotinic receptor. 

   Finally, pharmacogenomics studies continue to cast 
light on the mechanisms behind variations in individual 

response to specifi c pharmacological agents. Research in 
this area will help tailor maximally eff ective smoking cessa-
tion pharmacotherapy.   
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C H A P T E R

          

     β  2 -Adrenoceptor Agonists

      INTRODUCTION 

    β  2 -Agonists have been the mainstay bronchodi-
lator agents used for the treatment of asthma and 
chronic obstructive pulmonary disease (COPD) 
since the development of inhaled isoprenaline 
(isoproterenol) preparations in the 1960s. While 
the initial preparations were marketed at rela-
tively high doses and had little  β  2 -selectivity, the 
side-eff ect profi le of these agents was markedly 
improved by the development of short-acting 
 β  2 -selective agents such as salbutamol (albuterol) 
and terbutaline. More recently, long-acting 
 β  2 -selective agents have assumed an increasingly 
important role in the management of asthma 
and COPD.  

    MECHANISM OF ACTION 

    β  2 -Agonists bind to the  β  2 -adrenoceptor which 
is present in the cell membrane of a number 
of airway cells including airway smooth mus-
cle, airway epithelial cells, infl ammatory cells 
including mast cells, vascular and endothelium 
and vascular smooth muscle  [1] . However, the 
major site of action of  β  2 -agonists in the airways 
is the airway smooth muscle cell. Following 
binding of  β  2 -agonist to the  β  2 -adrenoceptor 
on airway smooth muscle, a signaling cascade is 
triggered which results in a number of events, 
all of which contribute to relaxation of airway 
smooth muscle ( Table 48.1   )        [2, 3] . 

   Th e majority of these events are depend-
ent on elevation of cell cyclic adenosine mono-
phosphate (AMP) content, which is brought 
about following binding of  β  2 -agonist to the 

 β  2 -adrenoceptor by stimulation of adenylyl 
cyclase as a result of activation of the G pro-
tein coupled to the  β  2 -adrenoceptor, Gs  [4] . 
Th is exists as a heterotrimeric complex but fol-
lowing stimulation of the  β  2 -adrenoceptor Gs 
dissociates releasing free  α -subunits that are 
able to stimulate adenylyl cyclase. Adenylyl 
cyclase exists in a number of diff erent isoforms 
although there is at least some evidence suggest-
ing that adenylyl cyclase VI is important in air-
way smooth muscle; however, most of the other 
adenylyl cyclase isoforms are also present in this 
tissue  [5] . Adenylyl cyclase catalyzes the forma-
tion of cyclic AMP from adenosine triphos-
phate (ATP). Cyclic AMP is able to convert 
protein kinase A from an inactive form to the 
active form in which the catalytic and regula-
tory subunits dissociate. Th e catalytic subunit of 
protein kinase A then phosphorylates key tar-
gets within the cell bringing about the majority 
of the physiological eff ects of  β  2 -a drenoceptor 
stimulation. However, there is at least some evi-
dence to suggest that cyclic AMP-i ndependent 
actions may also occur; for example, direct stim-
ulation by Gs α  of the BKCa c hannel present in 
the airway smooth muscle cell membrane has 
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 TABLE 48.1          Mechanisms underlying airway smooth 

muscle relaxation by  β  2  adrenoceptor agonists.  

          ●       Inhibition of spasmogen-induced inositol 1,4,5 

trisphosphate production  

      ●       Inhibition of spasmogen-induced rises in intracellular 

free calcium  

      ●      Activation of calcium-activated K  �   channels  

      ●      Alteration of sensitivity of contractile apparatus  

      ●       Increased extrusion/re-uptake of calcium from 

cytoplasm  

      ●      Hyperpolarization of cell membrane    
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been described  [2] . Th is is relevant because the BKCa chan-
nel (the calcium activated potassium channel) is thought 
to be important in modulating changes in cell membrane 
potential following stimulation with  β  2 -a gonist, and thus 
can contribute to the relaxant response of  β  2 -adrenoceptor 
stimulation. 

   Th e intracellular eff ects of  β  2 -adrenoceptor stimula-
tion are relatively short lived. Cyclic AMP is broken down 
by phosphodiesterase isoenzymes present in the cell, with 
type 3 and type 4 phosphodiesterase activities believed to 
be the most important in regulating cyclic AMP content 
in airway smooth muscle and type 4 phosphodiesterase 
being physiologically important in many infl ammatory cells 
including eosinophils. Continued stimulation by Gs α  is 
prevented by the free Gs α  rapidly reassociating with  β  γ  to 
reconstitute the heterotrimeric Gs complex ( Fig. 48.1   ).  

    STRUCTURE AND FUNCTIONAL 
RELATIONSHIPS OF  β  2 -AGONISTS AND 
THE  β  2 -ADRENOCEPTOR 

   Th e  β  2 -adrenoceptor is a member of the G protein coupled 
receptor superfamily with the typical seven transmembrane 

spanning domains ( Fig. 48.2   )        [6, 7] . Th e binding site for  β  2 -
agonists consists of residues in at least three of the  α -helices 
that pass through the cell membrane. Th e prolonged duration 
of action of salmeterol is believed to be due to the binding 
of the lipophilic tail to residues deep in the fourth trans-
membrane domain        [8, 9] . Th is process is essentially irrevers-
ible. Th e explanation for the prolonged duration of action of 
formoterol is less clear although it has been proposed that 
because of its lipophilicity formoterol partitions in the cell 
membrane which forms a reservoir allowing prolonged inter-
action with the receptor  [10] . Th e most commonly used  β  2 -
agonists in clinical practice are listed in  Table 48.2   . 

   All the clinically important  β  2 -agonists consist of a 
benzene ring with a chain of two carbon atoms and either 
an amine head or a substituted amine head. If a hydroxyl 
(OH) group is present at positions 3 or 4 on the benzene 
ring, the structure is a catechol nucleus and hence the agent 
a catecholamine. If these hydroxyl groups are substituted 
or repositioned, the drug is generally less potent than the 
synthetic catecholamine isoprenaline, which is a full ago-
nist at  β  2 -adrenoceptors. Th is potential disadvantage may 
be outweighed by the relative resistance of substituted cat-
echolamines to metabolic degradation by the enzyme cat-
echol- O -methyltransferase (COMT). Examples of such 
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 FIG. 48.1          G-protein regulatory cycle of activation and deactivation for 

transmission of the signal from receptor to eff ector. When GDP is bound, 

the heterotrimeric G-protein is inactive, receptor stimulation causes 

conformational change in both the receptor and the G-protein which 

decreases GDP binding affi  nity  . GTP is abundant in the cell and replaces 

GDP; the active conformation of the G α  subunit dissociates from  β  γ . 

This activated state remains until GTP is hydrolysed to GDP whereby the 

subunits reassociate.    
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 FIG. 48.2          Cross-sectional view of transmembrane spanning domains of 

the β 2 -adrenoreceptor core. The β 2  agonist ligand is shown sitting in the 

binding pocket in the receptor. Key amino acid residues for binding of 

ligand are shown. Amino acids in transmembrane domain IV are implicated 

in salmeterol exocite binding.    

 TABLE 48.2          Frequently used  β  2 -adrenoceptor agonists.  

   Short-acting  β  2 -adrenoceptor agonists 

   Salbutamol (albuterol) *  

   Terbutaline 

   Fenoterol 

   Long-acting  β  2 -adrenoceptor agonists 

   Salmeterol 

   Formoterol 

  *   USA name.  
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agents are salbutamol and terbutaline with salbutamol only 
being a partial agonist. As mentioned above, the prolonged 
duration of action of salmeterol is due to a long side chain 
substitution which is believed to bind to an additional 
site in the fourth transmembrane spanning domain of the 
receptor. Substitutions on the  α  carbon atom help block 
oxidation by monoamine oxidase (MAO). 

   Th e eff ects of catecholamines such as adrenaline 
(epinephrine), noradrenaline (norepinephrine), and isopre-
naline are terminated by uptake into either sympathetic 
nerve endings (uptake 1) or other innervated tissues such 
as smooth muscle (uptake 2). Th e dominant enzyme present 
in innervated tissues is COMT whereas the dominant 
metabolic degradation route in sympathetic nerve endings 
is through oxidation by MAO. In addition to degradation, 
exogenously administered  β  2 -agonists can be conjugated to 
sulfates or glucuronides in the liver, or the lung. Following 
ingestion the drugs are partially conjugated during fi rst past 
metabolism which accounts for roughly 50% of the metabo-
lism of the short-acting drug salbutamol.  

    CLINICAL PHARMACOLOGY OF  β  2 -AGONISTS 

    General pharmacology 

    β  2 -Adrenoceptor agonists are predominantly used in 
the treatment of airfl ow obstruction because of their 
bronchodilator properties. Th ese diff er markedly between 
asthma and COPD ( Table 48.3   ); indeed, reversibility of 
airfl ow obstruction with inhaled  β  2 -agonist is often used 
as a diagnostic marker of asthma and helps distinguish 
asthma from COPD in patients where the distinction is in 
doubt (e.g., chronic  “ asthmatics ”  who have smoked, or pre-
vious smokers who develop symptoms of wheeze in later 
life). However, in addition to reversing airfl ow obstruction 
in asthmatic individuals  β  2 -agonists also protect against 
bronchoconstrictor challenge  [11] . Because of this latter 
eff ect,  β  2 -agonists have been considered to have potential 
anti-infl ammatory actions (see below).  In vitro   β  2 -agonists 
prevent mediator release from infl ammatory cells includ-
ing mast cells, an eff ect which if present in human airways 
would be expected to reduce airway infl ammation        [12, 13] . 
However, the concentrations of these agents required to 
demonstrate these eff ects are in general much higher than 
those seen in the lungs  in vivo.    

    SHORT-TERM EFFECTS OF  β  2 -AGONISTS 
IN ASTHMA AND COPD 

   As mentioned above, the ability of  β  2 -adrenoceptor ago-
nists to reverse airfl ow obstruction is a hallmark of asthma, 
with reversibility  � 15% being considered diagnostic.  β  2 -
Agonists do produce a measurable bronchodilator eff ect 
in normal individuals and in patients with other diseases 
characterized by airfl ow obstruction such as COPD and 

bronchiectasis, although the magnitude of these eff ects is 
generally much smaller. In normal individuals bronchodi-
lator responses are generally only observable by measur-
ing specifi c airway conductance. Th is contrast between the 
marked eff ects of  β  2 -agonists in asthmatic patients and the 
minimal eff ects in normal individuals led early investigators 
to h ypothesize that a primary defect in the  β  2 -a drenoceptor 
signaling pathway was the actual cause of asthma. Th is 
hypothesis would not explain many of the infl ammatory 
features present in the disease, but interest in the potential 
for a primary abnormality of  β  2 -adrenoceptors to c ontribute 
in part to the pathophysiology of asthma resurfaced fol-
lowing the description of polymorphic variation within the 
 β  2 -a drenoceptor (see below). 

   In addition to having a bronchodilator action, 
 β  2- a gonists in asthmatics protect against  bronchoconstrictor 
stimuli            [14–17] . One feature demonstrated by most (but 
not all) asthmatics is nonspecifi c airway hyperreactivity 
to inhaled irritant challenge including allergen. Th e most 
frequently used stimuli are histamine and methacholine 
although abnormal responses are also seen to exercise, aller-
gen, and other challenges. Th e inhaled dose of histamine 
and other agents which required to provoke a 20% fall in 
FEV 1  (PC 20 ) is increased markedly (usually by about three 
doubling doses) by previous treatment with a short-acting 
 β  2 -agonist. While a degree of such bronchial hyperreactivity 
can also be demonstrated in other diseases including COPD, 
bronchiectasis, cystic fi brosis, and left ventricular failure, this 
is usually far less marked than in asthmatic subjects.  

    LONG-TERM EFFECTS OF  β  2 -AGONISTS 
IN ASTHMA AND COPD 

   While regular treatment of inhaled or nebulized  β  2 -agonist 
is frequently used in the management of moderate or severe 
COPD, despite relatively small improvements in symptoms, 
controversy has reigned over the long-term use of regular 
 β  2 -agonist in the management of asthma        [18, 19] . Th is con-
troversy originated from discussions following epidemics of 

 TABLE 48.3           β  2 -agonists in asthma and COPD.  

   Asthma  COPD 

   Bronchodilator response greater 

than 15% change in FEV 1  

 Bronchodilator response less 

than 15% change in FEV 1  

   Bronchodilator hyperreactivity 

present 

 Bronchial hyperreactivity usually 

absent 

    β  2 -agonist protects against 

nonspecifi c airway challenge 

  

   Marked symptomatic benefi t with 

 β  2 -agonist 

 Small or moderate symptomatic 

benefi t with  β  2 -agonist 

   Eff ective in long-term management  No disease-modifying eff ects 
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asthma deaths in New Zealand in the late 1960s and late 
1970s which were linked to the prescribing of high-dose 
isoprenaline and fenoterol, respectively. Several studies sub-
sequently concentrated on the possibility that tachyphylaxis 
may develop as a result of inhaled  β  2 -agonists in asthma. In 
general, studies attempting to demonstrate tachyphylaxis 
to the bronchodilator eff ects of  β  2 -agonists have failed to 
identify clinically important loss of responsiveness although 
small eff ects have been observed when looked for carefully 
(see for example, Ref.  [20] ). However, in contrast, the bron-
choprotective eff ects of  β  2 -agonists against nonspecifi c air-
way challenge show tachyphylaxis that generally develops 
within 24       h        [21, 22] . Th us, the magnitude of the protective 
eff ect against exercise, histamine challenge, or methacholine 
challenge is reduced in magnitude compared with the level 
of initial protection following administration of  β  2 -agonist 
for periods of over 24       h. However, there is still overall pro-
tection against bronchoconstrictor challenge even if this is 
less than the protection seen in the initial hours after treat-
ment. Th us, while it seems clear that tachyphylaxis develops 
to the bronchoprotective eff ects of  β  2 -agonists against non-
specifi c airway challenge, this is only partial, and one would 
presume that patients would still be better despite this tach-
yphylaxis than if they were not taking  β  2 -agonist at all. Th e 
main concern therefore has revolved around patients taking 
intermittent treatment or in those discontinuing treatment. 
Small rebound increases in airway reactivity have been dem-
onstrated following the cessation of  β  2 -agonist therapy  [23] . 
Clinical studies comparing regular (e.g., four times a day) 
short-acting  β  2 -agonist versus  “ as required ”   β  2 -agonist have 
not shown clinically important diff erences despite earlier 
reports that asthma control deteriorated following regular 
treatment        [24, 25] . None the less, there is no reason to sup-
pose that regular treatment is better than  “ as required ”  usage 
which remains the preferred way of prescribing  β  2 -agonists 
in asthma. 

   Th e controversy regarding  β  2 -agonists resurfaced 
with the introduction into the marketplace of long-act-
ing  β  2 -agonists (LABAs). Th ere were initial concerns that 
LABAs might worsen asthma control in asthmatics in gen-
eral, but most asthmatics respond well to LABAs. At least 
for salmeterol, this might initially seems surprising, given 
the fact that salmeterol is a partial agonist and essentially 
binds irreversibly with the  β  2 -adrenoceptor. Th e issue of 
LABA safety has recently resurfaced, following a large study 
examining effi  cacy of salmeterol in asthma (the SMART 
study  [26] ). In this study, there were a small number of 
deaths and severe exacerbations in the salmeterol treatment 
group which led to premature termination of the study and 
a subsequent black box warning from the FDA which was 
later extended to all LABAs. Th e explanation for these fi nd-
ings is unclear, although it is possible that reduced compli-
ance with inhaled corticosteroids may have played a role. 
Th e other commonly used LABA, formoterol, has under-
gone recent studies which has led to a license in the UK for 
use as an  “ as required ”  agent (in a combination inhaler with 
inhaled budesonide). 

   Although mild COPD is often treated with  “ as 
required ”   β  2 -agonist, regular high-dose inhaled or nebulized 
 β  2 -agonists have been much more widely used in COPD 
than in asthma. While small improvements in lung function 

and symptomatic improvement have been demonstrated in 
severe COPD, the overall eff ect on lung function has gen-
erally been small, which is hardly surprising given the fi xed 
nature of the airfl ow obstruction in the majority of patients. 
Th ere have been no data suggesting deterioration in lung 
function following chronic administration of high doses of 
 β  2 -agonist in COPD (these would be diffi  cult to observe 
in short-term studies in any case) although there have been 
concerns about other eff ects of high doses of  β  2 -agonist in 
this setting. In particular, high-dose nebulized  β  2 -agonists 
are known to cause hypokalaemia and both supraventricu-
lar and ventricular arrhythmias  [27] , and there have been 
concerns that these may occur in patients on regular high-
dose nebulized bronchodilator therapy for either asthma or 
COPD at home.  

     β  2 -ADRENOCEPTOR POLYMORPHISM 
IN ASTHMA AND COPD 

   As mentioned above, the identifi cation of polymorphic 
variation within the gene for the  β  2 -adrenoceptor reawak-
ened interest in the possibility that primary abnormalities 
of  β  2 -adrenoceptor signaling pathways may be involved 
in the pathogenesis of these airway diseases. Th e gene for 
the  β  2 -adrenoceptor is situated on chromosome 5q31-33 
in a region showing linkage to intermediate phenotypes 
for asthma and/or atopy  [28] . Th e  β  2 -adrenoceptor gene 
and its immediate controlling regions show a high degree 
of polymorphic variation with nine single nucleotide type 
polymorphisms (SNPs) having been identifi ed within the 
coding region of the gene and a further eight in the imme-
diate 5 prime untranslated region (reviewed in Ref.  [29] ). 
Of the nine coding region polymorphisms, fi ve are degen-
erate (i.e. do not alter the amino acid code of the recep-
tor)  [30] . However, the other four all result in single amino 
acid substitutions. While the polymorphism at codon 34 
(Val34Met) is rare and appears to have no functional eff ects, 
the other three nondegenerate polymorphisms appear to 
produce functional alteration in receptor behavior. Th us, the 
rare Th r164Ile polymorphism results in reduced affi  nity for 
catechol ligands and an altered receptor sequestration pro-
fi le  [31] . Interestingly, Th r164 is very close to the salmeterol 
binding site within the fourth transmembrane spanning 
domain of the receptor, and it seems likely that the isoleu-
cine 164 substitution may alter the binding characteristics 
of salmeterol to the  β  2 -adrenoceptor. However, the allelic 
frequency of this polymorphism is only around 2–3% in 
Caucasian populations, hence homozygous individuals are 
very rare and to date have not been adequately studied. 

   In contrast, the two N-terminal polymorphisms at 
codon 16 (Arg16Gly) and 27 (Gln27Glu) are c ommon. 
While neither alter agonist binding properties of the receptor, 
both result in altered downregulation profi les following long-
term agonist exposure. Th us, the Gly16 and Gln27 forms of 
the receptor show increased receptor downregulation follow-
ing agonist exposure while the Glu 27 form of the recep-
tor appears to be partially protected from downregulation 
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 [9] . Th ese eff ects have been shown both in transformed cell 
systems and in primary cultures of human airways smooth 
muscle. Of the 5 prime untranslated region polymorphisms, 
the strongest evidence for possible functional eff ects is for 
the –47 T-C SNP which alters the terminal amino acid in 
a short open reading frame that codes for the  β -upstream 
peptide (also known as the  β  2 -a drenoceptor 5 prime leader 
cistron); this peptide is believed to be important in maintain-
ing a  “ brake ”  on receptor expression, and the Cys19Arg poly-
morphism in this peptide may possibly increase translational 
inhibition of the  β  2 -a drenoceptor        [32, 33] . 

   Th e role of  β  2 -adrenoceptor polymorphism has been 
extensively studied in asthma but less so in COPD. A 
recent major study in UK 1958 birth cohort  [34]  failed to 
demonstrate an association between  β  2 -adrenoceptor poly-
morphism and asthma  per se,  although weak association 
with IgE and the degree of bronchial hyperresponsiveness 
have previously been described in some (but not in all) stud-
ies  [35] . Th ese eff ects may, in part, be due to linkage dis-
equilibrium with other important genes on chromosome 5q 
such as the nearby Th 2 cytokine locus. Th e possibility that 
these polymorphisms may contribute to the development of 
COPD has not been reported upon to date, although stud-
ies in this area are currently in progress. 

   Th e other potential importance of  β  2 -adrenoceptor 
polymorphism is in pharmacogenetic studies. Th e possibil-
ity that  β  2 -adrenoceptor polymorphism may predict treat-
ment response, particularly following long-term exposure to 
agonists due to the altered downregulation profi le of indi-
viduals carrying particular genotypes (e.g., Gly16, Gln27), 
has been studied by a number of groups. Initial studies dem-
onstrated an association between Gly16 and subsensitivity 
to the bronchodilator eff ects of formoterol following chronic 
dosing and also a reduced bronchodilator response to salb-
utamol        [20, 36] . Gly16 has also been shown to be associ-
ated with nocturnal asthma. Two relatively large studies, 
one retrospective and one prospective, suggested that treat-
ment with regular (four times a day) salbutamol (albuterol) 
resulted in poorer outcome in Arg16Arg asthmatics (15% 
of the Caucasian population)        [37, 38] . However, salbutamol 
is not currently used in most countries in this way, and the 
asthmatics studied were not on inhaled corticoseroids, so 
the clinical relevance of these observations is unclear. More 
recently, a small retrospective study suggested that these 
eff ects may extend to LABAs  [39] , although subsequently 
a larger retrospective analysis of pharma-funded studies 
suggests that this does not extend to patients on combined 
LABA/inhaled steroid preparations  [40] . In general, there-
fore, it appears that the eff ects of these polymorphisms upon 
treatment response to these drugs used as recommended in 
national guidelines are likely to be relatively small and of 
doubtful clinical signifi cance overall. It is also possible that 
the combination of groups of polymorphisms around this 
region (i.e. the haplotype of an individual at this locus) may 
be the main determinant of functional eff ects rather than 
single polymorphisms in isolation  [41] . It will be interesting 
to determine whether these polymorphisms are relevant to 
treatment response in COPD; intuitively, one might imag-
ine that this could be the case given the higher doses of 
agents used in COPD although, to date, no published data 
are available on this issue.  
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C H A P T E R

             

    Anticholinergic Bronchodilators 

    INTRODUCTION 

   Th e major prescribed long-acting muscarinic 
antagonist (LAMA) is now tiotropium bromide 
(Spiriva) that is a once daily inhaled therapy for 
symptomatic management of chronic obstruc-
tive pulmonary disease (COPD). Indeed, tio-
tropium is recommended on a regular daily 

basis by the Global Obstructive Lung Disease 
(GOLD) guidelines (2007) for moderate (Stage 
II), severe (Stage III), and very severe (Stage 
IV) COPD to prevent or reduce symptoms, 
improve exercise performance, and decrease 
exacerbations        [1, 2]  ( Fig. 49.1   ). Tiotropium has 
been the subject of a number of recent reviews 
that address the clinical development proc-
ess from research to clinical practice, and their 
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 FIG. 49.1          Treatment of COPD at diff erent GOLD stages.    
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place in the management of patients with COPD              [3–7] . 
Certain articles have centered on review and meta-analy-
ses of experience in clinical studies          [8–10] . Th is chapter 
will consider the pharmacology, biochemistry, and potential 
anti-infl ammatory actions of anticholinergic bronchodila-
tors, including possible anti-infl ammatory actions, as well 
as clinical trial evidence for the safety and effi  cacy of these 
therapies. Important outcome measures for LAMAs involve 
considerations of eff ects on symptoms, lung function, 
dynamic hyperinfl ation and exercise responses, quality of 
life, health economics, exacerbations, survival, and the natu-
ral history of COPD. We shall then discuss clinical trials 
that have assessed combined inhaled LAMAs and LABAs, 
as well as combinations of LAMAs, LABAs, and ICSs. 
Finally, we shall look to the future with novel LAMAs such 
as glycopyrrolate and aclidinium bromide (Almirall).  

    PLANT ORIGINS OF ANTICHOLINERGICS 

   Herbal remedies have been used since ancient times to treat 
human disease; and the leaves, roots, and seeds of many plants 
contain anticholinergic agents                [11–16]  ( Fig. 49.2   ). Ayurvedic 
medicine sources from India at around 450  ad  describe the use 
of  Datura stramonium  (thorn-apple or jimson weed) extract for 
the relief  of asthma. Atropine and scopolamine represent par-
ent anticholinergic agents, and are alkaloids found in  Datura  
species as well as  Atropa belladonna  (deadly nightshade). After 
serving in India, General Gent in 1802 recommended the 
smoking of  Datura  to relieve bronchial complaints. 

   In the last century, plant extracts have largely been 
replaced by synthetic chemicals, and in the late 1970s 

 FIG. 49.2          Botanical origin of anticholinergics. (A) The black berries of  Atropa belladonna  (deadly nightshade) contain the deadly plant alkaloid, atropine. 

Atropine is a competitive antagonist to acetylcholine at muscarinic receptor sites, M 1 , M 2 , and M 3 . Atropine, when taken orally, causes blocked vagal 

innervation of the heart (tachycardia), decreased mucus secretion and bronchial smooth muscle relaxation in the respiratory system, mydriasis (pupillary 

dilation), decreased salivation with dry mouth, decreased gut motility and acid secretion, bladder wall relaxation, and decreased sweating. (B)  Hyosyamus 

niger  is the plant source of scopolamine (hyosine) that was employed by the notorious Dr Crippen to murder his wife in London in 1910. (C)  Datura 

stramonium  (thorn-apple or jimsonweed) is the source of stramonium which was inhaled to alleviate respiratory disorders. These images are taken from the 

Wikimedia Commons, free public domain.        
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 FIG. 49.3          Structure of anticholinergics (see text on fi gure)  .    
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this leads to an increase in acetylcholine release and this may 
work against the post-junctional blockade of M 3 -receptors, 
making these antagonists less effi  cient. It has been diffi  cult 
to develop M 3 -selective antagonists  [23] . 

   Tiotropium bromide is a quaternary ammonium 
derivative like ipratropium bromide and is a long-acting 
anticholinergic drug that has unique kinetic selectivity for 
M 1  and M 3  muscarinic receptors          [17, 24, 25] . Tiotropium 
has similar affi  nity for the fi ve types of muscarinic recep-
tors, M 1  to M 5 . In the airways, tiotropium has a high affi  nity 
and dissociates very slowly from M 1 - and M 3 -receptors in 
human lung and produces long-term blockade of cholinergic 
neural bronchoconstriction in human airway smooth muscle, 
but much more rapidly from M 2 -receptors giving a unique 
kinetic selectivity for M 1 - and M 3 -receptors        [26, 27] .  

    ANTI-INFLAMMATORY ACTIONS 

   Th ere has been major recent progress in understanding 
cholinergic systems mediated by muscarinic acetylcholine 
receptors          [28–30]  as well as nicotinic pathways  [31]  ( Fig. 
49.4 ). In particular, lymphocytes have been found to express 
a variety of cholinergic receptors  [32] , and acetylcho-
line/muscarinic receptor signaling involving epithelial and 
infl ammatory cells has been documented in both asthma and 
COPD. Interestingly, anticholinergic may benefi t asthmat-
ics with COPD-like infl ammation in asthma, viral hyper-
reactivity  [33] , and emergency asthma  [34] . In guinea pigs 
tiotropium inhibits allergen-induced airway remodeling        [35, 
36] , while muscarinic receptors mediate lung fi broblasts pro-
liferation  [37] . Tiotropium has been shown to suppress ace-
tylcholine-induced release of chemotactic mediators  in vitro  
with a special activity on LTB 4   [38] . A recent clinical study 
did not show an anti-infl ammatory eff ect on sputum infl am-
matory markers during exacerbations of COPD  [39] , but 
this study was fl awed by the methodology of detection of 
sputum IL-6 and IL-8. Th is was because the supernatants 
were formed after liquefaction of sputum with dithiothreitol, 
and this agent can denature cytokines and thus lower detect-
able levels on immunoassay.  

    TIOTROPIUM DELIVERY 

   Tiotropium is licensed in Europe as a bronchodilator for the 
maintenance treatment of COPD but may have a role in the 
chronic treatment of severe asthma, as well as in acute severe 
emergency room asthma. Tiotropium is present in capsules 
containing 22.5        μ g tiotropium bromide monohydrate equiv-
alent to 18        μ g tiotropium. Th ese capsules are administered in 
the HandiHaler, a specialized dry powder inhalation system 
 [40] . As with all inhaled therapy, attention to eff ective drug 
delivery and training in inhaler technique is essential. COPD 
patients may have diffi  culty in coordinating a Metered Dose 
Inhaler (MDI), and breath-activated Dry Powder Inhalers 

short-acting synthetic anticholinergic drugs were intro-
duced: ipratropium bromide (4 times a day) and oxitropium 
bromide (3 times a day). Th ese have largely been superseded 
by tiotropium bromide (Spiriva ® ) that is administered once 
daily from the HandiHaler and was licensed in most of the 
European Union in 2002, while a license in the USA was 
obtained in 2003.  

    MOLECULAR STRUCTURES 

   Th e parent compounds for anticholinergic therapy are 
the plant alkaloids atropine and scopolamine ( Fig. 49.3   ). 
Atropine methyl nitrate, ipratropium bromide, oxitropium 
bromide, and tiotropium bromide share a quaternary ammo-
nium structure          [17–19] . Quaternary ammonium compounds 
are poorly absorbed from respiratory or pharyngeal mucosal 
surfaces, and they have minimal oral bioavailability, ensuring 
that systemic anticholinergic eff ects are kept to a minimum.  

    MUSCARINIC RECEPTOR PHARMACOLOGY 

   Anticholinergics are muscarinic receptor antagonists, inhib-
iting cholinergic refl ex bronchoconstriction and reducing 
vagal cholinergic tone, which is the main reversible com-
ponent in COPD. Normal airways have a small degree of 
vagal cholinergic tone, but because the airways are patent 
this has no perceptible eff ect and does not reduce airfl ow. 
 When the airways are irreversibly narrowed in COPD, 
vagal cholinergic tone has a much greater eff ect on airway 
resistance for geometric reasons, so when this increased 
constriction is relieved by an anticholinergic drug, there is a 
perceptible improvement in airfl ow. In addition, anticholin-
ergics may reduce mucus hypersecretion  [20]  ( Fig. 49.4   ). 
Anticholinergics have no apparent eff ect on pulmonary ves-
sels, and therefore do not cause a fall in Pa o  2 , as may some-
times be seen with  β  2 -agonists and theophylline. 

   Th e existence of several subtypes of muscarinic recep-
tor in human airways has suggested that more selective 
muscarinic antagonists may have advantages over non-
selective agents, such as ipratropium bromide and oxitro-
pium bromide        [21, 22]  ( Fig. 49.4 ). 

      ●      M 1 -receptors are localized to parasympathetic 
ganglia, and their blockade results in reduced refl ex 
bronchoconstriction.  

      ●      M 2 -receptors located at cholinergic nerve terminals 
inhibit the release of acetylcholine, thus acting as 
autoreceptors.  

      ●      M 3 -receptors mediate the bronchoconstrictor and mucus 
secretion action of acetylcholine in human airways. Th e 
most important eff ects of anticholinergics appear to be 
mediated through blockage of M 3 -receptors.    

   Non-selective anticholinergics, such as atropine and 
ipratropium bromide, act on M 1 -, M 2 -, and M 3 -receptors 
 [17] . Blockage of M 1 - and M 3 -receptors leads to bronchodil-
atation. However, by blocking pre-junctional M 2 -receptors 
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For details see: Gosens R et al. Respir Res 2006; 7:73 doi: 10.1186/1465-9921-7-73

 FIG. 49.4          Cholinergic control of airways (see text 

on fi gure)  .    

(DPI) have advantages in elderly subjects. HandiHaler 
requires low inspiratory fl ow rates to evacuate the cap-
sule and so can be used by patients with severe COPD. 
Th e capsule begins to vibrate at 15       l/min and evacuates 

with concomitant clinical eff ect at 20       l/min. Th e delivered 
dose that leaves the HandiHaler is 10        μ g. Th e contents of 
one capsule of tiotropium bromide should be inhaled once 
daily with the HandiHaler at the same time of the day. 
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Patient performance with the HandiHaler was found in a 
clinical study to be superior to that with a MDI  [41] .  

    PHARMACOKINETICS 

   Tiotropium bromide provides a bronchodilator eff ect for 
over 24       h with a plasma concentration of ~2       pg/ml. After 
inhalation of a 10- μ g dose there is a rapid absorption with 
a peak plasma concentration within 5       min of 6       pg/ml, fol-
lowed by a rapid fall within 1       h to the steady state level of 
2       pg/ml and a terminal half-life of 5–6 days that is inde-
pendent of the dose  [24] . It has been calculated that this 
concentration would occupy  � 5% muscarinic receptors, 
perhaps accounting for the very low incidence of systemic 
side eff ects. Th ere is no evidence for accumulation of tiotro-
pium after repeated administration. Th e pharmacokinetics 
and tissue distribution of tiotropium in the rat and dog have 
also been described  [42] . Following dry powder inhalation, 
the absolute bioavailability of 19.5% suggests that the lung 
fraction is highly bioavailable. Since tiotropium is a qua-
ternary ammonium compound, it is poorly absorbed from 
the gastrointestinal tract (10–15%). Food is not expected to 
infl uence absorption. 

   Tiotropium at a level of 72% to plasma proteins 
shows a volume of distribution of 32       l/kg. At steady state, 
tiotropium plasma levels in COPD patients at peak were 
17–19       pg/ml when measured 5       min after inhalation of an 
18- μ g dose, and steady state trough plasma concentra-
tions were 3–4       pg/ml. Th e extent of biotransformation is 
small, with urinary excretion of 74% of unchanged sub-
stance after an intravenous dose to young healthy volun-
teers. Tiotropium should be used with care in patients with 
m oderate-to-severe renal insuffi  ciency  [43] . Th e termina-
tion half-life of tiotropium is between 5 and 6 days follow-
ing inhalation. Tiotropium has linear pharmacokinetics in 
the therapeutic range after both intravenous administration 
and dry powder inhalation.  

    ONSET AND DURATION OF ACTION 

   Tiotropium bromide is given as 18        μ g once daily, usually in 
the morning or at noon. In studies of patients with COPD, 
single doses of tiotropium bromide give an almost immedi-
ate bronchodilator response that is preserved for over 24       h 
 [44] . Approximately 70% of the improvement in FEV 1  is 
seen after 48       h, which is judged to be the steady state, while 
continued improvements can be expected beyond the fi rst 
week of therapy  [45] , while dyspnea and health-related 
quality of life improve over the longer term. Interestingly 
in patients with and without short-term bronchodilator 
responses, long-term benefi ts of treatment with tiotropium 
are found in COPD patients  [46] . Tiotropium was found 
to improve signifi cantly in lung functions in African-
American patients with COPD  [47] . 

   In contrast, ipratropium and oxitropium bromide have 
a slower onset of action than  β  2 -agonists, with a peak eff ect 
being obtained in between 30 and 90       min. Ipratropium bro-
mide has a duration of 6–8       h, while oxitropium is claimed 
to maintain bronchodilation for 8       h, although this could be 
due to a higher dose of oxitropium  [17] . On the basis of the 
duration of action, ipratropium bromide is given four times 
daily, while oxitropium bromide is given three times daily.  

    CLINICAL STUDIES 

   A comprehensive range of clinical studies have been per-
formed with tiotropium up to registration with the drug 
regulatory authorities, and other studies that investigate the 
eff ects of tiotropium on exacerbations and the natural his-
tory of COPD are ongoing ( Table 49.1   ). 

   Single-dose relationships of tiotropium bromide have 
been determined with nebulized doses of up to 160        μ g in 
patients with COPD        [23, 44] , as well as doses of up to 
80        μ g from a DPI in asthma  [72]  ( Fig. 49.5   ). In the open 
label fi rst study in patients prolonged bronchodilation with-
out signifi cant adverse events was noted in COPD  [44] , 
and in a randomized placebo-controlled crossover design a 
clear dose response could be demonstrated between for tio-
tropium at single doses of between 10 and 80        μ g  [44] . In 
addition, in the single dose study in patients with asthma, 
tiotropium mediated bronchoprotection against the con-
strictor eff ects of methacholine  [72] . 

   A 1-week study in patients with COPD demon-
strated that �70% of the bronchodilator eff ect of tio-
tropium are obtained after two doses, and that the FEV1 
steady state is reached within 48       h  [45] . A 4 week study of 
tiotropium at doses of up to 36        μ g given daily at noon found 
comparable responses at doses from 9 to 36        μ g, represent-
ing a fl at dose response curve, with little dose dependency 
in terms of spirometric outcomes  [49] . On this basis, a dose 
of 18        μ g was selected for use in long-term studies, since the 
36        μ g dose increased the incidence of dry mouth without 
signifi cantly increasing FEV 1 . 

   Th e Dutch Tiotropium Study Group has undertaken 
a 13-week study with 288 patients with COPD, in which 
tiotropium at 18        μ g from the HandiHaler administered 
once daily was signifi cantly more eff ective than ipratropium 
administered four times daily  [61] . Th e US Tiotropium 
Study Group also undertook a 13-week multicenter study, 
but compared tiotropium with placebo, and found signifi -
cant improvements in lung function (FEV 1  and PEFR), 
symptoms, as-needed albuterol/salbutamol usage and phy-
sician global assessment  [48] . 

   Long-term studies with tiotropium bromide in 
m oderate-to-severe COPD have demonstrated signifi cant 
improvement in lung function, symptoms, and health-related 
quality of life, as well as a reduction in exacerbations        [50, 62]  
( Fig. 49.6 ). Th ese studies confi rm that the positive eff ects 
seen in 4- and 13-week studies are extended to 1 year and 
suggest that tolerance does not occur in this period  [73] . In 
the study from the Dutch/Belgian Tiotropium Study Group, 



 TABLE 49.1          Summary of selected randomized controlled clinical studies on tiotropium bromide.  

    Reference     n   
  Duration 

(weeks)  

  Mean FEV 1  at baseline 

(% predicted)    FEV 1   

  Dyspnea/

symptoms  

  Exacerbation 

frequency    HRQOL score  

    Tiotropium versus Placebo  

   Casaburi  [48]   470  13  39   ↑    ↓   NA  NA 

   Littner  [49]   169  4  39   ↑   NA  NA  NA 

   Casburi  [50]   921  52  39   ↑    ↓    ↓    ↑  

   Donohue  [51]   623  26  40   ↑    ↓    ↔    ↑  

   Calverley  [52]   121  6  41   ↑   NA   ↔   NA 

   Brusasco  [53]   1207  26  40   ↑    ↓    ↓    ↑  

   Celli  [54]   81  4  43   ↑   NA  NA  NA 

   Hasani  [55]   34  3  44   ↑   NA  NA  NA 

   O’Donnell  [56]   187  6  42   ↑    ↓    ↔   NA 

   McNicholas  [57]   95  4  32   ↑   NA  NA  NA 

   Dusser  [58]   1010  52  48   ↑    ↓    ↓   NA 

   Niehwoehner  [59]   1829  26  36   ↑   NA   ↓   NA 

   Verkindre  [60]   100  12  36   ↑    ↓   NA   ↑  

    Tiotropium versus Ipratropium  

   Van Noord  [61]   288  13  41   ↑   NA   ↔   NA 

   Vincken  [62]   535  52  41   ↑    ↓    ↓    ↑  

    Tiotropium versus Salmeterol  

   Donohue  [51]   623  26  40   ↑    ↓    ↔    ↔  

   Brusasco  [53]   1207  26  40   ↑    ↔    ↔   NA 

   Briggs  [63]   653  12  38   ↑   NA   ↔   NA 

    Tiotropium versus Formoterol  

   Van Noord  [64]   71  20  37   ↑   NA  NA  NA 

   Cazzola  [65]   20  Single doses  35   ↑   NA  NA  NA 

   Di Marco  [66]   21  Single doses  38   ↑   NA  NA  NA 

    Tiotropium (TIO) combinations with Salmeterol (SALM)/Fluticasone (FLU)/Formoterol (FORM)  

   Cazzola  [67]  

      ●      TIO  

      ●      SALM–FLU  

      ●      TIO  �  SALM–FLU    

 90  12  37–39   ↑    ↑   NA  NA 

   Aaron  [68]  

      ●      TIO  

      ●      TIO  �  SALM  

      ●      TIO  �  SALM–FLU    

 449  52  38 – 39   ↑    ↑    ↔    ↑  

   Singh  [69]  

      ●      TIO  

      ●      SALM–FLU  

      ●      TIO  �  SALM–FLU    

 41  2  47   ↑    ↑   NA  NA 

   Van Noord  [70]  

      ●      TIO  

      ●      TIO  �  FORM    

 95  2  38   ↑    ↑   NA  NA 

   Di Marco  [66]  

      ●      TIO  

      ●      TIO  �  FORM    

 21  Single doses  38   ↑   NA  NA  NA 

   Tashkin  [71]  Nebulized 

      ●      TIO  

      ●      TIO  �  FORM    

 129  6  38   ↑    ↑   NA   ↔  

  This table is adapted with permission from a review by Ref.  [8].   
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tiotropium was eff ective in improving lung function, dyspnea, 
exacerbations and health-related quality of life, and improved 
trough FEV 1  at 1 year  [62] . In this study tiotropium was 
found to be more eff ective than ipratropium inhaled four 
times a day. In a separate placebo-controlled multicenter 

study from Casaburi and colleagues, tiotropium also showed 
signifi cant eff ects on the Transition Dyspnea Index (TDI) 
as well as health status assessed by the disease-specifi c St. 
George’s Respiratory Questionnaire (SGRQ) and the generic 
Short Form (SF) 36  [50] .  
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(A) Effects on trough FEV1 following inhalation of tiotropium or ipratropium (Adapted from Ref. [62]).
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    EFFECTS OF TIOTROPIUM ON OUTCOMES 
IN COPD 

    Bronchodilatation, symptoms of dyspnea 

   Bronchodilators lessen airway smooth muscle tone and reduce 
dynamic hyperinfl ation, to cause relatively rapid relief of symp-
toms and improved exercise tolerance          [74–76] . Relaxation 
of airway smooth muscle tone causes an increase in FEV 1 , 
but in COPD these changes are generally small ( � 10%). 
Bronchodilator effi  cacy in COPD is generally assessed as the 
FEV 1  measured by spirometry. Symptomatic improvement 
may be greater than changes in FEV 1 , especially in moderate-
to-severe COPD  [62] , and tiotropium causes improvement in 
dyspnea          [50, 77, 78] .  

    Dynamic hyperinfl ation 

   Improved exercise performance may be a conspicuous fea-
ture of bronchodilator usage in COPD  [54] . Reduced 
dynamic hyperinfl ation with a reduction in residual volume 
(RV) and functional residual capacity (FRC) but improved 
resting inspiratory capacity (IC)  [54]  contributes markedly 
to symptomatic benefi ts, since this makes breathing more 
comfortable and dyspnea is lessened on exertion        [56,79] . 
Improvement of exercise tolerance is aided by the combina-
tion of tiotropium and pulmonary rehabilitation  [80] . Other 
eff ects of anticholinergics are to increase mucociliary clear-
ance and decrease mucous production. However, improved 
respiratory muscle function is unlikely at the dose of tiotro-
pium used clinically.  

    Exacerbations 

   Th e reader is recommended to consult a recent review on 
the eff ect of tiotropium on exacerbations and hospitaliza-
tions  [81] . 

      ●      Th e 1-year tiotropium registration studies demonstrated 
that tiotropium causes a decreased incidence of 
exacerbations when compared with placebo          [46, 50, 62] .  

      ●      Following this, Niewoehner and colleagues prospectively 
demonstrated signifi cant tiotropium eff ects on reducing 
COPD exacerbations, and may reduce related healthcare 
utilization  [59] .  

      ●      Th e MISTRAL ( Mesure de L’Infl uence de Spiriva sur les 
Troubles Aigus à Long Terme ) study studied 500 patients 
with COPD treated with tiotropium for a 1-year period 
in comparison with a placebo group  [58] .  

      ●      Th e INSPIRE (Investigating New Standards for 
Prophylaxis in Reduction of Exacerbations) study 
compares salmeterol in addition to fl uticasone (SF) in a 
combination inhaler compared with tiotropium  [82] . Th is 
study found no diff erence in exacerbation rates between 
the two arms, with more patients failing to complete 
the study while receiving tiotropium, yet more cases of 
pneumonia were reported in the salmeterol/fl uticasone 

arm. In addition, a small signifi cant benefi cial eff ect was 
found on health status with an unexpected fi nding in 
lower death in SF-treated patients  [83] .     

    Natural history of COPD 

   Th ere is little evidence that bronchodilators, including tio-
tropium, modify the rate of decline in lung function (FEV 1 ) 
in COPD  [84] . It is very important to assess whether 
chronic therapy with tiotropium can aff ect the natural his-
tory of COPD, which can be defi ned by the annual rate of 
decline in post-bronchodilatory FEV 1 . A rather unsatis-
factory attempt to assess eff ects of tiotropium on longitu-
dinal eff ects of lung function was made by pooled analysis 
of two 1-year tiotropium studies  [85] . Th ese studies have 
the problem that lung function should be measured at the 
end of chronic tiotropium therapy, with a suffi  ciently large 
time interval to have no lingering bronchodilatory or other 
eff ects of tiotropium. 

   Th e UPLIFT (Understanding the Potential Long-
Term Impacts on Function with Tiotropium) study is cur-
rently evaluating the long-term eff ects of 4 years of therapy 
with tiotropium on the rate of decline in lung function, 
health status, and frequency of exacerbations  [86] . Th e 
UPLIFT study measures trough FEV 1 , as well as FEV 1 , 
90       min after maximal bronchodilator administration and 
includes a spectrum of patient-centered outcomes  [87] . 

    Costs and health economics 

   Health outcomes have been found to be positive following 
treatment of COPD patients with once daily tiotropium 
for 6 months  [53] , and similar results have been found after 
1 year of treatment with tiotropium  [88] , and in compari-
son with treatment with ipratropium over a year  [89] . In a 
probabilistic Markov model to assess the cost-eff ectiveness 
of bronchodilator therapy in COPD, tiotropium was associ-
ated in terms of exacerbations with maximum expected net 
benefi t for plausible values of the ceiling ratio  [90] .  

    Sleep quality 

   Sustained LAMA therapy with tiotropium improves sleep-
ing oxygen saturation in COPD without aff ecting sleep 
quality  [57] . Tiotropium does not appear to abolish circa-
dian variation in airway caliber  [52] .    

    COMPARISON OF TIOTROPIUM WITH 
SALMETEROL AND FORMOTEROL 

   A 6-month clinical trial in 623 patients with COPD has 
demonstrated superior eff ects of tiotropium on bronchodila-
tion, dyspnea, and health-related quality of life compared to 
salmeterol  [51] . In other studies with tiotropium being given 
once daily, while salmeterol was given twice daily, tiotropium 
has been shown to be superior in terms of daytime spiromet-
ric effi  cacy  [63]  and exacerbations and health outcomes  [53] . 
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   In comparison with formoterol, tiotropium was better 
in terms of lung function, although a combination of both 
drugs was most eff ective  [64] . Th e benefi ts of tiotropium 
over formoterol have also been demonstrated in single-dose 
studies  [65] .  

    COMBINATION STUDIES WITH TIOTROPIUM 

   Combination bronchodilator products have already been 
demonstrated to have advantages over a single class of 
bronchodilator, so that both short-acting and long-acting 
 β  2 -agonists may be combined with anticholinergics, and 
additional oral theophylline may have benefi t. Combination 
bronchodilator inhalers with an anticholinergic and a 
short-acting  β  2 -agonist, such as Combivent (ipratropium 
bromide      �      salbutamol), are a convenient a and more eff ec-
tive way of giving bronchodilators          [91–93] . Tiotropium 
bromide has additive eff ects with both short- and long-
a cting  β  2 -agonists (LABAs)  [94] . 

   An important study demonstrated that adding tiotro-
pium to formoterol causes improvements in airfl ow obstruc-
tion, resting hyperinfl ation, and use of rescue salbutamol 
 [70]  ( Fig. 49.7   ). Concomitant treatment with nebulized 
formoterol and tiotropium provided benefi ts in patients 
with COPD  [71] , and the combination of formoterol and 
tiotropium is complementary in treating acute exacerbations 
of COPD  [66] . 

   Combined LABAs and ICS in a single inhaler are 
licensed for asthma and COPD, with the combination of 
salmeterol and fl uticasone available as Seretide or Advair 
(GlaxoSmithKline)  [95] , with formoterol and budesonide 
as Symbicort (AstraZeneca)  [96] . Recently, there have been 
studies to show the benefi ts of triple therapy with the com-
bination of salmeterol/fl uticasone and tiotropium        [67, 69] . 
However, addition of salmeterol/fl uticasone to tiotropium 
did not statistically infl uence rates of COPD exacerbation 
in a study of 449 patients over 1 year of treatment  [68] .  

    TIOTROPIUM IN ASTHMA 

   Anticholinergics are less useful in asthma than in COPD, as 
inhaled  β  2 -agonists are generally more eff ective  [5] . However, 
with regard to allergen-induced airway remodeling in guinea 
pigs, tiotropium and budesonide have similar inhibitory effi  -
cacy  [35] . Patients with concomitant asthma and COPD 
have been shown to benefi t from tiotropium  [97] , and in 
patients with severe asthma adding salmeterol/tiotropium 
to patients with fl uticasone has benefi ts  [98] . Tiotropium 
could reduce chronic viral infl ammation and may be helpful 
in acute severe asthma  [34] . Hence, tiotropium is likely to 
be eff ective as an additional bronchodilator in patients with 
severe disease, especially when there is an element of fi xed 
airfl ow limitation. It is likely that patients with severe asthma 
will benefi t from the addition of tiotropium to combination 
inhalers containing long-acting  β  2 -agonists and corticoster-
oids, but clinical trials are needed to document this.  

    SAFETY OF TIOTROPIUM 

   A pooled clinical trial analysis (meta-analysis) of tiotropium 
safety has been carried out on a population of 4435 patients 
receiving inhaled tiotropium  [99] . Dyspnea, dry mouth, 
COPD exacerbation, and upper respiratory tract infections 
were the most commonly reported adverse events. A careful 
study demonstrated that tiotropium does not retard mucus 
clearance from the lungs  [55] . 

   A cohort study using UK primary care databases 
found that tiotropium and LABAs had similar risks of 
total mortality and cardiovascular endpoints  [100] , while 
the SPRUCE primary care study showed benefi ts and not 
adverse eff ects when adding tiotropium to COPD care 
 [101] . Detailed electrocardiography (ECG) monitoring has 
been performed in COPD patients receiving tiotropium 
with ECGs performed up to six times during 12 months 
of treatment  [102] , and tiotropium was not associated with 
any cardiac safety concerns in a separate ECG analysis in 
COPD patients  [103] . 

   Side eff ects of anticholinergics are pharmacologi-
cally predictable and dose dependent, and inhaled delivery 
means that systemic adverse eff ects are less likely. However, 

1.5

1.4

1.3

1.2

1.1

1.0

0.9

3.0

2.8

2.6

2.4

2.2

2.0

1.8

F
E

V
1 

(l)
IC

 (
l)

�2 0 2 4 6 8 10 12 14 16 18 20 22 24

�2 0 2 4 6 8 10 12 14 16 18 20 22 24

9 AM 3 PM 9 PM 3 AM 9 AM

Time (h)

Mean FEV1 and Inspiratory Capacity (IC) before (24 h baseline)
and at the end of 2-week treatment periods, adjusted for period,
center, and patient within center.

Reproduced with kind permission from Ref. [70]

Tiotropium qd � formoterol bid Tiotropium qd

Tiotropium qd � formoterol qd 24-h baseline

 FIG. 49.7          Bronchodilator eff ect of tiotropium with and without formoterol 

in COPD.    



Asthma and COPD: Basic Mechanisms and Clinical Management

624

COPD patients are older and more likely to have comor-
bidities than patients with asthma, so they have a greater 
risk of developing adverse reactions to therapy. Side eff ects 
of tiotropium bromide are very uncommon as tiotropium 
acts topically and there is virtually no systemic absorption. 
Th is limits the type of adverse anticholinergic eff ects seen 
with atropine; and extensive experience has shown inhaled 
anticholinergics to be a remarkably safe class of drug. 

      ●      Dry mouth may be associated with dental caries  

      ●      Cough, pharyngitis, upper respiratory infections  

      ●      Ocular eff ects: narrow angle glaucoma is a recognized 
adverse eff ect of nebulized anticholinergics and 
tiotropium may cause eye pain, blurred vision, visual 
halos, and conjunctival and corneal congestion (redness).  

      ●      Taste disturbance: a bitter metallic taste has been 
reported by some patients.  

      ●      Immediate hypersensitivity reactions may occur.  

      ●      CNS: headache, nervousness, irritation, dizziness.  

      ●      Th eoretical systemic anticholinergic eff ects: prostatic 
hypertrophy, urinary retention, bladder disorders, 
constipation, tachycardia, cardiac arrhythmias, 
palpitations.  

      ●      Renal and hepatic impairment: patients can use 
tiotropium bromide at the recommended dose.     

    NEW ANTICHOLINERGICS 

   Th ere have been considerable eff orts from the pharmaceuti-
cal industry to develop novel bronchodilators, and especially 
LABAs and LAMAs, for COPD        [104, 105] . Glycopyrrolate 
has been used extensively systemically for decades to control 
salivation as a pre-anesthetic agent and causes bronchodila-
tion on isolated guinea pig trachea        [106, 107] . Interestingly, 
glycopyrrolate is a quaternary ammonium derivative which 
has minimal mucosal absorption and systemic toxicity when 
inhaled, causing prolonged bronchodilation in patients with 
asthma  [106]  and a family of anticholinergics based on gly-
copyrrolate have been synthesized  [108] . A variant on this 
agent is racemically pure R,R-glycopyrrolate as a LAMA 
 [109] , while an inhaled glycopyrrolate derivative, NVA-
237, is currently being developed by Novartis (license from 
Arakis and Ventura). An oral selective M3-selective M3-
cholinergic receptor antagonist that was studied in patients 
with COPD (OrM3, Merck) has apparently been discon-
tinued in clinical development  [110] . However, Phase 3 
studies have been successfully carried with the inhaled 
LAMA, aclidinium bromide (LAS-34273, Almirall), that is 
likely to be licensed in the near future. Recently there have 
been eff orts to develop a combined muscarinic antagonist 
and beta-agonist in a single molecule: Th eravance describes 
this as a MABA. In the future we can expect LABAs and 
LAMAs to be combined in single inhalers (eg. indacaterol-
glycopyrrolate) and there may be the possibility of 3 agents 
in a single inhaler (LABA, LAMA, ICS).   
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C H A P T E R              Theophylline 

    INTRODUCTION 

   Th eophylline remains one of the most widely 
prescribed drugs for the treatment of asthma and 
chronic obstructive pulmonary disease (COPD) 
worldwide, since it is inexpensive and widely 
available. In many industrialized countries, 
however, theophylline has become a third-line 
treatment that is only used in poorly control-
led patients. Th is has been reinforced by various 
national and international guidelines on asthma 
therapy. Some have even questioned whether 
theophylline is indicated in any patients with 
asthma  [1] , although others have emphasized the 
special benefi cial eff ects of theophylline which 
still give it an important place in management of 
asthma  [2] . Th e frequency of side-eff ects at the 
previously recommended doses and the relatively 
low effi  cacy of theophylline have recently led to 
reduced usage, since inhaled  β  2 -agonists are far 
more eff ective as bronchodilators and inhaled 
corticosteroids have a greater anti-infl ammatory 
eff ect. Despite the fact that theophylline has 
been used in asthma therapy for over 70 years, 
there is still considerable uncertainty about 
its molecular mode of action in asthma and its 
logical place in therapy. Recently, novel mecha-
nisms of action that may account for the eff ec-
tiveness of theophylline in severe asthma have 
been elucidated  [3] . Because of problems with 
side eff ects, there have been attempts to improve 
on theophylline, and recently there has been 
increasing interest in selective phosphodieste-
rase (PDE) inhibitors, which have the possibil-
ity of improving the benefi cial and reducing the 
adverse eff ects of theophylline.  

    CHEMISTRY 

   Th eophylline is a methylxanthine similar in 
structure to the common dietary xanthines 
caff eine and theobromine. Several substituted 
derivatives have been synthesized, but none 
has any advantage over theophylline  [4] . Th e 
3-propyl derivative, enprofylline, is more potent 
as a bronchodilator and may have fewer toxic 
eff ects; however, its clinical development was 
halted because of hepatic toxicity problems 
 [5] . Many salts of theophylline have also been 
marketed, the most common being aminophyl-
line, the ethylene diamine salt used to increase 
solubility at neutral pH, so that intravenous 
administration is possible. Other salts, such as 
choline theophyllinate, do not have any advan-
tage and others, such as acepifylline, are virtu-
ally inactive  [4] .  

    MOLECULAR MECHANISMS 
OF ACTION 

   Although theophylline has been in clinical use 
for more than 70 years, its mechanism of action 
at a molecular level and its site of action remain 
uncertain, although there have been important 
recent advances  . Several molecular mecha-
nisms of action have been proposed, many of 
which appear to occur only at higher concentra-
tions of theophylline than are eff ective clinically 
( Table 50.1   ). 

  50 
   Peter J.   Barnes  

  National Heart and Lung Institute 
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    PDE inhibition 

   Th eophylline is a weak and nonselective inhibitor of PDEs, 
which break down cyclic nucleotides in the cell, thereby 
leading to an increase in intracellular cyclic 3 
 5 
  adenosine 
monophosphate (AMP) and cyclic 3 
 ,5 
  guanosine mono-
phosphate (GMP) concentrations ( Fig. 50.1   ); however, the 
degree of inhibition is small at concentrations of theophyl-
line which are therapeutically relevant. Th us, total PDE 
activity in human lung extracts is inhibited by only 5–10% 
by therapeutic concentrations of theophylline  [6] . Th ere is 
convincing  in vitro  evidence that theophylline relaxes airway 
smooth muscle by inhibition of PDE activity, but relatively 
high concentrations are needed for maximal relaxation  [7] . 
Similarly, the inhibitory eff ect of theophylline on media-
tor release from alveolar macrophages appears to be medi-
ated by inhibition of PDE activity in these cells  [8] . Th ere 
is no evidence that airway smooth muscle or infl ammatory 
cells concentrate theophylline to achieve higher intracellular 
than circulating concentrations. Inhibition of PDE should 
lead to synergistic interaction with  β -agonists, but this has 
not been convincingly demonstrated  in vivo  or in clini-
cal studies; however, this might be because the relaxation 
of airway smooth muscle by  β -agonists may involve direct 
coupling of  β -receptors via a stimulatory G-protein to the 
opening of potassium channels, without the involvement of 
cyclic AMP  [9] . 

   At least 11 isoenzyme families of PDE have now 
been recognized, and some (PDE3, PDE4, PDE5) are 
important in smooth muscle relaxation  [10] ; however, 
there is no convincing evidence that theophylline has any 
greater inhibitory eff ect on the PDE isoenzymes involved 
in smooth muscle relaxation. It is possible that PDE isoen-
zymes may have an increased expression in asthmatic air-
ways, as a result of either the chronic infl ammatory process 
or the therapy. Elevation of cyclic AMP by  β -agonists may 
result in increased PDE activity, thus limiting the eff ect of 
 β -agonists. Indeed, alveolar macrophages from asthmatic 
patients appear to have increased PDE activity  [11] . Th is 
would mean that theophylline might have a greater inhibi-
tory eff ect on PDE in asthmatic airways than in normal 
airways. Support for this is provided by the lack of bron-
chodilator eff ect of theophylline in normal subjects, com-
pared to a bronchodilator eff ect in asthmatic patients  [12] . 

   Inhibition of PDEs is likely to account for some of 
the moist frequent side eff ects of theophylline, includ-
ing nausea and vomiting (PDE4), palpitations and cardiac 
arrhythmias (PDE3), and headaches (PDE4).  

    Adenosine receptor antagonism 

   Th eophylline is a potent inhibitor of adenosine receptors 
at therapeutic concentrations. Both A 1 - and A 2 -r eceptors 
are inhibited, but theophylline is less eff ective against 
A 3 -receptors, suggesting that this could be the basis for its 
bronchodilator eff ects  [13] . Although adenosine has lit-
tle eff ect on normal human airway smooth muscle  in vitro , 
it constricts airways of asthmatic patients via the release 
of histamine and leukotrienes, suggesting that adenos-
ine releases mediators from mast cells  [14] . Th e receptor 
involved appears to be an A 3 -receptor in rat mast cells 
       [15, 16] , but in humans there is evidence for the involve-
ment of an A 2B -receptor        [17, 18] . Adenosine causes bron-
choconstriction in asthmatic subjects when given by 
inhalation  [19] . Th e mechanism of bronchoconstriction is 
indirect and involves release of histamine from airway mast 
cells        [14, 20] . Th e bronchoconstrictor eff ect of adenosine 
is prevented by therapeutic concentrations of theophyl-
line  [19] ; however, this only confi rms that theophylline is 
capable of antagonizing the eff ects of adenosine at thera-
peutic concentrations and does not necessarily indicate 
that this is important for its anti-asthma eff ect. Adenosine 
antagonism is likely to account for some of the side eff ects 
of theophylline, such as central nervous system stimulation, 
cardiac arrhythmias (both via blockade of A 1 -receptors), 
gastric hypersecretion, gastroesophageal refl ux, and diuresis. 
A novel AMP receptor, P2Y 15 , has been identifi ed which is 
more potently inhibited by theophylline  [21] , although the 
function of these receptors has been questioned.  

 TABLE 50.1          Proposed mechanisms of action of theophylline.  

   PDE inhibition (non-selective) 

   Adenosine receptor antagonism (A 1 -, A 2A -, A 2B -receptors) 

   Inhibition of nuclear factor- κ B ( ↓  nuclear translocation) 

   Inhibition of phosphoinositide 3 kinase- δ  

    ↑  IL-10 secretion 

    ↑  Apoptosis of infl ammatory cells 

    ↓  Poly(ADP-ribose)polymerase-1 (inhibits cell death) 

    ↑  Histone deacetylase activity ( ↑  effi  cacy of corticosteroids) 

 FIG. 50.1          Eff ect of PDE inhibitors in the breakdown of cyclic nucleotides 

in airway smooth muscle and infl ammatory cells. AC: adenylyl cyclase; ATP: 

adenosine triphosphate; cAMP: cyclic adenosine monophosphate; cGMP: 

cyclic guanosine monophosphate; GC: guanylyl cyclase; Gs: stimulatory 

G-protein; GTP: guanosine triphosphate; PDE: phosphodiesterase; R: 

receptor.    
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    IL-10 release 

   IL-10 has a broad spectrum of anti-infl ammatory eff ects, 
and there is evidence that its secretion is reduced in COPD 
 [22] . IL-10 release is increased by theophylline, and this 
eff ect may be mediated via PDE inhibition  [23] , although 
this has not been seen at the low doses that are eff ective in 
asthma  [24] .  

    Eff ect on gene transcription 

   Th eophylline prevents the translocation of the proinfl am-
matory transcription factor, nuclear factor- κ B (NF- κ B), 
into the nucleus, thus potentially reducing the expression of 
infl ammatory genes in asthma and COPD  [25] . Inhibition 
of NF- κ B appears to be due to a protective eff ect against 
the degradation of the inhibitory protein I- κ B α , so that 
nuclear translocation of activated NF- κ B is prevented  [26] . 
However, these eff ects are seen at high concentrations and 
may be mediated by inhibition of PDE.  

    Eff ect on kinases 

   Th eophylline directly inhibits phosphoinositie-3-kinases, 
with greatest potency for the PI3K (p110)- δ  subtype (IC 50  
75       μM)  [27] , a subtype of the enzyme that has been impli-
cated in responses to oxidative stress  [28] . However, it is 
a relatively weak eff ect against the PI3K- γ  subtype (IC 50  
800       μM), which is involved in chemotactic responses of 
neutrophils and monocytes. Th e inhibitory eff ect of theo-
phylline on PI3K- δ  may account for the ability of theophyl-
line to reverse corticosteroid resistance, which may be of 
critical importance for its clinical eff ects in severe asthma 
and COPD.  

    Eff ects on apoptosis 

   Prolonged survival of granulocytes due to a reduction in 
apoptosis may be important in perpetuating chronic infl am-
mation in COPD. Th eophylline promotes inhibits apoptosis 
in neutrophils  in vitro   [29] . Th is is associated with a reduc-
tion in the anti-apoptotic protein Bcl-2  [30] . Th is eff ect is 
not mediated via PDE inhibition but in neutrophils may be 
mediated by antagonism of adenosine A 2A -receptors  [31] . 
Th eophylline also induces apoptosis of T-lymphocytes thus 
reducing their survival, and this eff ect appears to be medi-
ated via PDE inhibition  [32] . Th eophylline also inhibits the 
enzyme poly(ADP-ribose)polymerase-1 (PARP-1), which 
is activated by oxidative stress and leads to a reduction in 
nicotine adenine diamine levels resulting in an energy crisis 
that leads to cell death  [33] .  

    Other eff ects 

   Several other eff ects of theophylline have been described, 
including an increase in circulating catecholamines, inhi-
bition of calcium infl ux into infl ammatory cells, inhibition 

of prostaglandin eff ects, and antagonism of tumor necrosis 
factor- α . Th ese eff ects are generally seen only at high con-
centrations of theophylline which are above the therapeu-
tic range and are therefore unlikely to contribute to the 
anti-infl ammatory actions of theophylline. Despite intense 
eff orts, it has been diffi  cult to fi nd any molecular mecha-
nisms that can account for the anti-infl ammatory eff ects 
of theophylline in asthma and COPD. Although several 
potential mechanisms have been demonstrated  in vitro , 
there is little evidence that these occur at plasma con-
centrations of 5–10       mg/l where clinical benefi t and anti-
i nfl ammatory eff ects are seen. A novel mechanism of action 
involving activation of histone deacetylases (HDAC) has 
been described which, in contrast to the proposed molecu-
lar mechanisms discussed above, is seen at therapeutically 
relevant concentrations  [3] .  

    HDAC activation 

   Expression of infl ammatory genes is regulated by the bal-
ance between histone acetylation and deacetylation  [34] . In 
asthma multiple infl ammatory genes are activated through 
proinfl ammatory transcription factors, such as NF-�B, 
leading to histone acetylation and increased transcription. 
Th is process is reversed by the recruitment of HDAC to 
the activated infl ammatory gene promoter site within the 
nucleus. Corticosteroids suppress infl ammation by recruiting 
HDAC2 to activated infl ammatory genes, thus switching off  
their expression  [35]  (see Chapter 53). Th is molecular mech-
anism is defective in COPD patients as HDAC2 activity 
and expression are markedly reduced, thus accounting for 
the steroid resistance of COPD  [36] . Th ere is also a defect 
in HDAC2 function in patients with severe asthma and in 
asthmatic patients who smoke        [37, 38] . We have shown that 
theophylline is an activator of HDACs and enhances the 
anti-infl ammatory eff ect of corticosteroids, as well as revers-
ing steroid resistance in cells from COPD patients        [39, 40]  
( Fig. 50.2   ). Th is action of theophylline is seen at low plasma 
concentrations (optimally 5       mg/l) and is completely inde-
pendent of PDE inhibition and adenosine antagonism. Th e 
eff ect of theophylline is completely blocked by an HDAC 
inhibitor called trichostatin A and by knocking out HDAC2 
using interference RNA  [41] . Th e reason why theophyl-
line selective activates HDAC activity is not yet known but 
appears to be indirect through the activation of kinase and 
phosphatase pathways in the cell that are activated by oxida-
tive stress and involved in the regulation of HDAC2 activity. 
Th is eff ect of theophylline is seen particularly in the presence 
of oxidative and nitrative stress, and this accounts for why 
theophylline is eff ective particularly in severe asthma, where 
oxidative and nitrative stress are greatest. Increased reactive 
oxygen species and nitric oxide from increased expression 
of inducible nitric oxide synthase result in the formation of 
peroxynitrite radicals. Peroxynitrite is unstable and nitrates 
tyrosine residues in proteins, which may result in altered 
protein function. 3-Nitrotyrosine adducts are increased in 
asthmatic airways  [42] . Peroxynitrite is also increased in 
COPD lungs  [43]  and is associated with tyrosine nitration 
and inactivation of HDAC2  [44] . Th eophylline also appears 
to reduce the formation of peroxynitrite, and this provides 
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a further mechanism for increasing HDAC2 function in 
asthma  [45] .   

    CELLULAR EFFECTS 

   Th eophylline has several cellular eff ects that may contribute 
to its clinical effi  cacy in the treatment of asthma ( Fig. 50.3   ). 

    Airway smooth muscle eff ects 

   Th e primary eff ect of theophylline is assumed to be the 
relaxation of airway smooth muscle; as  in vitro  studies have 

shown, it is equally eff ective in large and small airways  [46] . 
In airways obtained at lung surgery �25% of preparations 
fail to relax with a  β -agonist but all relax with theophyl-
line  [47] . Th e molecular mechanism of bronchodilatation is 
almost certainly related to PDE inhibition, resulting in an 
increase in cyclic AMP  [7] . Th e bronchodilator eff ect of the-
ophylline is reduced in human airways by the toxin charyb-
dotoxin, which inhibits large conductance Ca 2 �  -activated 
K  �   channels (maxi-K channels), suggesting that theophyl-
line opens maxi-K channels via an increase in cyclic AMP 
 [48] . Th eophylline acts as a functional antagonist and inhib-
its the contractile response of multiple spasmogens. In air-
ways obtained at post-mortem from patients who have died 
from asthma, the relaxant response to  β -agonists is reduced, 
whereas the bronchodilator response to theophylline is no 
diff erent from that seen in normal a irways  [49] . Th ere is 

 FIG. 50.2          Theophylline directly activates 
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evidence that  β -adrenoceptors in airway smooth muscle of 
patients with fatal asthma become uncoupled  [50] , and the-
ophylline may therefore have a theoretical advantage over 
 β -agonists in severe asthma exacerbations. However, theo-
phylline is a weak bronchodilator at therapeutically relevant 
concentrations, suggesting that some other target cell may 
be more relevant for its anti-asthma eff ect. In human air-
ways the EC 50  for airway smooth muscle relaxation by the-
ophylline is �1.5      �      10  � 4 M, which is equivalent to 67       mg/l 
assuming 60% protein binding  [47] , that is above the thera-
peutic range. As discussed above, it is important to consider 
the possibility that PDE activity may be increased in asth-
matic airways, so that theophylline may have a greater than 
expected eff ect. 

    In vivo  intravenous aminophylline has an acute bron-
chodilator eff ect in asthmatic patients, which is most likely 
to be due to a relaxant eff ect on airway smooth muscle  [51] . 
Th e bronchodilator eff ect of theophylline in chronic asthma 
is small in comparison with  β  2 -agonists, however. Several 
studies have demonstrated a small protective eff ect of theo-
phylline on histamine, methacholine, or exercise challenge 
           [52–55] . Th is protective eff ect does not correlate well with 
any bronchodilator eff ect, and it is interesting that in some 
studies the protective eff ect of theophylline is observed at 
plasma concentrations of  � 10       mg/l. Th ese clinical studies 
suggest that theophylline may have anti-asthma eff ects that 
are unrelated to any bronchodilator action.  

    Anti-infl ammatory eff ects 

   Th ere is increasing evidence that theophylline has anti-
infl ammatory eff ects in asthma and that these are seen at 
lower plasma concentrations than are needed for bron-
chodilatation. Th eophylline inhibits mediator release from 
chopped human lung  [56] , although high concentrations 
are necessary and it is likely that this eff ect involves an 
increase in cyclic AMP concentration due to PDE inhibi-
tion. Th eophylline also has an inhibitory eff ect on superox-
ide anion release from human neutrophils  [57]  and inhibits 
the feedback stimulatory eff ect of adenosine on neutrophils 
 in vivo   [58] . At therapeutic concentrations  in vitro , theo-
phylline may  increase  superoxide release via an inhibitory 
eff ect on adenosine receptors, since endogenous adenos-
ine may normally exert an inhibitory action on these cells 
 [59] . Similar results are also seen in guinea pig and human 
eosinophils  [60] . At therapeutic concentrations there is an 
increased release of superoxide anions from eosinophils, 
which appears to be mediated via inhibition of adenosine 
A 2 -receptors and is mimicked by the adenosine antagonist 
8-phenyltheophylline. Inhibition of eosinophil superoxide 
generation occurs only at high concentrations of theophyl-
line ( � 10  � 4 M) which are likely to inhibit PDE. Similar 
results have also been obtained in human alveolar macro-
phages  [8] . Macrophages in bronchoalveolar lavage fl uid 
from patients taking theophylline have been found to have 
a reduced oxidative burst response  [61] , but there is no 
reduction in the release of the proinfl ammatory cytokines 
TNF- α  or GM-CSF  [62] . Th eophylline inhibits neutrophil 
chemotaxis via inhibition of adenosine A 2A -receptors, and 
this may be relevant in severe asthma  [63] . 

    In vivo  theophylline inhibits mediator-induced airway 
microvascular leakage in rodents when given in high doses 
 [64] , although this is not seen at therapeutically relevant 
concentrations  [65] . Th eophylline has an inhibitory eff ect 
on plasma exudation in nasal secretions induced by allergen 
in patients with allergic rhinitis, although this could be sec-
ondary to inhibition of mediator release  [66] . 

   In allergen challenge studies, chronic oral treatment 
with theophylline reduces the late response to allergen 
 [67] . Th is has been interpreted as an eff ect on the chronic 
infl ammatory response and is supported by a reduced infi l-
tration of eosinophils into the airways after allergen chal-
lenge following low doses of theophylline  [68] . In patients 
with nocturnal asthma low-dose theophylline inhibits the 
infl ux of neutrophils and, to a lesser extent, eosinophils seen 
in the early morning  [69] . Chronic treatment with low-dose 
theophylline reduces the numbers of eosinophils in bron-
chial biopsies, bronchoalveolar lavage and induced sputum 
of patients with mild asthma  [62] . However, these eff ects 
are less than those expected with low doses of inhaled corti-
costeroids, and there is no reduction of exhaled nitric oxide, 
indicating a lesser eff ect on suppression of infl ammation 
than corticosteroids. 

   In patients with COPD, theophylline reduces the 
proportion of neutrophils in induced sputum and reduces 
the concentration of IL-8, suggesting that it may have an 
anti-infl ammatory eff ect unlike corticosteroids        [70, 71] . 
Since patients with severe asthma may have increased neu-
trophils in the airways        [72, 73] , this may provide a mecha-
nism whereby theophylline is eff ective as an add-on therapy 
to high does of inhaled corticosteroids in these patients.  

    Immunomodulatory eff ects 

   T-lymphocytes are now believed to play a central role in 
coordinating the chronic infl ammatory response in asthma. 
Th eophylline has been shown to have several actions on 
T-lymphocyte function, suggesting that it might have an 
immunomodulatory eff ect in asthma. Th eophylline has a 
stimulatory eff ect on suppressor (CD8  �  ) T-lymphocytes 
which may be relevant to the control of chronic airway 
infl ammation        [74, 75] , and has an inhibitory eff ect on graft 
rejection  [76] .  In vitro  theophylline inhibits IL-2 synthesis 
in human T-lymphocytes, an eff ect that is secondary to a 
rise in intracellular cyclic AMP concentration  [77] . At high 
concentrations theophylline inhibits proliferation in CD4  �   
and CD8  �   cells, an eff ect that is mediated via inhibition 
of PDE4  [78] . Th eophylline also inhibits the chemotactic 
response of T-lymphocytes, an eff ect that is also mediated 
through PDE inhibition  [79] . In allergen-induced airway 
infl ammation in guinea pigs, theophylline has a signifi cant 
inhibitory eff ect on eosinophil infi ltration  [80] , suggest-
ing that it may inhibit the T-cell-derived cytokines respon-
sible for this eosinophilic response. Th eophylline has been 
reported to decrease circulating concentrations of IL-4 and 
IL-5 in asthmatic patients  [81] . In asthmatic patients low-
dose theophylline treatment results in an increase in acti-
vated circulating CD4  �   and CD8  �   T-cells, but a decrease in 
these cells in the airways, suggesting that it may reduce the 
traffi  cking of activated T-cells into the airways  [82] . Th is is 
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supported by studies in allergen challenge, where low-dose 
theophylline decreases the number of activated CD4  �   and 
CD8  �   T-cells in bronchoalveolar lavage fl uid after allergen 
challenge, and this is mirrored by an increase in these cells in 
peripheral blood  [83] . Th ese eff ects are seen even in patients 
treated with high does of inhaled corticosteroids, indicating 
that the molecular eff ects of theophylline are likely to be dif-
ferent from those of corticosteroids. Th eophylline induces 
apoptosis of T-lymphocytes, thus reducing their survival 
 [32] . Th is eff ect may be mediated via PDE4 inhibition so 
may not be relevant to clinical doses of theophylline. Th e 
therapeutic range of theophylline was based on measurement 
of immediate bronchodilatation in response to the acute 
administration of theophylline  [51] . However, it is possible 
that the nonbronchodilator eff ects of theophylline, which 
may refl ect some anti-infl ammatory or immunomodulatory 
eff ect, may be exerted at lower plasma concentrations and 
that diff erent molecular mechanisms may be involved  [84] .  

    Extrapulmonary eff ects 

   It has been suggested that theophylline may exert its eff ects 
in asthma via some action outside the airways. It may be 
relevant that theophylline is ineff ective when given by inha-
lation until therapeutic plasma concentrations are achieved 
 [85] . Th is may indicate that theophylline has eff ects on cells 
other than those in the airway. 

   An eff ect of theophylline which remains controversial 
is its action on respiratory muscles. Aminophylline increases 
diaphragmatic contractility and reverses diaphragm fatigue 
 [86] . Th is eff ect has not been observed by all investigators, 
and there are now doubts about the relevance of these obser-
vations to the clinical benefi t provided by theophylline  [87] .   

    PHARMACOKINETICS 

   Th ere is a close relationship between the acute improvement 
in airway function and the serum theophylline concentra-
tion. Below 10       mg/l therapeutic eff ects (at least in terms of 
rapid improvement in airway function) are small, and above 
25       mg/l additional benefi ts are outweighed by side eff ects, so 
that the therapeutic range was usually taken as 10–20       mg/l 
(55–110       μM)  [4] . It is now apparent that nonbronchodilator 
eff ects of theophylline may be seen at plasma concentrations 
of  � 10       mg/l and that clinical benefi t may be derived from 
these lower concentrations of theophylline. Th is suggests 
that it may be necessary to redefi ne the therapeutic range 
of theophylline based on anti-asthma eff ect, rather than the 
acute bronchodilator response that requires a higher plasma 
concentration. Th e dose of theophylline required to give 
therapeutic concentrations varies among patients, largely 
because of diff erences in clearance. In addition, there may 
be diff erences in bronchodilator response to theophylline 
and, with acute bronchoconstriction, higher concentrations 
may be required to produce bronchodilatation  [88] . 

   Th eophylline is rapidly and completely absorbed, but 
there are large inter-individual variations in clearance, due to 

diff erences in hepatic metabolism ( Table 50.2   ). Th eophylline 
is metabolized in the liver by the cytochrome P450 micro-
somal enzyme system, and a large number of factors may 
infl uence hepatic metabolism. Th eophylline is predomi-
nantly metabolized by the CYP1A2 enzyme, while at higher 
plasma concentrations CYP2E1 is also involved  [89] . 

    Increased clearance 

   Increased clearance is seen in children (1–16 years), and in 
cigarette and marijuana smokers. Concurrent administra-
tion of phenytoin and phenobarbitone increases activity of 
P450, resulting in increased metabolic breakdown, so that 
higher doses may be required.  

    Reduced clearance 

   Reduced clearance is found in liver disease, pneumonia, 
and heart failure and doses need to be reduced to half and 
plasma levels monitored carefully  [90] . Decreased clearance 
is also seen with certain drugs, including erythromycin, cer-
tain quinolone antibiotics (ciprofl oxacin, but not ofl oxacin), 
allopurinol, cimetidine (but not ranitidine), serotonin uptake 
inhibitors (fl uvoxamine), and the 5-lipoxygenase inhibitor 
zileuton, which interfere with CYP1A2 function. Th us, if 
a patient on maintenance theophylline requires a course of 
erythromycin, the dose of theophylline should be halved. Viral 
infections and vaccinations (immunizations) may also reduce 
clearance, and this may be particularly important in children. 
Because of these variations in clearance, individualization of 

 TABLE 50.2          Factors aff ecting clearance of theophylline.  

   Increased clearance 

          Enzyme induction (rifampicin, phenobarbitone, ethanol) 

          Smoking (tobacco, marijuana) 

          High protein, low carbohydrate diet 

          Barbecued meat 

          Childhood 

   Decreased clearance 

     Enzyme inhibition (cimetidine, erythromycin, ciprofl oxacin, 

allopurinol, zileuton) 

     Congestive heart failure 

     Liver disease 

     Pneumonia 

     Viral infection 

     Vaccination (immunization) 

     High carbohydrate diet 

     Old age 
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theophylline dosage is required and plasma concentrations 
should be measured 4       h after the last dose with slow-release 
preparations, when steady state has usually been achieved. 
Th ere is no signifi cant circadian variation in theophylline 
metabolism  [91] , although there may be delayed absorption 
at night, which may relate to the supine posture  [92] .   

    ROUTES OF ADMINISTRATION 

    Intravenous 

   Intravenous aminophylline has been used for many years 
in the treatment of acute severe asthma. Th e recommended 
dose is now 6       mg/kg given intravenously over 20–30       min, 
followed by a maintenance dose of 0.5       mg/kg/h. If the 
patient is already taking theophylline, or there are any fac-
tors that decrease clearance, these doses should be halved 
and the plasma level checked more frequently.  

    Oral 

   Plain theophylline tablets or elixir, which are rapidly 
absorbed, give wide fl uctuations in plasma levels and are not 
recommended. Several eff ective sustained-release prepara-
tions now available are absorbed at a constant rate and pro-
vide steady plasma concentrations over a 12–24       h period  [93] . 
Although there are diff erences between preparations, these 
are relatively minor and of no clinical signifi cance. Both 
slow-release aminophylline and theophylline are available and 
are equally eff ective (although the ethylene diamine compo-
nent of aminophylline has very occasionally been implicated 
in allergic reactions). For continuous treatment, twice daily 
therapy (~8       mg/kg b.i.d.) is needed, although some prepara-
tions are designed for once daily administration. For noc-
turnal asthma, a single dose of slow-release theophylline at 
night is eff ective        [94, 95] , and more eff ective than an oral 
slow-release  β -agonist preparation. Once optimal doses have 
been determined, plasma concentrations usually remain sta-
ble, providing no factors which alter clearance are introduced.  

    Other routes 

   Aminophylline may be given as a suppository, but rectal 
absorption is unreliable and proctitis may occur, so this route 
should be avoided. Inhalation of theophylline is irritating 
and ineff ective  [85] . Intramuscular injections of t heophylline 
are very painful and should never be given.   

    CLINICAL USE 

    Acute exacerbations 

   Intravenous aminophylline has been used in the manage-
ment of acute severe asthma for over 50 years, but this use 

has been questioned in view of the risk of adverse eff ects 
compared with nebulized  β  2 -agonists. In patients with 
acute asthma, intravenous aminophylline is less eff ective 
than nebulized  β  2 -agonists  [96]  and should therefore be 
reserved for those who fail to respond to  β -agonists. In a 
meta-analysis of 27 studies which looked at addition of 
intravenous aminophylline to nebulized  β  2 -agonists, there 
is no evidence for signifi cant benefi t in adults  [97]  or chil-
dren    [98] . Th is indicates that aminophylline should not be 
added routinely to nebulized  β -agonists. Indeed, addition of 
aminophylline only increases adverse eff ects. Several deaths 
have been reported after intravenous aminophylline. In one 
study of 43 asthma deaths in southern England, there was 
a signifi cantly greater frequency of toxic theophylline con-
centrations (21%) compared with matched controls (7%) 
 [99] . Th ese concerns have lead to the view that intravenous 
aminophylline should be reserved for the few patients with 
acute severe asthma who fail to show a satisfactory response 
to nebulized  β  2 -agonists. When intravenous aminophylline 
is used, it should be given as a slow intravenous infusion 
with careful monitoring of vital signs, and plasma theophyl-
line concentrations should be measured prior to and after 
infusion. 

   Aminophylline similarly has no place in the routine 
management of COPD exacerbations        [100, 101] .  

    Chronic asthma 

   In most guidelines for asthma management theophylline 
is recommended as an additional bronchodilator if asthma 
remains diffi  cult to control after high doses of inhaled 
corticosteroids. Th e introduction of long-acting inhaled 
 β  2 -a gonists has further threatened the position of theo-
phylline, since the side eff ects of these agents may be less 
frequent than those associated with theophylline, and long-
acting inhaled  β  2 -agonists are more eff ective controllers 
than theophylline  [102] . Whether theophylline has some 
additional benefi t over its bronchodilator action is now an 
important consideration. In chronic asthma oral theophyl-
line appears to be as eff ective as cromolyn sodium in control-
ling young allergic asthmatics  [103]  and provides additional 
control of asthma symptoms even in patients talking regu-
lar inhaled steroids  [104] . In one study a group of adoles-
cent patients with severe asthma who were controlled with 
oral and inhaled steroids, nebulized  β  2 -agonists, inhaled 
anticholinergics, and cromolyn, in addition to regular oral 
theophylline, withdrawal of the oral theophylline resulted 
in a marked deterioration of asthma control which could 
not be controlled by further increase in steroids and only 
responded to reintroduction of theophylline  [105] . Th is sug-
gests that there may be a group of severe asthmatic patients 
who particularly benefi t from theophylline. In a control-
led trial of theophylline withdrawal in patients with severe 
asthma controlled only on high doses of inhaled corticoster-
oids, there was a signifi cant deterioration in symptoms and 
lung function when placebo was substituted for the rela-
tively low maintenance dose of theophylline  [82] . Th ere is 
also evidence that addition of theophylline improves asthma 
control to a greater extent than  β  2 -agonists in patients with 
severe asthma treated with high-dose inhaled steroids  [106] . 
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Th is suggests that theophylline may have a useful place in 
the optimal management of moderate-to-severe asthma and 
appears to provide additional control above that provided by 
high-dose inhaled steroids        [107, 108] . 

   Th eophylline may be a useful treatment for noctur-
nal asthma, and a single dose of a slow-release theophylline 
preparation given at night may provide eff ective control of 
nocturnal asthma symptoms        [94, 109] . Th ere is evidence 
that slow-release theophylline preparations are more eff ec-
tive than slow-release oral  β -agonists and inhaled  β -agonists 
in controlling nocturnal asthma          [95, 110, 111] . Th eophylline 
has equal effi  cacy to salmeterol in controlling nocturnal 
asthma, but the quality of sleep is better with salmeterol 
compared to theophylline  [112] . Th e mechanism of action 
of theophylline in nocturnal asthma may involve more than 
long-lasting bronchodilatation and could involve inhibition 
of some components of the infl ammatory response, which 
may increase at night  [69] .  

    Add-on therapy 

   Several studies have demonstrated that adding low-dose 
theophylline to inhaled corticosteroids in patients who are 
not controlled gives better asthma control than doubling the 
dose of inhaled corticosteroids. Th is has been demonstrated 
in patients with moderate-to-severe and mild asthma 
         [113–115] . Interestingly, there is a greater degree of improve-
ment in forced vital capacity than in FEV 1 , possibly indicat-
ing an eff ect on peripheral airways. Since the improvement 
in lung function was relatively slow, this suggests that the 
eff ect of the added theophylline may be having an anti-
infl amm atory rather than a bronchodilator eff ect, particularly 
as the plasma concentration of theophylline in these studies 
was  � 10       mg/ml. Th ese studies suggest that low-dose theo-
phylline may be preferable to increase the dose of inhaled 
steroids when asthma is not controlled on moderate doses of 
inhaled steroids; such a therapeutic approach would be much 
less expensive than adding long-acting inhaled  β  2 -agonists. 
However, theophylline is a less eff ective option than adding 
a long-acting inhaled  β  2 -agonist  [102] .  

    Chronic obstructive pulmonary disease 

   Th eophylline may also benefi t patients with COPD and 
increases exercise tolerance        [116, 117] . Th eophylline reduces 
air trapping, suggesting an eff ect on peripheral airways, 
and this may explain why some patients with COPD may 
obtain considerable symptomatic improvement without any 
increase in spirometric values  [118] . Although the eff ect of 
theophylline on respiratory muscle weakness was believed 
to be important in contributing to symptomatic improve-
ment in patients with COPD  [86] , this seems unlikely as 
several investigators have failed to confi rm any eff ect on 
respiratory muscle function at therapeutic concentrations of 
theophylline  [87] . Th e demonstration that low doses of the-
ophylline reduce neutrophils in induced sputum of patients 
with COPD suggests that theophylline may have some 
anti-infl ammatory eff ect        [71, 119] . In COPD macrophages 
 in vitro  theophylline restores HDAC activity to normal and 

thus reverses corticosteroid resistance  [40] . It also reduces 
nitrative stress in macrophages from patients with COPD, 
whereas high doses of an inhaled corticosteroid are without 
eff ect  [45] . Th is suggests that corticosteroids may be use-
ful in reversing corticosteroids resistance in patients with 
COPD, but long-term clinical trials are now needed to con-
fi rm this        [120, 121] .  

    Interaction with β 2 -agonists 

   If theophylline exerts its eff ects by PDE inhibition, a syner-
gistic interaction with  β -agonists would be expected. Many 
studies have investigated this possibility, but while there is 
good evidence that theophylline and  β -agonists have addi-
tive eff ects, true synergy is not seen  [122] . Th is can now be 
understood in terms of the molecular mechanisms of action 
of  β -agonists and theophylline.  β -Agonists may cause 
relaxation of airway smooth muscle via several mechanisms. 
Classically, they increase intracellular cyclic AMP concen-
trations, which were believed to be an essential event in 
the relaxation response. It has recently become clear that 
 β -agonists may cause bronchodilatation, at least in part, by 
opening maxi-K channels in airway smooth muscle cells 
       [9, 48] . Maxi-K channels are opened by low concentrations 
of  β  2 -agonists which are likely to be therapeutically rele-
vant. Th ere is now evidence that  β -receptors may be coupled 
directly to maxi-K channels via the  α -subunit of G s   [123] , 
and therefore may induce relaxation without any increase in 
cyclic AMP, thus accounting for a lack of synergy. 

   Repeated administration of  β  2 -agonists may result 
in tolerance; however, this may be explained by down-
regulation of  β  2 -receptors, an additional mechanism may 
involve upregulation of PDE enzymes (especially PDE4D) 
which then break down cyclic AMP more readily  [124] . 
Th eophylline may therefore theoretically prevent the devel-
opment of tolerance. However, in a clinical study theo-
phylline failed to prevent the development of tolerance to 
the bronchoprotective eff ect of salmeterol in asthmatic 
patients  [125] .   

    SIDE EFFECTS 

   Th ere is no doubt that theophylline provides clinical ben-
efi t in obstructive airway disease, but the main limitation to 
its use is the frequency of adverse eff ects  [126] . Unwanted 
eff ects of theophylline are usually related to plasma concen-
tration and tend to occur when plasma levels exceed 20       mg/l; 
however, some patients develop side-eff ects even at low plasma 
concentrations. To some extent side eff ects may be reduced by 
gradually increasing the dose until therapeutic concentrations 
are achieved. 

   Th e commonest side eff ects are headache, nausea and 
vomiting, abdominal discomfort, and restlessness. Th ere may 
also be increased acid secretion, gastroesophageal refl ux, and 
diuresis. Th ere has recently been concern that theophylline, 
even at therapeutic concentrations, may lead to b ehavioral 
disturbance and learning diffi  culties in school children  [127] , 
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although it is diffi  cult to design adequate controls for such 
studies. At high concentrations convulsions and cardiac 
arrhythmias may occur and, as stated previously, there is 
concern that intravenous aminophylline administered in the 
emergency room may be a contributory factor to the deaths 
of some patients with severe asthma  [99] . 

   Some of the side-eff ects of theophylline (central stim-
ulation, gastric secretion, diuresis, and arrhythmias) may be 
due to adenosine receptor antagonism (A 1A  receptors), and 
these may therefore be avoided by PDE inhibitors, as dis-
cussed above. Th e commonest side eff ects of theophylline 
are nausea and headaches, which may be due to inhibition 
of certain PDEs (e.g. PDE4 in the vomiting center) and 
cardiac arrhythmias due to inhibition of PDE3  [128] .  

    FUTURE OF THEOPHYLLINE 

   Although theophylline has recently been used much less 
in developed countries, there are reasons for thinking that 
it may come back in fashion for the treatment of chronic 
asthma and COPD, with the recognition that it may have 
an anti-infl ammatory and immunomodulatory eff ect when 
given in low doses (plasma concentration 5–10       mg/l)  [3] . 
At these low doses the drug is easier to use, side eff ects are 
uncommon, and the problems of drug interaction are less of 
a problem, thus making the clinical use of theophylline less 
complicated. Th eophylline appears to have an eff ect that is 
diff erent from those of corticosteroids, and it may there-
fore be a useful drug to combine with low-dose inhaled 
steroids. Th e molecular mechanism of anti-i nfl ammatory 
eff ects of theophylline is now becoming clearer, and it 
seems likely that there is a synergistic interaction with the 
anti-i nfl ammatory mechanism of corticosteroids through 
restoration of HDAC activity. Th is interaction may under-
lie the benefi cial eff ects of theophylline when added to 
inhaled corticosteroids. Th is may be particularly appropriate 
in patients with more severe asthma in whom corticoster-
oids are less eff ective as there may be a reduction in HDAC 
activity in these patients  [37]  as well as in smoking asth-
matics patients and patients with COPD. As slow-release 
theophylline preparations are cheaper than long-acting 
inhaled  β  2 -agonists and leukotriene modifi ers, this may jus-
tify the choice of low-dose theophylline as the add-on ther-
apy for asthma control. In addition, compliance with oral 
therapy is likely to be greater than with inhaled therapies 
 [129] . Th is suggests that low-dose theophylline may fi nd an 
important place in modern asthma management in patients 
with moderate asthma as well as with severe asthma.   
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    Corticosteroids 

   Corticosteroids (also known as glucocortico-
steroids, glucocorticoids, steroids) are by far the 
most eff ective controllers used in the treatment 
of asthma and the only drugs that can eff ectively 
suppress the characteristic infl ammation in asth-
matic airways. By contrast, they are ineff ective in 
suppressing pulmonary infl ammation in COPD. 
After the discussion of the mechanism of action 
and pharmacology of corticosteroids their cur-
rent use in the treatment of asthma and COPD 
will be described. 

    MECHANISMS OF ACTION 

   Th ere have been major advances in understand-
ing the molecular mechanisms whereby corticos-
teroids suppress infl ammation, based on recent 
developments in understanding the fundamen-
tal mechanisms of gene transcription        [1, 2] . 
Corticosteroids activate and suppress many genes 
relevant to understanding their action in asthma 
and in other allergic diseases ( Table 51.1   ). 

    Cellular eff ects 

   At a cellular level, corticosteroids reduce the num-
bers of infl ammatory cells in the airways, includ-
ing eosinophils, T-lymphocytes, mast cells, and 
dendritic cells ( Fig. 51.1   ). Th ese eff ects of corti-
costeroids are produced through inhibiting the 
recruitment of infl ammatory cells into the airway 
by suppressing the production of chemotactic 
mediators and adhesion molecules and by inhib-
iting the survival in the airways of infl ammatory 
cells, such as eosinophils, T-lymphocytes, and mast 
cells. Epithelial cells may be the major c ellular 

target for inhaled corticosteroids, which are the 
mainstay of modern asthma management. Inhaled 
corticosteroids suppress many activated infl am-
matory genes in airway epithelial cells ( Fig. 51.2   ). 
Epithelial integrity is restored by regular inhaled 
corticosteroids. Th e suppression of mucosal 
infl ammation is relatively rapid with a signifi cant 
reduction in eosinophils detectable within 6       h and 
associated with reduced airway hyperresponsive-
ness        [3, 4] . Reversal of airway hyperresponsiveness 

  51 
   Peter   J. Barnes  

  National Heart and Lung Institute 
(NHLI), Clinical Studies Unit, 
Imperial College, London, UK    

 TABLE 51.1          Eff ect of corticosteroids on gene transcription.  

   Increased transcription 

          ●      Lipocortin-1  

      ●       β  2 -Adrenergic receptors  

      ●      Secretory leukocyte inhibitory protein  

      ●      I κ B- α  (inhibitor of NF- κ B)  

      ●      Anti-infl ammatory or inhibitory cytokines  

      ●      IL-10, IL-12, IL-1 receptor antagonist  

      ●       Mitogen-activated protein kinase phosphatase-1 

(MKP-1, inhibits MAP kinase pathways)    

   Decreased transcription 

          ●      Infl ammatory cytokines 

        IL-2, IL-3, IL-4, IL-5, IL-6, IL-11, IL-13, IL-15, TNF- α , GM-

CSF, SCF     

      ●      Chemokines 

       IL-8, RANTES, MIP-1 α , eotaxin     

      ●      Infl ammatory enzymes 

        Inducible nitric oxide synthase (iNOS), inducible 

cyclo-oxygenase (COX-2) inducible phospholipase 

A 2  (cPLA 2 )     

      ●      Infl ammatory peptides 

       Endothelin-1     

      ●      Mediator receptors 

       Neurokinin (NK 1 )-, bradykinin (B 2 )-receptors     

      ●      Adhesion molecules 

      ICAM-1,VCAM-1       
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may take several months to reach a plateau, probably refl ecting 
recovery of structural changes in the airway  [5] .  

    Glucocorticoid receptors 

   Corticosteroids diff use across the cell membrane and bind to 
glucocorticoid receptors (GR) in the cytoplasm  [2] . Th ere is 
only one form of GR that binds corticosteroids termed GR- α . 
GR- β  is an alternatively spliced form of GR that interacts with 
DNA but not with corticosteroids, so may act as a dominant 
negative inhibitor of glucocorticoid action by interfering with 
the binding of GR to DNA  [6] . Whether GR- β  is involved 
in steroid resistance in asthma is controversial  [7] . Activated 

GRs rapidly translocate to the nucleus where they produce 
their molecular eff ects. A pair of GRs (GR homodimer) bind 
to glucocorticoid response elements in the promoter region 
of steroid-responsive genes and this interaction switches 
on (and sometimes switches off ) gene transcription ( Fig. 
51.3   ). Examples of genes that are activated by corticosteroids 
include genes encoding  β  2 -adrenergic receptors and the anti-
infl ammatory proteins secretory leukoprotease inhibitor and 
mitogen-activated protein kinase phosphatase-1 (MKP-1), 
which inhibits MAP kinase pathways. Th ese eff ects may con-
tribute to the anti-infl ammatory actions of corticosteroids        [8, 
9] . GR interaction with negative GREs may suppress gene 
transcription and it is thought that this may be important 
in mediating many of the side eff ects of corticosteroids. For 
example, corticosteroids inhibit the expression of osteocalcin 
that is involved in bone synthesis  [10] .  

    Switching off  infl ammation 

   Th e major action of corticosteroids is to switch off  multi-
ple activated infl ammatory genes that encode for cytokines, 
chemokines, adhesion molecules, infl ammatory enzymes, 
and receptors  [11] . Th ese genes are switched on in the air-
ways by proinfl ammatory transcription factors, such as 
nuclear factor- κ B (NF- κ B) and activator protein-1, both 
of which are activated in asthmatic airways and switch on 
infl ammatory genes by interacting with coactivator mol-
ecules, such as CREB-binding protein, that have intrin-
sic histone acetyltransferase (HAT) activity, resulting in 
acetylation of core histones, which opens up the chroma-
tin structure so that gene transcription is facilitated  [12] . In 
artifi cial overexpression systems, activated GR may directly 
interact with NF- κ B and AP-1 to inhibit their activity, but 
this does not appear to occur in asthmatic patients treated 
with inhaled corticosteroids  [13] . Glucocorticoid-acti-
vated GR also interact with coactivator molecules and this 
inhibits the interaction of NF- κ B with coactivators, thus 
reducing histone acetylation        [1, 14] . Reduction of histone 
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acetylation also occurs through the recruitment of histone 
deacetylase-2 (HDAC2) to the activated infl ammatory 
gene complex by activated GR, thereby resulting in eff ec-
tive suppression of all activated infl ammatory genes within 
the nucleus ( Fig. 51.4   ). Th is accounts for why corticoster-
oids are so eff ective in the control of asthmatic infl amma-
tion, but also why they are safe, since other activated genes 
are not aff ected. 

   Th ere may be additional mechanisms that are also 
important in the anti-infl ammatory actions of corticosteroids. 
Corticosteroids have potent inhibitory eff ects on mitogen-
activated kinase signaling pathways through the induction 
of MKP-1 and this may inhibit the expression of multiple 
infl ammatory genes        [8, 9] . Some infl ammatory genes, for 
example granulocyte-macrophage colony s timulating f actor, 

have an unstable mRNA that is rapidly degraded by cer-
tain RNAses but stabilized when cells are stimulated by 
infl ammatory mediators. Corticosteroids reverse this eff ect, 
resulting in rapid degradation of mRNA and reduced 
infl ammatory p rotein secretion  [15] . Th is may be through 
the inhibition of proteins that stabilize mRNAs of infl am-
matory proteins, such as tristetraprolin  [16] .  

    Corticosteroid resistance 

   Patients with severe asthma have a poor response to corticos-
teroids, which necessitates the need for high doses and a few 
patients are completely resistant. All patients with COPD 
show corticosteroid resistance. Asthmatics who smoke are also 
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relatively corticosteroid-resistant and require increased doses 
of corticosteroids for asthma control  [17] . Several molecular 
mechanisms have now been identifi ed to account for corticos-
teroid resistance in severe asthma and COPD  [18] . In patients 
with COPD, smoking asthmatics, and severe asthma there is a 
reduction in HDAC2 activity and expression, which prevents 
corticosteroids switching off  activated infl ammatory genes ( Fig. 
51.5   )          [19–21] . In steroid-resistant asthma other mechanisms 
may also contribute to corticosteroid insensitivity, including 
reduced translocation of GR as a result of phosphorylation by 
p38 MAP kinase  [22]  and abnormal histone acetylation pat-
terns  [23] . A proposed mechanism is an increase in GR- β , 
which prevents GR binding to DNA, but there is little evi-
dence that this would be suffi  cient to account for corticosteroid 
insensitivity as the amounts of GR- β  are too low  [7] .   

    INTERACTION WITH  β  2 -ADRENERGIC
RECEPTORS 

   Inhaled  β  2 -agonists and corticosteroids are frequently used 
together in the control of asthma and it is now recognized 
that there are important molecular interactions between these 
two classes of drugs ( Fig. 51.6   )  [24] . As discussed above, cor-
ticosteroids increase the gene transcription of  β  2 -receptors, 
resulting in increased expression of cell surface receptors. Th is 
has been demonstrated in human lung  in vitro   [25]  and nasal 
mucosa  in vivo  after topical application of a glucocorticoid 
 [26] . In this way corticosteroids protect against the down-
regulation of  β  2 -receptors after long-term administration  [27] . 
Th is may be important for the non-bronchodilator eff ects of 
 β  2 -agonists, such as mast cell stabilization. Corticosteroids may 
also enhance the coupling of  β  2 -receptors to G-proteins, thus 
enhancing  β  2 -agonist eff ects and reversing the uncoupling 
of  β  2 -receptors that may occur in response to infl ammatory 

mediators, such as IL-1 β  through a stimulatory eff ect on a 
G-protein-coupled receptor kinase    [28] . 

   Th ere is also evidence that  β  2 -agonists may aff ect GR 
and thus enhance the anti-infl ammatory eff ects of corticos-
teroids.  β  2 -Agonists increase the translocation of GR from 
cytoplasm to the nucleus after activation by corticosteroids 
 [29] . Th is eff ect has now been demonstrated in sputum 
macrophages of asthmatic patients after an inhaled gluco-
corticoid and inhaled long-acting  β  2 -agonist (LABA)  [30] . 
Th is suggests that  β  2 -agonists and glucocorticoid enhance 
each others benefi cial eff ects in asthma therapy.  

    PHARMACOKINETICS 

   Prednisolone is readily and consistently absorbed after oral 
administration with little interindividual variation. Prednisone 
is converted in the liver to the active prednisolosne. Enteric 
coatings to reduce the incidence of dyspepsia delay absorp-
tion but not the total amount of drug absorbed. Prednisolone 
is metabolized in the liver and drugs such as rifampicin, phe-
nobarbitone, or phenytoin, which induce CYP450 enzymes, 
lower the plasma half-life of prednisolone  [31] . Th e plasma 
half-life is 2–3       h, although its biological half-life is approxi-
mately 24       h, so that it is suitable for daily dosing. Th ere is no 
evidence that previous exposure to steroids changes their sub-
sequent metabolism. Prednisolone is approximately 92% pro-
tein bound, the majority to a specifi c protein transcortin and 
the remainder to albumin; it is the unbound fraction which 
is biologically active. Corticosteroid-resistant asthma is not 
explained by impaired absorption or metabolism of steroids, 
but is due to reduced anti-infl ammatory actions of corticos-
teroids, as discussed above. Measurement of plasma concen-
trations of prednisolone are useful in monitoring compliance 
with inhaled corticosteroids and in assessing whether a poor 
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therapeutic response to corticosteroids is due to poor absorp-
tion or increased metabolism. 

    Inhaled delivery 

   Th e pharmacokinetics of inhaled corticosteroids is important 
in relation to systemic eff ects        [32, 34] . Th e fraction of ster-
oid which is inhaled into the lungs acts locally on the airway 
mucosa, but may be absorbed from the airway and alveolar 
surface. Th is fraction therefore reaches the systemic circulation 
( Fig 51.7   ). Th e fraction of inhaled steroid which is deposited 
in the oropharynx is swallowed and absorbed from the gut. 
Th e absorbed fraction may be metabolized in the liver before 
reaching the systemic circulation (fi rst-pass metabolism). 
Budesonide and fl uticasone propionate (FP) have a greater 
fi rst-pass metabolism than beclomethasone dipropionate 
(BDP) and are therefore less likely to produce systemic eff ects 
at high inhaled doses. Th e use of a large volume spacer cham-
ber reduces oropharyngeal deposition and therefore reduces 
systemic absorption of corticosteroids, although this eff ect is 
minimal in corticosteroids with a high fi rst-pass metabolism 
 [35] . Mouth rinsing and discarding the rinse has a similar 
eff ect and this procedure should be used with high dose dry 
powder steroid inhalers, since spacer chambers cannot be used 
with these devices. Th e ideal inhaled corticosteroid with opti-
mal therapeutic index should have high lung bioavailability, 
negligible oral bioavailability, low systemic absorption, high 
systemic clearance, and high protein binding  [36] . 

   A recently introduced corticosteroid ciclesonide is an 
inactive prodrug that is activated by esterases in the lung to 
the active metabolite des-ciclesonide  [37] . Th is may reduce 
oropharyngeal side eff ects as esterases appear to be less 
active in this site than in the lower airways. Ciclesonide is 
also claimed to be eff ective as a once daily therapy.   

    SYSTEMIC STEROIDS 

   Hydrocortisone is given intravenously in acute severe asthma. 
While the value of corticosteroids in acute severe asthma 

has been questioned, others have found that they speed the 
resolution of attacks. Th ere is no apparent advantage in giv-
ing very high doses of intravenous steroids (such as methyl-
prednisolone 1       g) as this only increases the risk of side eff ects, 
such as hyperglycemia and increased susceptibility to infec-
tions. Intravenous steroids are indicated in acute asthma if lung 
function is      �      30% predicted and in whom there is no signifi -
cant improvement with a nebulized  β  2 -agonist. Intravenous 
therapy is usually given until a satisfactory response is obtained 
and then oral prednisolone may be substituted. Oral pred-
nisolone (40–60       mg) has a similar eff ect to intravenous hydro-
cortisone and is easier to administer        [38, 39] . High doses of 
inhaled corticosteroids may also substitute for a course of oral 
steroids in controlling acute exacerbations of asthma. High 
dose FP (2000        μ g daily) was as eff ective as a course of oral 
prednisolone in controlling acute exacerbations of asthma in a 
family practice setting and in children in an emergency room 
setting, although this route of delivery is more expensive        [40, 
41] . Although doubling the dose of inhaled corticosteroids 
was recommended for mild exacerbations of asthma, this does 
not appear to be useful        [42, 43] , but a fourfold increase in dose 
appears to be eff ective  [44] . Inhaled steroids have no proven 
eff ect in the management of severe acute asthma in a hospi-
tal setting  [45] , but trials with nebulized steroids, which can 
deliver large doses, are underway. 
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   Maintenance treatment with oral steroids are reserved 
for patients who cannot be controlled on maximum doses 
of other therapy, the dose being titrated to the lowest 
which provides acceptable control of symptoms. For any 
patient taking regular oral steroids objective evidence of 
steroid responsiveness should be obtained before mainte-
nance therapy is instituted. Short courses of oral steroids 
(30–40       mg prednisolone daily for 1–2 weeks) are indicated 
for exacerbations of asthma, and the dose may be tailed off  
over 1 week once the exacerbation is resolved (although the 
tail-off  period is not strictly necessary, patients often fi nd it 
reassuring).  

    INHALED CORTICOSTEROIDS 

   Th ere is no doubt that the early use of inhaled corticoster-
oids has revolutionized the management of asthma, with 
marked reductions in asthma morbidity and improvement 
in health status. Inhaled steroids are now recommended 
as fi rst-line therapy for all patients with persistent asthma 
 [46] . Several topically acting corticosteroids are now avail-
able for inhalation ( Fig. 51.8   ). Inhaled corticosteroids are 
very eff ective in controlling asthma symptoms in asth-
matic patients of all ages and severity. Inhaled corticos-
teroids 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. Th ey were fi rst 
introduced to reduce the requirement for oral corticoster-
oids in patients with severe asthma and many studies have 
confi rmed that the majority of patients can be weaned off  
oral corticosteroids  [32] .  

    USE IN ASTHMA 

    Studies in adults 

   As experience has been gained with inhaled corticosteroids 
they have been introduced in patients with milder asthma, 
with the recognition that infl ammation is present even in 
patients with mild asthma. Inhaled anti-infl ammatory drugs 
have now become fi rst-line therapy in any patient who 
needs to use a  β  2 -agonist inhaler more than two to three 
times a week and this is refl ected in national and interna-
tional guidelines for the management of chronic asthma. In 
patients with newly diagnosed asthma an inhaled corticos-
teroid (budesonide 600        μ g twice daily) reduced symptoms 
and  β  2 -agonist inhaler usage and improved lung func-
tion. Th ese eff ects persisted over the 2 years of the study, 
whereas in a parallel group treated with inhaled  β  2 -agonists 
alone there was no signifi cant change in symptoms or lung 
function  [47] . In another study, patients with mild asthma 
treated with a low dose of inhaled corticosteroid (budeso-
nide 400        μ g daily) showed less symptoms and a progres-
sive improvement in lung function over several months and 
many patients became completely asymptomatic  [48] . Th ere 
was also a signifi cant reduction in the number of exacer-
bations; in patients with mild asthma a low dose of corti-
costeroids (budesonide 400        μ g daily) signifi cantly reduces 
exacerbation by around 40% over a 3-year period  [49] . 
Although the eff ects of inhaled corticosteroids on AHR 
may take several months to reach a plateau, the reduction in 
asthma symptoms occurs much more rapidly and reduced 
infl ammation is seen within hours        [3, 4] . 

   High dose inhaled corticosteroids may be used for 
the control of more severe asthma. Th is markedly reduces the 
need for maintenance oral corticosteroids  [50] . With the use 
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of add-on therapies, particularly LABA, most patients can 
now be controlled on much lower doses of inhaled corticos-
teroids so that high doses are needed in only a few patients 
with severe disease. Inhaled corticosteroids are the treatment 
of choice in nocturnal asthma, which is a manifestation of 
infl amed airways, reducing nocturnal awakening and reducing 
the diurnal variation in airway function. 

   Inhaled corticosteroids eff ectively control asthmatic 
infl ammation but must be taken regularly. When inhaled cor-
ticosteroids are discontinued there is usually a gradual increase 
in symptoms and airway responsiveness back to pretreatment 
values  [51] . Reduction in the dose of inhaled corticosteroids is 
associated with an increase in symptoms and this is preceded 
by an increase in exhaled NO and sputum eosinophils        [52, 53] .  

    Studies in children 

   Inhaled corticosteroids are equally eff ective in children. In an 
extensive study of children aged 7–17 years there was a sig-
nifi cant improvement in symptoms, peak fl ow variability, and 
lung function compared to a regular inhaled  β  2 -agonist which 
was maintained over the 22 months of the study  [54] , but 
asthma deteriorated when the inhaled corticosteroids were 
withdrawn  [55] . Th ere was a high proportion of dropouts 
(45%) in the group treated with inhaled  β  2 -agonist alone. 
Inhaled corticosteroids are also eff ective in younger children. 
Nebulized budesonide reduces the need for oral corticoster-
oids and also improved lung function in children under the 
age of three  [56] . 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 effi  -
cacy of inhaled corticosteroids is relatively fl at and, while all 
studies have demonstrated a clinical benefi t of inhaled cor-
ticosteroids, it has been diffi  cult to demonstrate diff erences 
between doses, with most benefi t obtained at the lowest doses 
used        [57, 58] . Th is is in contrast to the steeper dose response 
for systemic eff ects, implying that while there is little clini-
cal benefi t from increasing doses of inhaled corticosteroids 
the risk of adverse eff ects is increased. However, the dose-
response eff ect of inhaled corticosteroids may depend on the 
parameters measured and, while it is diffi  cult to discern a 
dose response when traditional lung function parameters are 
measured, there may be a dose-response eff ect in prevention 
of asthma exacerbations. Th us, there is a signifi cantly greater 
eff ect of budesonide 800        μ g daily compared to 200        μ g daily 
in preventing severe and mild asthma exacerbations  [59] . 
Normally, a fourfold or greater diff erence in dose has been 
required to detect a statistically signifi cant (but often small) 
diff erence in eff ect on commonly measured outcomes such 
as symptoms, PEF, use of rescue  β  2 -agonist and lung func-
tion and even such large diff erences in dose are not always 
associated with signifi cant diff erences in response. Th ese 
fi ndings suggest that pulmonary function tests or symptoms 
may have a rather low sensitivity in the assessment of the 

eff ects of inhaled corticosteroids. Th is is obviously important 
for the interpretation of clinical comparisons between diff er-
ent inhaled corticosteroids or inhalers. It is also important 
to consider the type of patient included in clinical studies. 
Patients with relatively mild asthma may have relatively little 
room for improvement with inhaled corticosteroids, so that 
maximal improvement is obtained with relatively low doses. 
Patients with more severe asthma or with unstable asthma 
may have more room for improvement and may therefore 
show a greater response to increasing doses, but it is often 
diffi  cult to include such patients in controlled clinical trials. 

   More studies are needed to assess whether other out-
come measures such as AHR or more direct measurements 
of infl ammation, such as sputum eosinophils or exhaled NO, 
may be more sensitive than traditional outcome measures 
such as symptoms or lung function tests            [60–63] . Higher 
doses of inhaled corticosteroids are needed to control AHR 
than to improve symptoms and lung function, and this may 
have a better long-term outcome in terms of reduction in 
structural changes of the airways  [64] . Measurement of 
sputum eosinophils to adjust the dose of inhaled corticos-
teroids may reduce the overall dose requirement for inhaled 
corticosteroids and exacerbations        [65, 66] . Monitoring of 
exhaled nitric oxide also reduces the requirement for corti-
costeroids but is not yet practical in clinical practice  [67] .  

    Prevention of irreversible airway changes 

   Some patients with asthma develop an element of irrevers-
ible airfl ow obstruction, but the pathophysiological basis of 
these changes is not yet understood. It is likely that they are 
the result of chronic airway infl ammation and that they may 
be prevented by treatment with inhaled corticosteroids. Th ere 
is some evidence that the annual decline in lung function may 
be slowed by the introduction of inhaled corticosteroids  [68]  
and this is supported by a 5-year study of low dose budeso-
nide in patients with mild asthma        [69, 70] . Increasing evidence 
also suggests that delay in starting inhaled corticosteroids may 
result in less overall improvement in lung function in both 
adults and children        [71, 73] . Th ese studies suggest that intro-
duction of inhaled corticosteroids at the time of diagnosis is 
likely to have the greatest impact        [72, 73] . So far there is no 
evidence that early use of inhaled corticosteroids is curative and 
even when inhaled corticosteroids are introduced at the time of 
diagnosis, symptoms and lung function reverts to pretreatment 
levels when corticosteroids are withdrawn  [71] .  

    Reduction in mortality 

   In a retrospective review of the risk of mortality and pre-
scribed antiasthma medication, there was a signifi cant pro-
tection provided by regular inhaled corticosteroid therapy 
 [74] . By contrast, asthma mortality appears to increase with 
increasing usage of short-acting  β  2 -agonists, refl ecting the 
fact that increased rescue therapy is a marker of poor asthma 
control  [75] . Th e increase in use of rescue therapy should 
result in an increase in the maintenance dose of inhaled cor-
ticosteroids. Th e long-acting inhaled  β  2 -agonist salmeterol is 
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associated with a small increase in asthma mortality, but the 
excess deaths appear to be related to underuse of inhaled cor-
ticosteroids  [76] .  

    Comparison between inhaled 
corticosteroids 

   Several inhaled corticosteroids are currently prescribable in 
asthma, although their availability varies between countries. 
Th ere have been relatively few studies comparing effi  cacy 
of the diff erent inhaled corticosteroids, and it is important 
to take into account the delivery system and the type of 
patient under investigation when such comparisons are made. 
Because of the relatively fl at dose-response curve for the clin-
ical parameters normally used in comparing doses of inhaled 
corticosteroids, it may be diffi  cult to see diff erences in effi  cacy 
of inhaled corticosteroids. Most comparisons have concen-
trated on diff erences in systemic eff ects at equally effi  cacious 
doses, although it has often proved diffi  cult to establish dose 
equivalence. Th ere are few studies comparing diff erent doses 
of inhaled corticosteroids in asthmatic patients. Budesonide 
has been compared with BDP and in adults and children it 
appears to have comparable antiasthma eff ects at equal doses, 
whereas FP appears to be approximately twice as potent as 
BDP and budesonide  [58] . Studies have consistently shown 
that FP and budesonide have less systemic eff ects than BDP, 
triamcinolone, and fl unisolide  [33] . Th e new inhaled corti-
costeroids mometasone and ciclesonide are claimed to have 
less systemic eff ects        [77, 78] .  

    Clinical application 

   Inhaled corticosteroids are now recommended as fi rst-line 
therapy for all patients with persistent symptoms. Inhaled 
corticosteroids should be started in any patient who needs to 
use a  β  2 -agonist inhaler for symptom control more than 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 pref-
erable approach is to start with a dose of corticosteroids in 
the middle of the dose range (400        μ g twice daily) to establish 
asthma control. Once control is achieved (defi ned as normal 
or best possible lung function and infrequent need to use an 
inhaled  β  2 -agonist) the dose of inhaled corticosteroid should 
be reduced in a stepwise manner to the lowest dose needed 
for optimal control. It may take as long as 3 months to reach a 
plateau in response and any changes in dose should be made at 
intervals of 3 months or more. When daily doses of  � 800        μ g 
daily are needed, a large volume spacer device should be used 
with a metered dose inhaler (MDI) and mouth washing with 
a dry powder inhaler in order to reduce local and systemic side 
eff ects. Inhaled corticosteroids are usually given as a twice daily 
dose in order to increase compliance. When asthma is unstable 
four times daily dosage is preferable  [79] . 

   Th e dose of inhaled corticosteroid should be increased 
to 2000        μ g daily if necessary, but higher doses may result in 
systemic eff ects. It may be preferable to add a low dose of 
oral corticosteroid, since higher doses of inhaled corticos-
teroids are expensive and have a high incidence of local side 

eff ects. Nebulized budesonide has been advocated in order 
to give an increased dose of inhaled corticosteroid and to 
reduce the requirement for oral corticosteroids  [80] , but this 
treatment is expensive and may achieve its eff ects largely 
via systemic absorption. Th e dose of inhaled corticosteroid 
should be the minimal dose that controls asthma and once 
control is achieved the dose should be slowly reduced  [81] .   

    USE IN COPD 

   Patients with COPD have a poor response to corticosteroids 
in comparison to asthma with little improvement in lung func-
tion. High doses of inhaled corticosteroids have consistently 
been shown a reduction (20–25%) in exacerbations in patients 
with severe disease and this is the main clinical indication for 
their use  [82] . However, several large studies have shown that 
corticosteroids fail to reduce the progression in COPD (meas-
ured by annual fall in FEV 1 )  [83]  and they have not been 
found to reduce mortality in a large study  [84] . Th ese results 
are likely to refl ect the resistance of pulmonary infl ammation 
to corticosteroids in COPD patients as a result of the reduc-
tion in HDAC2  [21] .  

    ADD-ON THERAPY 

   Previously it was recommended to increase the dose of 
inhaled corticosteroids if asthma was not controlled, on the 
assumption that there was residual infl ammation of the air-
ways. However the dose-response eff ect of inhaled corticos-
teroids is relatively fl at, so that there is little improvement 
in lung function after increasing the dose of inhaled corti-
costeroids. An alternative strategy is to add some other class 
of controller drug and this is more eff ective than increasing 
the dose of inhaled corticosteroids for most patients  [85] . 

    LABA 

   In patients who are not controlled on BDP 200        μ g twice 
daily, addition of salmeterol 50        μ g twice daily was more 
eff ective than increasing the dose of inhaled corticosteroid 
to 500        μ g twice daily, in terms of lung function improve-
ment, use of rescue  β  2 -agonist and symptom control  [86] . 
Th is has been confi rmed in several other studies  [87] . 
Similar results have been found with another long-acting 
inhaled  β  2 -agonist formoterol, which in addition reduced 
the frequency of mild and severe asthma exacerbations in 
patients with mild, moderate, and severe persistent asthma 
       [59, 88] . Analysis of several studies clearly show that add-
ing a LABA is more eff ective than increasing the dose of 
inhaled corticosteroids in terms of improving asthma con-
trol and reducing exacerbations  [89] . Th ese studies showing 
the great effi  cacy of combined corticosteroids and LABA 
compared to increased doses of LABA have led to the 
development of fi xed combinations of corticosteroids and 
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LABA, such as FP/salmeterol and budesonide/formoterol, 
which may be more convenient for patients. Th ese fi xed 
combination inhalers also ensure that patients do not dis-
continue their inhaled corticosteroids when a long-acting 
bronchodilator is used. For patients with mild persistent 
asthma, combination inhalers are no more eff ective than the 
inhaled corticosteroids alone in controlled trials  [90] , but 
may have an advantage in the real world where adherence 
to regular inhaled corticosteroids is very low. 

   Recently, studies have demonstrated that when for-
moterol combined with budesonide is used as a reliever 
therapy this gives better control of asthma compared to the 
normally used short-acting  β  2 -agonist as a rescue therapy 
with either the same dose of combination inhaler or a high 
dose of inhaled corticosteroids as maintenance treatment        [91, 
92] . Th is advantage is particularly striking in terms of reduc-
ing the number of severe exacerbations. When formoterol 
was used as the reliever therapy this reduce exacerbations to 
a greater extent than the short-acting  β  2 -agonist terbutaline 
but the combination was even more eff ective  [93] . Th is sug-
gests that the  “ as required ”  use of inhaled corticosteroids con-
tributes to the marked reduction in acute exacerbations. Th e 
mechanisms by which corticosteroids as required improve 
asthma control and reduce exacerbations are not completely 
understood, but exacerbations of asthma evolve over several 
days when patients take increasing amounts of rescue medi-
cation  [94] . During this time there is increasing infl amma-
tion of the airways, as may be measured by exhaled nitric 
oxide and sputum eosinophils    [52] . Taking the inhaled corti-
costeroid at the same time as the formoterol to relieve symp-
toms may suppress this evolving infl ammation, particularly 
since corticosteroids appear to have a relatively rapid onset of 
eff ect in suppressing airway infl ammation  [95] . 

   LABA/corticosteroid inhalers are also more eff ective 
in COPD patients than either treatment alone and reduce 
exacerbations and improve symptoms        [96, 97] . Th ey are more 
eff ective than LABA alone in reducing exacerbations  [98] . 
Th is may be explained by molecular interactions between 
LABA and corticosteroids as discussed above. However, there 
is a reduction in COPD mortality although this fails to reach 
signifi cance in one large study (TORCH)  [84] , although this 
has been seen in another smaller study (INSPIRE)  [99] .  

    Theophylline 

   Addition of low doses of theophylline (giving plasma con-
centrations of  � 10 mg/l) are more eff ective than doubling 
the dose of inhaled budesonide, either in mild or in severe 
asthma          [100–102] . However, this is less eff ective than using 
a long-acting inhaled  β  2 -agonist as an add-on therapy 
 [103] . Th eophylline has not been examined as an add-on 
therapy in COPD patients but there are theoretical reasons to 
believe that low dose theophylline may reverse corticoster-
oid resistance in COPD (see Chapter 52).  

    Antileukotrienes 

   Antileukotrienes have also been used as an add-on therapy 
in asthma        [104, 105] , although this is less eff ective than 

addition of LABA          [106–108] . Th ere is no role of antileuko-
trienes in COPD patients.   

    SIDE EFFECTS 

   Th e effi  cacy of inhaled corticosteroids is now established 
in short- and long-term studies in adults and in children, 
but there are still concerns about side eff ects, particularly in 
children and when high inhaled doses are used. Several side 
eff ects have been recognized ( Table 51.2   ). 

    Local side eff ects 

   Side eff ects due to the local deposition of the inhaled corticos-
teroid in the oropharynx may occur with inhaled corticoster-
oids, but the frequency of complaints depends on the dose and 
frequency of administration and on the delivery system used. 

   Th e 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 myopathy of laryngeal muscles and is reversible when 
treatment is withdrawn  [109] . For most patients it is not 
troublesome but may be disabling in singers and lecturers. 

   Oropharyngeal candidiasis (thrush) may be a problem 
in some patients, particularly in the elderly, with concomi-
tant oral corticosteroids and more than twice daily admin-
istration  [110] . Large volume spacer devices protect against 
this local side eff ect by reducing the dose of inhaled corti-
costeroid that deposits in the oropharynx.  

    Infections 

   Th ere is no evidence that inhaled corticosteroids, even in 
high doses, increase the frequency of infections, includ-
ing tuberculosis, in the lower respiratory tract in asthmatic 

 TABLE 51.2          Side eff ects of inhaled corticosteroids.  

   Local side eff ects 

          Dysphonia 

          Oropharyngeal candidiasis 

          Cough 

          Pneumonia (COPD patients) 

   Systemic side eff ects 

          Adrenal suppression 

          Growth suppression 

          Bruising 

          Osteoporosis 

          Cataracts 

          Glaucoma 

          Metabolic abnormalities (glucose, insulin, triglycerides) 

          Psychiatric disturbances 
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patients. Recently several large controlled studies have 
shown that high dose ICS increase physician-diagnosed 
pneumonias, either used alone or in combination with 
a LABA        [83, 98]  and this has been confi rmed in an epi-
demiological study of hospital admissions for pneumonia 
amongst COPD patients  [111] .  

    Systemic side eff ects 

   Th e effi  cacy of inhaled corticosteroids in the control of 
asthma is undisputed, but there are concerns about sys-
temic eff ects of inhaled corticosteroids, particularly as they 
are likely to be used over long periods and in children of 
all ages        [33, 112] . Th e safety of inhaled corticosteroids 
has been extensively investigated since their introduction 
30 years ago  [32] . One of the major problems is to decide 
whether a measurable systemic eff ect has any signifi cant 
clinical consequence and this necessitates careful long-term 
follow-up studies. As biochemical markers of systemic cor-
ticosteroid eff ects become more sensitive, then systemic 
eff ects may be seen more often, but this does not mean that 
these eff ects are clinically relevant. Th ere are several case 
reports of adverse systemic eff ects of inhaled corticosteroids, 
and these may be idiosyncratic reactions, which may be due 
to abnormal pharmacokinetic handing of the inhaled cor-
ticosteroid. Th e systemic eff ect 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 the individual diff er-
ences in the patient’s response to the corticosteroid. Recent 
studies suggest that systemic eff ects of inhaled corticoster-
oid are less in patients with more severe asthma, presumably 
as less drug reaches the lung periphery        [113, 114] . 

   Th e systemic eff ect of an inhaled corticosteroid is 
dependent on the amount of drug absorbed into the sys-
temic circulation. Approximately 80–90% of the inhaled 
dose from an MDI deposits in the oropharynx and is swal-
lowed and subsequently absorbed from the gastrointes-
tinal tract. Use of a large volume spacer device markedly 
reduces the oropharyngeal deposition, and therefore the 
systemic eff ects of inhaled corticosteroids, although this is 
less important when oral bioavailability is minimal, as with 
FP  . For dry powder inhalers similar reductions in systemic 
eff ects may be achieved with mouth washing and discarding 
the fl uid. All patients using a daily dose of  � 800        μ g of an 
inhaled corticosteroid should therefore use either a spacer or 
a mouthwash to reduce systemic absorption. Approximately 
10% of an MDI enters the lung and this fraction (which 
presumably exerts the therapeutic eff ect) may be absorbed 
into the systemic circulation. As the fraction of inhaled cor-
ticosteroid deposited in the oropharynx is reduced, the pro-
portion of the inhaled dose entering the lungs is increased. 
More effi  cient delivery to the lungs is therefore accompa-
nied by increased systemic absorption, but this is off set by a 
reduction in the dose needed for optimal control of airway 
infl ammation. For example, a multiple dry powder deliv-
ery system, the Turbuhaler, delivers approximately twice as 
much corticosteroid to the lungs as other devices, and there-
fore has increased systemic eff ects. However this is compen-
sated for by the fact that only half the dose is required. 

    Adrenal suppression 

   Corticosteroids may cause hypothalamic–pituitary–adrenal 
(HPA) axis suppression by reducing corticotrophin (ACTH) 
production, which reduces cortisol secretion by the adrenal 
gland. Th e degree of HPA suppression is dependent on dose, 
duration, frequency, and timing of corticosteroid administra-
tion. Measurement of HPA axis function provides evidence 
for systemic eff ects of an inhaled corticosteroid. Basal adrenal 
cortisol secretion may be measured by a morning plasma cor-
tisol, 24       h urinary cortisol, or by plasma cortisol profi le over 
24       h. Other tests measure the HPA response following stimu-
lation with tetracosactrin (which measures adrenal reserve) or 
stimulation with metyrapone and insulin (which measure the 
response to stress). Th ere are many studies of HPA axis func-
tion in asthmatic patients with inhaled corticosteroids, but 
the results are inconsistent as they have often been uncon-
trolled and patients have also been taking courses of oral 
corticosteroids (which may aff ect the HPA axis for weeks) 
 [32] . BDP, budesonide, and FP at high doses by conventional 
MDI ( � 1600        μ g daily) give a dose-related decrease in morn-
ing serum cortisol 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        μ g daily of BDP 
or budesonide have little eff ect on 24       h urinary cortisol excre-
tion. Stimulation tests of HPA axis function similarly show 
no consistent eff ects of doses of 1500        μ g or less of inhaled 
corticosteroid. At high doses ( � 1500        μ g daily) budesonide, 
and FP have less eff ect than BDP on HPA axis function. In 
children no suppression of urinary cortisol is seen with doses 
of BDP of 800        μ g or less. In studies where plasma cortisol 
has been measured at frequent intervals there was a signifi -
cant reduction in cortisol peaks with doses of inhaled BDP as 
low as 400        μ g daily, although this does not appear to be dose 
related in the range 400–1000        μ g . Th e clinical signifi cance of 
these eff ects is not certain, however.  

    Bone metabolism 

   Corticosteroids lead to a reduction in bone mass by direct 
eff ects on bone formation and resorption and indirectly by 
suppression of the pituitary–gonadal and HPA axes, eff ects 
on intestinal calcium absorption, renal tubular calcium rea-
bsorption, and secondary hyperparathyroidism  [115] . Th e 
eff ects 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 
eff ect of inhaled corticosteroids on bone mass. Although 
there is evidence that bone density is less in patients tak-
ing high dose inhaled corticosteroids, interpretation is 
confounded 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 eff ects of inhaled corti-
costeroids on bone metabolism. Bone formation has been 
measured by plasma concentrations of bone-specifi c alka-
line phosphatase, serum osteocalcin, or procollagen peptides. 
Bone resorption may be assessed by urinary hydroxyproline 
after a 12-h fast, urinary calcium excretion, and pyridinium 
cross-link excretion. Inhaled corticosteroids, even at doses 
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up to 2000        μ g daily, have no signifi cant eff ect on calcium 
excretion, but acute and reversible dose-related suppres-
sion of serum osteocalcin has been reported with BDP and 
budesonide when given by conventional MDI in several 
studies. Budesonide consistently has less eff ect than BDP at 
equivalent doses and only BDP increases urinary hydroxy-
proline at high doses. With a large volume spacer even doses 
of 2000        μ g daily of either BDP or budesonide are with-
out eff ect on plasma osteocalcin concentrations, however. 
Urinary pyridinium and deoxypyridinoline cross-links, which 
are a more accurate and stable measurement of bone and col-
lagen degradation, are not increased with inhaled corticoster-
oids (BDP  �  1000        μ g daily), even with intermittent courses 
of oral corticosteroids. It is important to monitor changes 
in markers of bone formation as well as bone degradation, 
as the net eff ect on bone turnover is important. Th ere is no 
evidence that inhaled corticosteroids increase the frequency 
of fractures. Long-term treatment with high dose inhaled 
corticosteroids has not been associated with any consistent 
change in bone density. Indeed, in elderly patients there may 
be an increase in bone density due to increased mobility.  

    Connective tissue eff ects 

   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 eff ect on dermal fi broblasts. Th ere are reports 
of increased skin bruising and purpura in patients using 
high doses of inhaled BDP, but the amount of intermittent 
oral corticosteroids in these patients is not known. Easy 
bruising in association with inhaled corticosteroids is more 
frequent in elderly patients  [116]  and there are no reports 
of this problem in children. Long-term prospective studies 
with objective measurements of skin thickness are needed 
with diff erent inhaled corticosteroids.  

    Cataracts 

   Long-term treatment with oral corticosteroids increases the 
risk of posterior subcapsular cataracts and there are several 
case reports describing cataracts in individual patients taking 
inhaled corticosteroids  [32] . In a recent cross-sectional study in 
patients aged 5–25 years taking either inhaled BDP or budeso-
nide no cataracts were found on slit-lamp examination, even in 
patients taking 2000        μ g daily for over 10 years  [117] . A slight 
increase in the risk of glaucoma in patients taking very high 
doses of inhaled corticosteroids has also been identifi ed  [118] .  

    Growth 

   Th ere has been particular concern that inhaled corticoster-
oids may cause stunting of growth and several studies have 
addressed this issue. Asthma itself (as with other chronic 
diseases) may have an eff ect on the growth pattern and has 
been associated with delayed onset of puberty and decelera-
tion of growth velocity that is more pronounced with more 
severe disease  [119] . However, asthmatic children appear to 
grow for longer, so that their fi nal height is normal. Th e eff ect 
of asthma on growth make it diffi  cult to assess the eff ects of 
inhaled corticosteroids on growth in cross-sectional studies, 
particularly as courses of oral corticosteroids is a confounding 

factor. Longitudinal studies have demonstrated that there is no 
signifi cant eff ect of inhaled corticosteroids on statural growth 
in doses of up to 800        μ g daily and for up to 5 years of treat-
ment  [32] . A meta-analysis of 21 studies, including over 800 
children, showed no eff ect of inhaled BDP on statural height, 
even with higher doses and long duration of therapy  [120]  
and in a large study of asthmatics treated with inhaled corti-
costeroids during childhood there was no diff erence in statural 
height compared to normal children  [121] . Another long-term 
follow-up study showed no eff ect of corticosteroids on fi nal 
height in children treated over several years  [122] . Short-term 
growth measurements (knemometry) have demonstrated 
that even a low dose of an oral corticosteroid (prednisolone 
2.5       mg) is suffi  cient to give complete suppression of lower leg 
growth. However inhaled budesonide up to 400        μ g is without 
eff ect, although some suppression is seen with 800        μ g and with 
400        μ g BDP. Th e relationship between knemometry measure-
ments and fi nal height are uncertain since low doses of oral 
corticosteroid that have no eff ect on fi nal height cause pro-
found suppression.  

    Metabolic eff ects 

   Several metabolic eff ects have been reported after inhaled 
corticosteroids, but there is no evidence that these are clini-
cally relevant at therapeutic doses. In adults, fasting glucose 
and insulin are unchanged after doses of BDP up to 2000        μ g 
daily and in children with inhaled budesonide up to 800        μ g 
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 budes-
onide paradoxically decrease insulin resistance and improve 
glucose tolerance, suggesting that the disease itself may lead 
to abnormalities in carbohydrate metabolism. Neither BDP 
2000        μ g daily in adults nor budesonide 800        μ g daily in chil-
dren have any eff ect on plasma cholesterol or triglycerides.  

    Psychiatric eff ects 

   Th ere are various reports of psychiatric disturbance, includ-
ing emotional lability, euphoria, depression, aggressiveness 
and insomnia, after inhaled corticosteroids. Only eight such 
patients have so far been reported, suggesting that this is 
very infrequent and a causal link with inhaled corticoster-
oids has usually not been established.  

    Pregnancy 

   Based on extensive clinical experience inhaled corticoster-
oids appear to be safe in pregnancy, although no controlled 
studies have been performed. Th ere is no evidence for any 
adverse eff ects of inhaled corticosteroids on the pregnancy, 
the delivery, or on the fetus  [123] . It is important to recog-
nize that poorly controlled asthma may increase the inci-
dence of perinatal mortality and retard intrauterine growth, 
so that more eff ective control of asthma with inhaled corti-
costeroids may reduce these problems.  

    Side eff ects in COPD 

   Patients with COPD are elderly and are likely to have 
increased systemic side eff ects from inhaled corticosteroids 
as they have several additional risk factors. Th ere have been 
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fewer studies of systemic side eff ects in COPD patients. 
However, a systematic review found no reduction in bone 
mineral density or increase in fractures in COPD patients 
treated for up to 3 years with inhaled corticosteroids  [83] . 
An epidemiological study showed an increase in cataracts 
which are more common in an elderly population  [124] . 
Many patients with COPD suff er from comorbidities, 
including hypertension, metabolic syndrome and diabetes, 
and may therefore have a worsening of these conditions, but 
this has not yet been systematically investigated.    

    SYSTEMIC CORTICOSTEROIDS 

   Oral or intravenous corticosteroids may be indicated in 
several situations. Prednisone is converted in the liver to 
the active prednisolone. In pregnant patients prednisone is 
preferable as it is not converted to prednisolone in the fetal 
liver, thus diminishing the exposure of the fetus to corti-
costeroids. Enteric-coated preparations of prednisolone are 
used to reduce side eff ects (particularly gastric side eff ects) 
and give delayed and reduced peak plasma concentrations, 
although the bioavailability and therapeutic effi  cacy of these 
preparations is similar to uncoated tablets. Prednisolone and 
prednisone are preferable to dexamethasone, betametha-
sone, or triamcinolone, which have longer plasma half-lives 
and therefore an increased frequency of adverse eff ects. 

    Short courses 

   Short courses of oral corticosteroids (30–40       mg pred-
nisolone daily for 1–2 weeks or until the peak fl ow 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. Th e tail-off  period is not strictly 
necessary, but some patients fi nd it reassuring.  

    Maintenance corticosteroids 

   Maintenance oral corticosteroids are only needed in a small 
proportion of asthmatic patients (approximately 1%) with 
the most severe asthma that cannot be controlled with 
maximal doses of inhaled corticosteroids (2000        μ g daily) 
and additional bronchodilators. Th e minimal dose of oral 
corticosteroid needed for control should be used and reduc-
tions in the dose should be made slowly in patients who 
have been on oral corticosteroids for long periods (e.g. by 
2.5       mg per month for doses down to 10       mg daily and there-
after by 1       mg per month). Oral corticosteroids are usually 
given as a single morning dose, as this reduces the risk of 
adverse eff ects since it coincides with the peak diurnal con-
centrations. Th ere is some evidence that administration in 
the afternoon may be optimal for some patients who have 
severe nocturnal asthma  [125] . Alternate day administra-
tion may also reduce adverse eff ects, but control of asthma 
may not be as good on the day when the oral dose is omit-
ted in some patients. 

   Intramuscular triamcinolone acetonide (80       mg monthly) 
has been advocated in patients with severe asthma as an alter-
native to oral corticosteroids        [126, 127] . Th is may be consid-
ered in patients in whom compliance is a particular problem, 
but the major concern is the high frequency of proximal 
myopathy associated with this fl uorinated corticosteroid. Some 
patients who do not respond well to prednisolone are reported 
to respond to oral betamethasone, presumably because of phar-
macokinetic handling problems with prednisolone.  

    Acute severe asthma 

   Intravenous hydrocortisone is given in acute severe asthma, 
with a recommended dose of 200       mg intravenously. While 
the value of corticosteroids in acute severe asthma has been 
questioned, others have found that they speed the resolution 
of attacks  [128] . Th ere is no apparent advantage in giving very 
high doses of intravenous corticosteroids (such as methylpred-
nisolone 1       g). Indeed, intravenous corticosteroids have occa-
sionally been associated with an acute severe myopathy  [129] . 
No diff erence in recovery from acute severe asthma was seen 
whether intravenous hydrocortisone in doses of 50, 200, or 
500       mg 6 hourly were used  [130] , and another placebo-con-
trolled study showed no benefi cial eff ect of intravenous cor-
ticosteroids  [131] . Intravenous corticosteroids are indicated 
in acute asthma if lung function is  � 30% predicted and in 
whom there is no signifi cant improvement with nebulized 
 β  2 -agonist. Intravenous therapy is usually given until a satisfac-
tory response is obtained and then oral prednisolone may be 
substituted. Oral prednisolone (40–60       mg) has a similar eff ect 
to intravenous hydrocortisone and is easier to administer        [38, 
128] . Oral prednisolone is the preferred treatment for acute 
severe asthma, providing there are no contraindications to oral 
therapy. Th ere is some evidence that high doses of nebulized 
corticosteroids may also be eff ective in acute exacerbations of 
asthma, with a more rapid onset of action  [132] .    
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C H A P T E R           Mediator Antagonists

       INTRODUCTION

     Infl ammatory mediators contribute to the 
pathophysiology of asthma and chronic obstruc-
tive pulmonary disease (COPD) (see Chapters 
23–27)   suggesting that antagonists of mediator 
receptors or inhibitors of their synthesis would 
be benefi cial in treatment. However, because 
a large number of mediators are involved and 
many mediators share similar eff ects on the air-
ways, inhibitors of single mediators may have 
had little or no clinical benefi t to date. Th is 
may underlie the fact that despite many years 
of continuing eff orts by pharmaceutical compa-
nies, only one class of mediator antagonists, the 
anti-leukotrienes, has become established in the 
treatment of asthma, representing the fi rst new 
class of therapy for asthma introduced in more 
than 40 years  . So far, there has been no media-
tor antagonists introduced for the treatment 
of COPD. In addition to reviewing the anti-
leukotrienes, we will also review other classes of 
mediator antagonists that have failed to show 
benefi cial eff ects or those currently under-inves-
tigation but whose potential has yet to be tested.  

    ANTI-LEUKOTRIENES 

   Anti-leukotrienes can be divided into cysteinyl-
leukotriene (cys-LT) receptor antagonists that 
antagonize the eff ects of cys-LTs, such as LTD 4 , 
and leukotriene synthesis inhibitors that are 
inhibitors of 5′-lipoxygenase (5-LO) enzyme 
that generates cys-LTs and LTB 4  ( Fig. 52.1   ). 
Anti-leukotrienes are mainly indicated for the 
treatment of asthma, and LTB 4  inhibitors, such 

as LTB 4  receptor antagonists, have no eff ect in 
asthma and are being considered for the treat-
ment of COPD. 

    5 
 -Lipoxygenase inhibitors 

   5-LO is a critical enzyme involved in the gen-
eration of leukotrienes. Inhibitors of 5-LO may 
be classifi ed as direct inhibitors of the enzyme 
and indirect inhibitors that interfere with a 
nuclear membrane docking protein, 5-LO acti-
vating protein (FLAP), that is necessary for 
enzyme activation. Many hydroxamates and 
 N -hydroxyureas are 5-LO inhibitors and act 
by interfering with the redox state of the active 
binding site. Zileuton is the most extensively 
investigated and is the only 5-LO inhibitor 
available for prescription in asthma (but only in 
the USA)  [1] . Th e eff ect of zileuton is similar 
to that of leukotriene receptor antagonists, and 
zileuton inhibits allergen- and exercise-induced 
asthma, as well as aspirin-induced asthma. 
It decreases airway hyperresponsiveness and 
infl ammatory cells in nocturnal exacerbations of 
asthma  [2] . In addition, zileuton inhibits eosi-
nophil infl ux induced by allergen challenge  [3] . 

   Zileuton has a short duration of action 
and has to be taken four times daily; a twice 
daily controlled-release preparation is also 
available  [4] . Its side eff ects are mainly on the 
liver, with frequent abnormalities of liver func-
tion tests. Other redox 5-LO inhibitors have 
been developed but have not reached the mar-
ket. Non-redox 5-LO inhibitors and inhibitors 
of FLAP (e.g. MK-886, MK-591, Bay-x1005) 
have been developed and are currently being 
developed further for clinical use in asthma and 
possibly COPD. One theoretical advantage of 
the 5-LO inhibitors on the receptor antagonists 
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is that they inhibit the formation of LTB 4 , and other 5-LO 
products such as eosxins, as well as cys-LTs. Th is may make 
the drugs more applicable to other airway diseases where 
LTB 4  may be involved, such as COPD and cystic fi brosis. 
Th ere is anecdotal evidence that zileuton was more eff ective 
in controlling severe asthma than cys-LT 1  antagonists, sup-
porting the view that other 5-LO products may be impor-
tant, particularly in severe asthma.  

    cys-LT antagonists 

   Th e pathophysiological role of cys-LTs is discussed in 
Chapter 24  . Cys-LTs cause airway obstruction through the 
stimulation of specifi c receptors termed the cys-LT receptor 
type 1 (Cyst-LT 1 ) present on airway smooth muscle. Th is a 
seven-transmembrane spanning, G-protein-coupled recep-
tor, where the gene is mapped to the X chromosome  [5] . 
Signaling through cyst-LT 1  occurs through stimulation of 
phosphoinositide hydrolysis  [6] . A second cys-LT receptor, 
cyst-LT 2 , is also expressed on vascular endothelium, blood 
eosinophils, mast cells, and lung macrophages, and could 
mediate activation of these cells  [7]  Zafi rlukast and monte-
lukast are potent leukotriene receptor antagonists available 
in most countries, while pranlukast is currently available 
only in Japan and Korea. Th ere is only one anti-leukotriene 
a 5-lipoxygenase inhibitor, zileuton, which is available in the 
USA.  

    Clinical studies in asthma 

   Leukotriene receptor antagonists in clinical use inhibit the 
bronchoconstrictor eff ects of inhaled cys-LTs. For example, 

a single 40       mg dose of zafi rlukast produces a 100-fold shift 
of the LTD 4  dose–response curve, and signifi cant protec-
tion is present for 24       h  [8] . Oral administration of leuko-
triene receptor antagonist inhibits both the early and late 
responses to allergen, and exercise-induced asthma        [9, 10] . 
Leukotriene receptor antagonists are able to cause bron-
chodilation, and their eff ect is additive to that of short-
acting  β  2 -agonists        [11, 12] . 

   In many studies of anti-leukotrienes such as zileuton, 
zafi rlukast, pranlukast, and montelukast, their eff ective-
ness has been compared with that of placebo in short-term 
studies of 4–6 week duration            [13–16] . A greater increase in 
FEV 1 , a reduction in asthma medication use and in asthma 
symptoms, with an increase in morning peak fl ow has been 
demonstrated in mild-to-moderate severe asthma with 
some degree of airfl ow obstruction and usually in cohorts 
not on inhaled corticosteroid therapy. Th ese fi ndings have 
been confi rmed and extended in longer studies in patients 
with mild-to-moderate chronic stable asthma with zileu-
ton, zafi rlukast, montelukast, all demonstrating clinical 
benefi t          [17–19] . Th eir additive eff ect to the bronchodila-
tion achieved with high doses of inhaled  β -agonist indicates 
that they may have a place in the treatment of acute severe 
asthma. Intravenous administration of montelukast in acute 
severe asthma provided additional benefi t to the receovery 
when given together with standard therapy  [20] . Clinical 
benefi t has also been demonstrated with the addition of 
anti-leukotrienes to the patients with poor asthma control 
who are already taking high doses of inhaled corticosteroids 
 [21] . Anti-leukotrienes may also reduce to a small extent 
the doses of inhaled corticosteroids required for asthma 
control  [22] . Anti-leukotrienes may reduce the risk of acute 
severe asthma exacerbations        [23, 24] . 
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   Th e eff ects of anti-leukotrienes have been compared 
with these inhaled corticosteroids  [25] . In a recent meta-
analysis, inhaled corticosteroids (250–400        μ g beclometha-
sone dipropionate equivalent per day) was found to provide 
better improvements in lung function and quality of life, as 
well as reduction in symptoms, night awakenings, and need 
for rescue  β -agonist. Th e rate of asthma exacerbations was 
similar when the anti-leukotrienes were compared with 
inhaled corticosteroids. Th e benefi t of adding leukotriene-
receptor antagonist with inhaled corticosteroids has been 
evaluated. Addition of pranlukast to half the usual dose 
of inhaled corticosteroids in patients with moderate-to-
severe persistent asthma led to maintained control, while 
the placebo group demonstrated less improved asthma 
control  [26] . Montelukast maintained control of asthma in 
patients in whom removal of inhaled corticosteroids caused 
worsening of asthma  [26] . When compared to long-acting 
 β -agonists, montelukast was less superior for preventing 
exacerbations and for improving lung function, symptoms, 
and the use of rescue  β -agonists        [27, 28] . Combination 
of a leukotriene receptor antagonists with long-acting 
 β -agonists is not advisable for the treatment of moderate 
asthma  [29] . 

   Anti-leukotrienes are eff ective in blocking aspirin-
induced asthmatic responses  [30]  and may be particularly 
indicated in patients with aspirin-sensitive asthma. In addi-
tion, anti-leukotrienes are particularly eff ective in inhibit-
ing exercise-induced asthma,          [10, 31, 32]  without the loss 
of protection with prolonged usage. In addition, leukotriene 
inhibitors improve concomitant symptoms of allergic rhini-
tis        [33, 34] . 

   In United States, zileuton, zafi rlukast, and montelu-
kast have been approved as a fi rst-line choice for the trt-
eatment of asthma, while in Europe, montelukast and 
zafi rlukast have been approved as an add-on therapy when 
treatment with inhaled corticosteroids has failed, and for 
the prophylaxis of exercise-induced asthma. In the GINA 
2006 guidelines, anti-leukotrienes are listed as a less pre-
ferred initial treatment compared to inhaled corticosteroids 
and a less preferred option as an add-on therapy compared 
to long-acting  β  2 -agonists  [35] .  

    Anti-infl ammatory eff ects 

   Cys-LTs can induce airway eosinophilia in patients with 
asthma, and conversely, leukotriene-receptor antagonists or 
synthesis inhibitors reduce blood and airway eosinophilia 
associated with poorly controlled asthma,  [23]  and air-
way infl ammation associated with allergen-induced airway 
responses  [36] . Th erefore, anti-leukotrienes can be consid-
ered as an anti-infl ammatory therapy for asthma, but this 
remains to be confi rmed in the clinical situation. In a study 
of the combination therapy of montelukast with inhaled 
corticosteroid, there was no eff ect of montelukast on spu-
tum eosinophil counts  [37] . Although there is cellular and 
animal data to support a role for cys-LTs in airway smooth 
muscle hyperplasia and airway fi brosis        [38, 39] , there is as 
yet no data of the eff ect of leukotriene inhibitors on these 
parameters in asthma.  

    Safety 

   At the recommended doses, all leukotriene receptor antag-
onists have not resulted in nonrespiratory symptoms nor 
laboratory abnormalities when compared with placebo-
treated groups. However, with zileuton, asymptomatic 
3-fold or greater increases in serum alanine-aminotrans-
ferase levels were found in 4.6% of patients receiving zileu-
ton at the standard dose of 600       mg four times per day, 
compared with 1% of patients receiving standard asthma 
treatment together with placebo. Controlled-release zileu-
ton at a dose of 1200       mg twice daily was shown to have effi  -
cacy within the range of zileuton 600       mg four times daily, 
with similar side eff ect profi le  [40] . Th ese elevations of 
liver enzymes usually occurred during the fi rst 3 months of 
therapy, with sometimes normalization of the values despite 
continuation of treatment. 

   A rare syndrome of Churg–Strauss, marked by circu-
lating eosinophilia and evidence of tissue or organ infi ltra-
tion and vasculitis by eosinophils in association with heart 
failure, cutaneous or gastrointestinal involvement, and 
peripheral neuropathy, has been associated with treatment 
with zafi rlukast and montelukast. Most patients devel-
oping Churg–Strauss syndrome have previously received 
oral glucocorticoid therapy or high-dose inhaled corticos-
teroid therapy to control their asthma. Th is may be due to 
unmasking of vasculitis of Churg–Strauss syndrome, as cor-
ticosteroids are tapered with the introduction of leukotriene 
receptor antagonist therapy  [41] .  

    Role in COPD 

   Small bronchodilator eff ects of zafi rlukast has been observed 
in some patients with COPD        [42, 43]  Because LTB 4  may 
play a role in the recruitment of neutrophils in COPD, the 
use of 5-LO inhibitors may bring some additional eff ects. 
In a small study of the leukotriene synthesis inhibitor, a 
5-lipoxygenase activating protein inhibitor, BAYx1005, 
a small reduction in sputum LTB4 was observed with no 
clinical benefi t  [44] . No studies of zileuton in COPD have 
been reported yet.   

    PROSTAGLANDIN AND CRTH2 INHIBITORS 

   Prostaglandin D 2  (PGD 2 ) is produced by activated mast 
cells and is a relatively selective marker for mast cells, and 
two G-protein-coupled receptors, DP 1  and DP 2  (also 
known as CRTH2), mediate many of its eff ects. However, 
it is quite likely that the PGD 2 -bronchoconstrictor eff ect 
is mediated via the TP receptor, since the activation of 
DP 1  receptor in airway smooth muscle cells leads to bron-
chodilation. DP 2 -receptors play an important role in Th 2 
lymphocyte recruitment and activation  [45]  ( Fig. 52.2   ). 
Ramatroban is an eff ective TP antagonist which has been 
approved as a treatment for perennial rhinitis. It reduces 
bronchial hyperresponsiveness to methacholine in asth-
matics  [46] . Ramatroban also has a partial action as an 
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antagonist at the DP 2  receptor as shown by its inhibitory 
eff ect on PGD 2 -stimulated eosinophil chemotaxis  [47] . 
More selective and potent DP 2  antagonists have now been 
developed and are undergoing trials in asthma and allergic 
rhinitis  [48] .  

    THROMBOXANE INHIBITORS 

   Although thromboxane production is increased in asthma 
and thromboxane analogs are potent bronchoconstrictors 
in asthmatic patients  [49] , there is no convincing evidence 
that thromboxane receptor (TP) antagonists or thrombox-
ane synthase inhibitors are eff ective in asthma  [50] . A selec-
tive TP antagonist, GR32191, caused a modest inhibition 
of early phase bronchoconstriction due to allergen but was 
not clinically eff ective in improving lung function or reduc-
ing symptoms in mild asthma  [51] . However, a thrombox-
ane synthase inhibitor (ozagrel) and a receptor antagonist 
(seratrodast) are used in the treatment of asthma in Japan, 
although their eff ects in asthma are small          [52–54] . 

   Th ere is no evidence for a role for TP or DP receptors 
in COPD.  

    ANTI-HISTAMINES 

   Histamine mediates most of its eff ects on airway function 
via H 1 -receptors. Non-sedating potent H 1 -receptor antago-
nists, such as terfenadine, fexafenadine, loratadine, deslorat-
adine, ebastine, and astemizole, have useful clinical eff ects 
in allergic rhinitis, but they are far from eff ective in asth-
matic patients  [55] . Th e eff ects of anti-histamines are small 
and clinically insignifi cant. Terfenadine causes about 50% 
inhibition of the immediate response to allergen, but has 
no eff ect on the late response  [56] . Anti-histamines cause 

a small degree of bronchodilatation in asthmatic patients, 
indicating a certain degree of histamine  “ tone, ”  presum-
ably due to the basal release of histamine from activated 
mast cells  [57] . Chronic administration of terfenadine has a 
small clinical eff ect in mild allergic asthmatic patients,  [58]  
but is far less eff ective that other anti-asthma therapies. H 1 -
receptor antagonists have not been found to be useful in 
more severe asthmatic patients  [48] . Th e new generation 
anti-histamines, cetirizine and astemizole, have some ben-
efi cial eff ects in asthma,        [59, 60]  that may be unrelated to 
their H 1 -antagonist eff ects  [61] . 

   H 2 -antagonists, such as cimetidine and ranitidine, 
may be contraindicated in asthma on theoretical grounds, 
if H 2 -receptors are important in counteracting the bron-
choconstrictor eff ect of histamine. In clinical practice, 
however, there is no evidence that H 2 -antagonists have 
any deleterious eff ect in asthma. H 3 -receptor agonists may 
have some theoretical benefi t in asthma, since they may 
modulate cholinergic bronchoconstriction and inhibit neu-
rogenic infl ammation. Although (R)- α -methylhistamine 
relaxes rodent peripheral airways  in vitro,  it has no eff ect 
when given by inhalation on airway caliber or metabisufi te-
induced bronchoconstriction in asthmatic patients, indicat-
ing that a useful clinical eff ect is unlikely  [62] . 

   Histamine H 4 -receptors are expressed on eosinophils, 
T- cells, dendritic cells, basophils and mast cells, medi-
ate mast cell, eosinophil and dendritic cell chemotaxis, and 
modulate cytokine production from dendritic cells and T-
cells, indicating that blockade of histamine H 4 -receptors 
may lead to anti-allergic and anti-infl ammatory eff ects. 
Several histamine H 4 -receptor antagonists are now avail-
able but remain to be tested in allergic asthma or rhinitis 
 [63] . Antagonists that block both histamine H 1 - and H 4 -
receptors may be an eff ective combination. Anti-histamines 
have a useful eff ect in the treatment of rhinitis, and par-
ticularly the rhinorrhea. As a large proportion of patients 
with asthma have concomitant rhinitis, an H 1 -antagonist 
may help the overall management of asthma  [64] . While 
H 1 -receptor antagonists alone may be ineff ective, some 
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studies suggest that they may have some effi  cacy in combi-
nation with other antagonists. Th us, an H 1 -receptor antago-
nist when added to an anti-leukotriene was able to inhibit 
the early and late responses to allergen more eff ectively than 
the anti-leukotriene alone        [65, 66] , but as yet there has been 
no studies of combination mediator antagonists in asthma. 

   Th ere is no evidence that anti-histamines have any 
role in the treatment of COPD.  

    SEROTONIN ANTAGONISTS 

   Th e evidence for involvement of serotonin in asthma is 
weak. Th ere is no evidence that serotonin is a direct con-
strictor in human airways, and it is not stored in and 
released from human mast cells, as in rodents. Serotonin 
receptor antagonists have been studied experimentally in 
asthmatic patients. Ketanserin, which antagonizes 5HT 2  
receptors and blocks the bronchoconstrictor eff ects of 
serotonin in animals, has no eff ect on airway function in 
asthmatic patients, but there is a small inhibitory eff ect on 
methacholine-induced bronchoconstriction  [67].  Inhaled 
ketanserin has no eff ect on histamine-induced bronchoc-
onstriction but has a small inhibitory eff ect on adenosine-
induced bronchoconstriction, indicating a possible action 
on mast cells  [68] . Tianeptine, which enhances serotonin 
uptake by platelets, lowers the elevated plasma serotonin 
levels reported in patients with asthma and is associated 
with a reduction in asthmatic symptoms  [69] .  

     PAF  ANTAGONISTS 

   Although PAF mimics many of the pathophysiological 
features of asthma including induction of airway hyperre-
sponsiveness, PAF antagonists have proved to be very dis-
appointing in asthma therapy. 

   Apafant (WEB 2086) potently inhibits the eff ects of 
inhaled PAF on airway function  [70] , but had no eff ect on 
the early or late responses to allergen or on airway hyperre-
sponsiveness in patients with mild asthma  [71] . A 3-month 
study of oral apafant in patients with symptomatic moder-
ate asthma failed to show any eff ect on lung function, symp-
toms or on rescue  β  2 -agonist use  [72] . Similarly, another 
PAF antagonist, modipafant (UK80067) had no ben-
efi cial eff ects in moderately severe asthmatics  [73] . Another 
potent and long-acting PAF receptor antagonist, foropafant 
(SR27417A), was eff ective in inhibiting systemic, cellular, 
and pulmonary eff ects of PAF challenge in patients with 
mild bronchial asthma  [74] . Th is antagonist produced a mod-
est but signifi cant reduction in the magnitude of the allergen-
induced late response, but no eff ect on the early response, 
allergen-induced hyperresponsiveness, or on baseline lung 
function  [75] . Th ese clinical studies indicate that PAF plays 
little or no part in human allergic asthma, despite convinc-
ing data in animal models. Th ere is no evidence that PAF is 
involved in COPD, and no studies with PAF antagonists in 
this disease have been reported.  

    BRADYKININ ANTAGONISTS 

   Th ere is evidence for the involvement of bradykinin in 
asthma, in particular a role in sensitizing and activating air-
way sensory nerves. However, a peptide bradykinin antago-
nist [D-Arg 0 ,Hyp 3 ,D-Phe 7 ]bradykinin (NPC567) was 
unable to inhibit the eff ect of bradykinin on nasal secretions, 
even when given at the same time as bradykinin,  [76]  pre-
sumably because of rapid local metabolism. Th ere has been 
other more stable antagonists developed        [77, 78] . Icatibant 
(HOE 140, D-Arg[Hyp 3 ,Th i 6 ,D-Tic 7 ,Oic 8 ] bradykinin is 
a potent selective B 2 -receptor antagonist,  [79]  which has a 
long duration of action  in vivo  since it is resistant to enzy-
matic degradation. Th is antagonist is potent in inhibiting 
the bronchoconstrictor and microvascular leakage response 
to bradykinin  [80]  and the eff ect of bradykinin on airway 
sensory nerves  [81] . Nasal application of icatibant reduces 
the nasal blockage induced by allergen in patients with 
allergic rhinitis  [82] . In a clinical study of nebulized icati-
bant in asthma, there was a small improvement in airway 
function after 4 weeks without an improvement in asthma 
symptoms  [83] . WIN 64338 is a nonpeptide B 2 -receptor 
antagonist that blocked the bronchoconstrictor action of 
bradykinin in airway smooth muscle  in vitro   [84]  and more 
potent nonpeptide antagonists, such as FR167344 have now 
been developed that have clinical potential  [85] .  

    TACHYKININ ANTAGONISTS 

   Tachykinins interacts with the tachykinin NK 1 -, NK 2 -, 
and NK 3 -receptors which exist in the airways, particularly 
on human bronchial glands, bronchial vessels, and bron-
chial smooth muscle. Infl ammatory cells also express NK 1 -
receptors. NK 1 - and NK 2 -receptor antagonists have been 
shown to inhibit allergen-induced bronchial hyperrespon-
siveness and infl ammation in various animal models. Potent 
NK 1 - and NK 2 -receptor antagonists have been recently 
available but have not shown any eff ects in asthma  [86] . 
Th us, an NK 2 -receptor antagonist, SR48968, that caused a 
signifi cant inhibition of neurokinin-A bronchoconstriction 
by 3–5 fold shift did not aff ect baseline airway caliber or 
bronchial responsiveness to adenosine in asthma  [87] . Dual 
NK1/NK2 and triple NK1/NK2/NK3 receptor antagonists 
are available with greater potencies, but it is unlikely that 
there will be trials in asthma. Th ere has been no studies of 
tachykinin antagonists in COPD.  

    ADENOSINE AGONISTS AND ANTAGONISTS 

   Adenosine is released following allergen exposure and exer-
cise of sensitized asthmatics and is a bronchoconstrictor in 
asthmatics through the activation of mast cells. Adenosine 
may also be involved in allergic infl ammation and remod-
eling. It interacts with G-protein-coupled receptors, 
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adenosine A 1 -, A 2A -, A 2B - and A 3 -receptors that are 
present on infl ammatory and structural cells of the asth-
matic airway. Various agonists and antagonists of these 
receptors have been developed as potential therapies for 
a variety of cardiac and pulmonary conditions, includ-
ing asthma and COPD  [88] . Activation of A 2A -receptors 
has been shown to have anti-infl ammatory eff ects in ani-
mal models, and a selective A 2A - agonist has been shown 
to reduce the number of eosinophils and neutrophils in 
allergen-induced infl ammation. However, two agonists of 
the A 2A -receptor, GW328267 and UK-432,097, have been 
tested in asthma. GW328267 had no eff ect on allergen-
induced early or late phase response, and UK-432097 had 
no eff ect on lung function or bronchial hyperreactivity of 
mild asthma  [89] . 

   Adenosine has been shown to act through the A 2B -
receptors to enhance various infl ammatory responses seen 
in asthma. An antagonist of A 2B -receptors, CVT-6883, has 
been shown to inhibit the proinfl ammatory cytokines and 
profi brotic eff ects found in adenosine deaminase-defi cient 
mice  [90] . It is under development as an oral treatment 
for asthma.   
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C H A P T E R

             

    Antibiotics

      INTRODUCTION   

   Exacerbations of chronic obstructive pulmo-
nary disease (COPD) are a frequent cause for 
offi  ce and emergency room visits as well as hos-
pitalizations. Exacerbations are intermittent 
episodes of increased respiratory symptoms and 
worse pulmonary function that may be accom-
panied by fever and other constitutional symp-
toms. Th ese episodes contribute signifi cantly 
to the morbidity associated with COPD, and 
in advanced disease, they are also the most fre-
quent cause of death          [1–3] . Th e frequency of 
exacerbations varies widely between patients. 
Th ough severity of airfl ow obstruction is corre-
lated with the frequency of exacerbations, other 
yet poorly understood factors predispose some 
patients to have more frequent exacerbations. 

   Several investigators have reported that 
exacerbations are important determinants of 
the decline in health-related quality of life in 
COPD        [4, 5] . Following an exacerbation, acute 
symptoms usually subside over 2–3 weeks, how-
ever, quality of life indices takes several months 
to return to baseline. Furthermore, recurrent 
exacerbations are clearly associated with a more 
rapid decline in quality of life in COPD  [6] . 
Based on studies performed by Fletcher and 
Peto in the 1960s it was widely believed that 
exacerbations do not contribute to the decline 
in lung function (measured as FEV 1 ). Recent 
data has disputed these results and shown 
that the frequency of exacerbations is associ-
ated with accelerated long-term decline in 
lung function, in both mild COPD and more 
advanced diseases        [7, 8] . 

   Undisputedly, exacerbations are a major 
contributor to the morbidity, costs, and mortal-
ity associated with COPD. Substantial progress 
has been made in understanding their etiology 

and pathogenesis of exacerbations. In contrast, 
such richness of data is unfortunately missing 
in the fi eld of clinical management of exacer-
bations. Major modalities used to treat exac-
erbations include bronchodilators, systemic 
corticosteroids, and antibiotics. Only for sys-
temic corticosteroid use in severe exacerbations 
requiring emergency room care or hospitaliza-
tion is the adequate clinical trial data available. 
Adequately powered, well-designed clinical tri-
als studies for the other modalities used to treat 
exacerbations are relatively few. Consequently, 
whether the use of antibiotics for exacerbations 
is appropriate is still debated and whether anti-
biotic choice makes a diff erence is even more 
controversial        [9, 10] . 

   Principles that should guide appropriate 
use of antibiotics in exacerbations are listed in 
 Table 53.1   . Th e comments in  Table 53.1  illus-
trate the several barriers that currently exist 
in fully applying these principles in everyday 
practice. Th is chapter will describe the optimal 
approach to antibiotic treatment of exacerba-
tions recognizing these limitations. Such an 
approach relies upon an accurate diagnosis of an 
exacerbation, including judicious application of 
diagnostic tests. Th is is followed by determining 
the severity of an exacerbation, the probability 
that it is bacterial and whether antibiotics are 
indicated. If antibiotics are indicated, then a risk 
stratifi cation approach is described to choose an 
appropriate antibiotic.  

    DIAGNOSIS OF ACUTE EXACERBATION 

   Clear, objective, universally accepted defi ni-
tion of a disease or syndrome is a pre-requisite 
for its accurate diagnosis. Unfortunately, for 
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exacerbations of COPD, the current defi nitions are impre-
cise, variable, and lack objective measures  [11] . Th ere are 
two widely used defi nitions of exacerbation. In 1987, in a 
large placebo-controlled trial in exacerbations of COPD, 
Anthonisen and colleagues defi ned exacerbations based on 
the presence of one or more of the three cardinal symp-
toms, including an increase or new onset of dyspnea, spu-
tum production, and sputum purulence  [12] . When only 
one cardinal symptom is present, then one or more support-
ing symptoms or signs are required to make the diagnosis, 
including an upper respiratory tract infection in the past 5 
days, wheezing, cough, fever without an obvious source, or a 
20% increase in the respiratory rate or heart rate above base-
line. Th ough simple and clinically useful, this defi nition does 
have several limitations. It is narrow in its scope, and several 
important symptoms of exacerbation such as cough, chest 
congestion, chest tightness, fatigue, and sleep disturbance are 
not included. It is subjective, however, that limitation applies 
to all defi nitions of exacerbations as reliable objective meas-
ures of exacerbations are currently unavailable. 

   A more recent and also commonly used defi nition 
came from a consensus panel that defi ned an exacerbation 
as an acute sustained worsening of the patients ’  condition 
from stable state, beyond day-to-day variability and which 
requires additional treatment  [11] . Th is defi nition though 
more inclusive of symptoms of an exacerbation, is not spe-
cifi c with regard to the nature and duration of symptoms. It 
lacks objective measures. Longitudinal cohort studies with 
daily recording of symptoms have revealed that a signifi cant 
proportion, up to 50%, of episodes of increased symptoms 
are not reported by patients to their health care providers 
and therefore are not associated with additional treatment. 
Such episodes, which likely represent mild exacerbations 
would not meet this defi nition of exacerbation. 

   Missing in both defi nitions is the clinical exclusion of 
entities that could lead to increased respiratory symptoms 
in a manner similar to exacerbation, such as pneumonia, 
congestive heart failure, upper respiratory infection, non-
compliance with medications etc. Th ese clinical entities have 

distinct etiology, pathogenesis and treatment, and therefore 
should be in the diff erential diagnosis of an exacerbation 
rather than be included under the defi nition. In our clini-
cal studies, we suspect an exacerbation when a patient with 
COPD reports a minor increase (or new onset) of two or a 
major increase (or new onset) of one of the following res-
piratory symptoms: dyspnea, cough, sputum production, 
sputum tenacity, sputum purulence  [13] . Th e increase in 
symptoms should be of at least 24       h duration and should 
be of greater intensity than their normal day-to-day vari-
ability. Furthermore, as described above, clinical evaluation 
should exclude other clinical entities that could present in a 
similar manner.  

    DETERMINATION OF SEVERITY 

   Th e decision to treat exacerbations is often based on sever-
ity, with antibiotic treatment recommended for moderate 
to severe exacerbations. However, currently our determina-
tion of severity of exacerbations is imprecise, and like the 
diagnosis, is determined in a variable manner among stud-
ies. Th e severity of an exacerbation is a complicated concept, 
determined by at least two factors, the severity of the under-
lying COPD and the acute change induced by the exacerba-
tion. A severe exacerbation may therefore be assessed when 
a patient with very severe underlying COPD has a relatively 
small change from his baseline, or when a patient with mild 
COPD has much larger acute change in his symptoms and 
lung function. Th e exacerbation etiology and pathophysiol-
ogy may diff er considerably in these circumstances and may 
warrant distinct treatment approaches. 

   Exacerbation severity has been variously defi ned 
among studies. Ideally, changes in lung function should be 
used to defi ne severity of exacerbations. However, spirome-
try and lung volumes are diffi  cult to measure accurately dur-
ing exacerbations, especially severe episodes. With simpler 

 TABLE 53.1          Principles of appropriate antibiotic use in exacerbations of COPD.  

   Principle  Comment 

   Bacteria cause signifi cant proportion of exacerbations  40–50% of exacerbations are of bacterial origin 

   Bacterial exacerbations can be reliably distinguished from 

nonbacterial episodes 

 Sputum purulence is a useful marker but not always easily 

assessed or reliable 

   Placebo-controlled antibiotic trials have shown benefi t of 

antibiotics 

 This is true for moderate-to-severe exacerbations, but not mild 

episodes 

   Antibiotics used are appropriate for the causative pathogen  Sputum cultures are inaccurate and usually not performed, 

therefore therapy is usually empiric 

   Antibiotic dose and duration are appropriate  Shorter durations of 3–7 days appear to be as good as 10–14 

days 

   Antibiotic choice makes a diff erence in outcome  Inadequate study methods have limited their ability to show 

diff erences among antibiotics 

   Risk stratifi cation is useful in choosing antibiotics  Though not prospectively validated, it is widely advocated 
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measures, such as peak fl ow, often the change with an exacer-
bation is of the same magnitude as its day-to-day variability. 
Severity has been also measured by site of care, with hospi-
talized exacerbations regarded as severe, outpatient exacerba-
tions regarded as moderate and self medicated exacerbations 
as mild  [14] . Site of care is unreliable as a measure of exac-
erbation severity. Th ough the major factor determining site 
of care is undoubtedly illness severity, it is also dependent on 
diff erences in hospital admission practices among countries 
and health care systems, patient reporting of exacerbations, 
physician preferences, etc. Th e intensity of recommended 
treatment has also been used as a measure of severity of 
exacerbations, with treatment with bronchodilators only 
indicating mild exacerbations, while treatment with antibi-
otics and steroids in addition to bronchodilators regarded as 
indicating moderate or severe exacerbations. Such measure-
ment of severity is beset with the same problems of prefer-
ences and practice approach as discussed above. 

   Another widely used determination of severity of 
exacerbations is the Anthonisen classifi cation  [12] . Th is 
classifi cation relies on the number of cardinal symptoms and 
the presence of some supporting symptoms ( Table 53.2   ). 
Th ough not developed as a severity classifi cation, it has 
become so over time. Advantages of this determination of 
severity are its simplicity and that it correlates with benefi t 
with antibiotics, with such benefi t seen only in Type 1 and 
2 exacerbations. Limitations include its lack of validation 
against objective measures of severity and that its ability to 
predict benefi t with antibiotics has not been consistent in 
other studies. Another limitation is the lack of gradation of 
severity within each symptom, such that a Type 2 exacer-
bation with mild changes in two cardinal symptoms would 
be regarded as the same severity in this classifi cation as an 
exacerbation with a marked increase in both symptoms. 

   It is evident that we need a better defi nition and 
objective measures of severity of exacerbations. Recent work 
in the development of patient reported outcomes to meas-
ure exacerbations has demonstrated that the experience of 
an exacerbation from the patient perspective includes not 
only respiratory symptoms but extra-respiratory manifesta-
tions including fatigue, anxiety, sleep disturbance etc. Future 
defi nitions of exacerbation should therefore include such 
symptoms. An expectation in the future is that a properly 
developed patient reported outcome measure would become 
universally applied to defi ne exacerbations, where a certain 
change from baseline in this measure would constitute an 
exacerbation. Furthermore, the degree of change in such a 
measure from baseline would represent an objective meas-
urement of severity. 

   Biomarkers in exacerbations are being vigorously 
explored, as they hold the promise of being objective meas-
ures to defi ne an exacerbation and determine its severity. A 
recent study explored 36 plasma biomarkers in 90 patients 
with exacerbations and found that none of them alone or 
in combination were adequate to defi ne an exacerbation 
 [15] . In another study of multiple serum biomarkers in 20 
hospitalized patients with exacerbation, reduction in inter-
leukin-6 (IL-6) and interleukin-8 (IL-8) correlated with 
decrease in dyspnea during recovery from exacerbation, 
while decreases in IL-6 and tumor necrosis factor (TNF- α ) 
were proportional to recovery in FEV 1   [16] . Changes from 
baseline in sputum IL-8 and TNF- α  as well as sputum neu-
trophil elastase (NE) and serum C-reactive protein (CRP) 
correlate with clinical severity of an exacerbation as assessed 
by a clinical score based on symptoms and signs        [17, 18] . 
It appears unlikely that a single biomarker will be capable 
of defi ning an exacerbation, because of the heterogeneity 
of these episodes. However, biomarkers do hold promise in 
objectively determining severity of exacerbations and defi n-
ing etiology to guide appropriate treatment.  

    PATHOGENESIS OF EXACERBATIONS 

   An increase in airway infl ammation from the baseline level 
in a patient appears central to the pathogenesis of most 
acute exacerbations        [19, 20] . Airway infl ammation measured 
in induced or expectorated sputum, bronchoalveolar lavage 
or bronchial biopsy has revealed that increased infl amma-
tion accompanies exacerbations and resolves with treatment 
             [21–25] . Both neutrophilic and eosinophilic infl ammations 
have been described. Th is acute increase in airway infl am-
mation leads to increased bronchial tone, edema in the 
bronchial wall and mucus production. In a diseased lung, 
these processes worsen ventilation-perfusion mismatch and 
expiratory fl ow limitation. Clinically, these pathophysiologic 
changes present as an increase in or new onset of dyspnea, 
cough, sputum production, tenacity and purulence along 
with worsening gas exchange, which are the cardinal mani-
festations of an exacerbation. Infl ammation in exacerbations 
extends beyond the lung, and increased plasma fi brinogen, 
interleukin 6 (IL-6) and CRP have been described during 
exacerbations          [18, 26, 27] . Th ese and other mediators likely 

 TABLE 53.2          Anthonisen classifi cation of COPD exacerbations based on 

cardinal symptoms.  

   Severity of 

exacerbation 

 Type of 

exacerbation  Characteristics 

   Severe  Type 1  Increased dyspnea, sputum 

volume, and sputum purulence 

   Moderate  Type 2  Any two of the above three 

cardinal symptoms 

   Mild  Type 3  Any one of the above three 

cardinal symptoms and one or 

more of the following minor 

symptoms or signs 

    –     Cough  

    –     Wheezing  

    –     Fever without an obvious source  

    –      Upper respiratory tract infection 

in the past 5 days  

    –      Respiratory rate increase  � 20% 

over baseline  

    –      Heart rate increase  � 20% over 

baseline    

  Based on data from Ref.  [12].   
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cause the systemic manifestations of exacerbations, includ-
ing fatigue and in some instances fever. 

   Th e etiology of exacerbations appears to determine 
the nature and degree of infl ammation in exacerbations. 
Neutrophilic infl ammation is characteristic of bacterial 
exacerbations, while both neutrophilic and eosinophilic 
infl ammations have been described with viral infection  [28] . 
Th e intensity of neutrophilic infl ammation, when measured 
as associated cytokines/chemokines (IL-8, TNF- α ) and 
products of neutrophil degranulation (NE and myeloperox-
idase), is much greater in well-characterized bacterial exac-
erbations than exacerbations of nonbacterial etiology  [18] . 
Systemic infl ammation, measured as serum CRP is also 
more intense in bacterial exacerbations  [18] . Th ese fi nd-
ings have important implications. Th ey can form the basis 
for biomarkers to distinguish etiology of exacerbations in a 
reliable and rapid manner, facilitating appropriate therapy. 
Th e heightened airway and systemic infl ammation with 
bacterial exacerbations can be potentially damaging to the 
lungs. Eff ective antibiotic therapy to eradicate the bacteria 
responsible for exacerbations and reduce the infl ammation 
to baseline levels becomes desirable and could have poten-
tial long-term benefi ts in COPD. 

   A variety of noninfectious and infectious stimuli can 
induce an acute increase in airway infl ammation in COPD, 
thereby causing an exacerbation. Increased respiratory 
symptoms and respiratory mortality among patients with 
COPD during periods of increased air pollution have been 

described          [29–31] . Environmental pollutants, both particu-
late matter, such as PM-10 and diesel exhaust particles, and 
nonparticulate gases, such as ozone, nitrogen dioxide, sul-
fur dioxide, are capable of inducing infl ammation  in vitro  
and  in vivo           [32–34] . Infectious agents, including bacteria, 
viruses, and atypical pathogens are implicated as causes of 
up to 80% of acute exacerbations  [35] .  

    MICROBIAL PATHOGENS IN COPD 
EXACERBATIONS 

   Potential pathogens in COPD exacerbations includes typi-
cal respiratory bacterial pathogens, respiratory viruses, and 
atypical bacteria ( Table 53.3   ).  Pneumocystis jiroveci , a fungus, 
appears to cause chronic infection in COPD. Whether it 
induces exacerbations is being investigated. Among the typ-
ical bacteria,  Nontypeable Haemophilus infl uenzae    (NTHI) 
is the most common pathogen in COPD and is the best 
understood  [36] . Among the viruses,  Rhinovirus  and 
 Respiratory syncytial virus  (RSV) have received considerable 
attention in recent years and their importance in COPD is 
now better appreciated        [37, 38] . 

   Th e predilection of these pathogens for causing infec-
tions in COPD may be related to certain shared characteris-
tics. NTHI,  Streptococcus pneumoniae  and  Moraxella catarrhalis  

 TABLE 53.3          Microbial pathogens in exacerbations of COPD.  

   Proportion of 

exacerbations (%)  Specifi c species  Proportion of class of pathogens (%) 

   Bacteria 

       40–50   Nontypeable Haemophilus infl uenzae   30–50 

      Streptococcus pneumoniae   15–20 

  Moraxella catarrhalis   15–20 

      Pseudomonas  spp. and  Enterobacteriaceae   Isolated in very severe COPD, concomitant bronchiectasis, 

and recurrent exacerbations 

      Haemophilus parainfl uenzae   Isolated frequently, pathogenic signifi cance undefi ned 

      Haemophilus hemolyticus   Isolated frequently, pathogenic signifi cance undefi ned 

      Staphylococcus aureus   Isolated infrequently, pathogenic signifi cance undefi ned 

   Viruses 

       30–40   Rhinovirus   40–50 

      Parainfl uenzae   10–20 

  Infl uenza   10–20 

      RSV   10–20 

      Coronavirus   10–20 

      Adenovirus    5–10 

   Atypical bacteria 

   5–10   Chlamydia pneumoniae   90–95 

      Mycoplasma pneumoniae    5–10 
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are the predominant bacterial causes of two other common 
respiratory mucosal infections, acute otitis media in chil-
dren and acute sinusitis in children and adults.  Pseudomonas 
aeruginosa  is the dominant mucosal pathogen in cystic fi bro-
sis and noncystic fi brosis bronchiectasis  [39] . Th ese mucosal 
infections have been related to anatomical abnormalities with 
impaired drainage of secretions, antecedent viral infections 
and defects in innate and adaptive immunity. All these pre-
disposing factors likely exist in COPD. NTHI,  S. pneumoniae  
and  M. catarrhalis  are exclusively human pathogens. Th eir 
usual environmental niche in healthy humans is confi ned to 
the upper airway which they usually colonize without any 
clinical manifestations. Acquisition of these pathogens in 
COPD, because of compromised lung defense, allows estab-
lishment of infection in the upper as well as the lower res-
piratory tract (below the vocal cords). Infection of the lower 
respiratory tract in COPD can be with or without overt clin-
ical manifestations, the former being addressed as exacerba-
tion while the latter as colonization. 

   Respiratory viruses implicated in COPD cause acute 
tracheobronchial infections in healthy hosts, clinically 
referred to as acute bronchitis. In the setting of COPD, 
with diminished respiratory reserve, this acute bronchi-
tis has more profound manifestations and serious clinical 
consequences.  

    PATHOGENESIS OF INFECTIOUS 
EXACERBATIONS 

   Signifi cant progress has been made in our understanding 
of acute exacerbation pathogenesis, especially in relation 

to bacterial infection over the last few years. Th e current 
model of bacterial exacerbation pathogenesis involves 
both host and pathogen factors ( Fig. 53.1   ). Acquisition of 
strains of bacterial pathogens that are new to the host from 
the environment is the primary event that puts the patient 
with COPD at risk for an exacerbation  [13] . Variation 
among strains of a species in the surface antigenic struc-
ture, as is seen with NTHI,  S. pneumoniae ,  M. catarrhalis , 
and  P. aeruginosa , is crucial to the development of recurrent 
exacerbations with these pathogens. Th is variation allows 
these newly acquired strains to escape the pre-existing 
host immune response that had developed following prior 
exposure to other strains of the same species. Th ese newly 
acquired strains can therefore proliferate in the lower air-
ways and induce acute infl ammation. Th e virulence of the 
strain and as yet unidentifi ed host factors may determine if 
the acute infl ammatory response to the pathogen reaches 
the threshold to cause symptoms that present as an exac-
erbation  [40] . In the majority of instances, mucosal and 
systemic antibodies develop to the pathogen        [41, 42] . Th is 
immune response, in combination with appropriate anti-
biotics, eliminates or controls proliferation of the infecting 
bacteria. However, because of antigenic variability among 
strains of these bacterial species, these antibodies directed 
at the infecting strain are usually strain-specifi c, and do not 
protect the host from antigenically distinct strains of the 
same species. Th is allows recurrent bacterial infection and 
exacerbations in these patients. 

   Th e pathogenesis of acute viral exacerbations is less 
well understood, but may be similar to bacterial infec-
tions. A common cause of exacerbations, the rhinovirus, 
demonstrates considerable antigenic variation among its 
more than 100 serotypes, allowing for recurrent infections. 
Th e infl uenza virus demonstrates drift in the antigenic make-
up of its major surface proteins, thereby leading to recurrent 
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Pathogen virulence 
Host lung defense

Tissue invasion
antigenic alteration

 FIG. 53.1          Proposed model of bacterial exacerbation 

pathogenesis in COPD. Reproduced with permission from 

Ref.  [43] .    
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infections.  In vitro , viruses can damage airway epithelium, 
stimulate muscarinic receptors, and induce eosinophil and 
neutrophil infl ux  [44] . Whether these pro-infl ammatory 
actions are enhanced in epithelial cells from patients with 
COPD is not known. Bronchial epithelial cells obtained 
from patients with asthma have diminished production of 
interferons and increased ICAM-1 expression, changes 
which could result in increased infl ammation, cell lysis, 
and viral replication on viral infection. Increased ICAM-1 
expression in COPD bronchial epithelium has been seen, 
however the other changes have not been described.  

    GOALS OF TREATMENT OF EXACERBATIONS 

   Th e traditional aims of treatment of an exacerbation are 
improvement in clinical status and the prevention of com-
plications. Th ough undoubtedly important, several new 
observations question the adequacy of these goals. Th ese 
include the importance of exacerbations in the course of 
COPD, the role of infection in exacerbations, the high 
rates of relapse with an adequate initial clinical response, 
and the potential damaging eff ects of chronic colonization 
in COPD. To draw an analogy, confi ning our goal in the 
treatment of COPD exacerbations to short-term resolu-
tion of symptoms would be the equivalent of treating acute 
myocardial infarction with the only aim being resolution of 
chest pain. Several other goals of treatment, both clinical 
and biological, should therefore be considered ( Table 53.4   ). 

   A good example of an inadequate goal in the treat-
ment of exacerbations is  “ clinical success, ”  which is defi ned 
as resolution or improvement of symptoms to a degree 
that no further treatment is required in the opinion of the 
treating physician. Recent observations have shown that 
symptoms of an exacerbation are correlated with exagger-
ated airway and systemic infl ammation. Hence, acceptance 

of clinical improvement as adequate rather than clinical 
resolution to baseline has important implications. Clinical 
improvement likely refl ects inadequate treatment, permit-
ting the infl ammatory process accompanying the exacer-
bation to persist for prolonged periods of time, causing 
progressive airway damage  [45] . Th erefore, clinical resolu-
tion of symptoms to baseline is a more appropriate goal of 
treatment of exacerbations. 

   Additional important clinical goals of treatment 
include delaying the next exacerbation, prevention of early 
relapse and more rapid resolution of symptoms          [46–48] . 
Lengthening the inter-exacerbation interval and preven-
tion of early relapse ultimately translate to a decrease in 
the frequency of exacerbations, which is now a major focus 
of COPD treatment. Th ough most patients and physi-
cians would accept faster recovery to baseline as a desirable 
goal of treatment, development of this parameter has been 
hampered by lack of well-validated instruments to reliably 
measure exacerbation resolution. Patient reported outcomes 
in development will address this need in the near future. 

   Biological goals of treatment are either still in their 
infancy or, in the case of bacteriologic eradication, inad-
equately assessed in clinical studies to satisfy regulatory 
requirements for approval of new antibiotics. Most exacer-
bations are infl ammatory events, therefore it is logical that 
resolution of infl ammation to baseline should be an impor-
tant goal of treatment. Similarly, exacerbations are in many 
instances induced by infection, therefore eradication of the 
off ending infectious pathogen should be a goal of treatment. 
Practical application of these biological goals of treatment of 
exacerbations awaits the development of biomarkers that 
provide simple, rapid and reliable measurements of infl am-
mation and infection. 

   A multi-modality approach to treatment of exacerba-
tions is common, that utilizes several modalities simultane-
ously, to relieve symptoms, to treat the underlying cause or 
to provide support till recovery occurs        [14, 49] . Th ese thera-
pies include bronchodilators, corticosteroids, antimicrobials, 

 TABLE 53.4          Goals of treatment of COPD exacerbation.  

   Goals  Comments 

    Clinical  

   Faster resolution of symptoms  Needs validated symptom assessment tools 

   Clinical resolution to baseline  Needs baseline assessment prior to exacerbation onset for comparison 

   Prevention of relapse  Relapse within 30 days is quite frequent 

   Increasing exacerbation-free interval  Needs long-term follow-up after treatment 

   Preservation of health-related quality of life  Sustained decrements seen after exacerbations 

    Biological  

   Bacterial eradication  Often presumed in usual antibiotic comparison studies 

   Resolution of airway infl ammation  Shown to be incomplete if bacteria persist 

   Resolution of systemic infl ammation  Persistence of systemic infl ammation predicts early relapse 

   Restoration of lung function to baseline  Incomplete recovery is seen in signifi cant proportion 

   Preservation of lung function  Needs long-term studies 
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mucolytics and expectorants and, in the more severe cases, 
oxygen supplementation and mechanical ventilation for 
acute respiratory failure.  

    ANTIBIOTICS IN THE TREATMENT 
OF EXACERBATIONS 

   Th e role of antibiotics in the treatment of COPD exacerba-
tions has been a matter of controversy. Even more conten-
tious has been the issue whether antibiotic choice is relevant 
to clinical outcome of exacerbations. Recommendations for 
antibiotic use among published guidelines are inconsist-
ent            [14, 50–52] . Th ere is a paucity of well-designed, large 
randomized controlled trials with adequate goals of treat-
ment comparing antibiotics to placebo or among antibiotic 
classes. Th is paucity of evidence upon which to base solid 
recommendations has undoubtedly contributed to the con-
troversy and inconsistency of recommendations regarding 
antibiotic use  [53] . 

   Recently, a few well-designed placebo control-
led and antibiotic comparison trials have been reported. 
Furthermore, epidemiologic studies have consistently iden-
tifi ed certain  “ clinical risk factors, ”  which in the setting of 
an exacerbation are predictive for failure of treatment or 
early relapse. Th e clinical outcomes of exacerbation in 
observational real-life studies are clearly sub-optimal, with 
as many as 25–33% of patients experiencing treatment 
failure or early relapse. Considering the heterogeneity of 
COPD and of exacerbations, it is clear that the  “ one size 
fi ts all ”  approach of using the same antibiotic in all episodes 
is sub-optimal. It is likely that a proportion of treatment 
failures in exacerbations are related to ineff ective antibiot-
ics. Patients  “ at risk ”  for poor outcome are the logical can-
didates for aggressive initial antibiotic treatment, with the 
expectation that such an approach would improve overall 
exacerbation outcomes. Th is  “ risk stratifi cation ”  approach 
has also been advocated for other community-acquired 
infections such as pneumonia and acute sinusitis        [23, 54] . 
Th ough improved outcomes with such risk stratifi cation has 
not yet been demonstrated in prospective controlled trials, 
this approach takes into account concerns of disease hetero-
geneity, antibiotic resistance and judicious antibiotic use. 

    Placebo-controlled antibiotic trials 

   Exacerbations of COPD result in signifi cant antibiotic con-
sumption, however, there are only a handful of placebo con-
trolled trials in this disease. Two meta-analyses of placebo 
controlled trials in exacerbations have been published. Th e 
fi rst such analysis published in 1995 included nine trials and 
found a small but signifi cant benefi cial eff ect of antibiotics 
over placebo  [55] . In the second analysis published in 2006, 
11 trials were included, and a much larger benefi cial eff ect 
on mortality and prevention of clinical failure was demon-
strated, especially in moderate to severe exacerbations  [56] . 
In this analysis, the number needed to treat in severe exac-
erbations in hospitalized patients to prevent one death was 

only three patients and the number needed to treat to pre-
vent one clinical failure was six patients. Diarrhea was the 
most frequently related adverse eff ect, with one episode per 
seven patients treated. Antibiotic treatment was also benefi -
cial in resolving sputum purulence. A benefi t on lung func-
tion and gas exchange was not observed, however, the data 
examining this end point was scanty. 

   Th e reason that the two meta-analyses came up 
with diff erent results is in large part inclusion in the later 
analysis of a study performed by Nouira  et al . published in 
2003. In this randomized double blind study, 93 patients 
with exacerbations of severe underlying COPD requiring 
ventilator support in an intensive care unit were randomly 
assigned to receive a fl uoroquinolone antibiotic, ofl oxacin, 
or placebo  [57] . No systemic corticosteroids were admin-
istered. Bacterial pathogens were isolated in tracheobron-
chial aspirates in 61% of patients. Ofl oxacin administration 
was associated with dramatic benefi ts compared to placebo, 
reducing mortality (4% versus 22%) and the need for addi-
tional antibiotics (6% versus 35%) by 17.5-fold and 28.4-
fold, respectively. 

   Another important study, which for some reason 
has not been included in either meta-analysis, was per-
formed in Italy by Allegra  et al . and published in 1991. 
In this double blind randomized trial, amoxicillin/clavu-
lanate was compared with placebo in 414 exacerbations in 
369 patients with varying severity of underlying COPD 
 [58] . A unique feature of this study was the measurement 
of primary outcome at 5 days after the start of treatment, 
instead of the traditional 2–3 weeks. Th is earlier timing is 
clinically of greater relevance than the usual later one, as 
in clinical practice if patients are not improved within 3–5 
days, they are reassessed and their therapy altered. Clinical 
success (including resolution and improvement) was signifi -
cantly better with the antibiotic, seen in 86.4% of patients, 
compared with 50.6% in the placebo arm. In addition, 
with increasing severity of underlying COPD, the benefi t with 
antibiotics as compared to placebo was larger. 

   Results of the meta-analyses, the Allegra study, and of 
the previous classic large placebo-controlled trial conducted 
by Anthonisen  et al ., clearly demonstrate that antibiotics are 
benefi cial in the treatment of moderate to severe exacerba-
tions            [12, 56–58] . Furthermore, the benefi t with antibiot-
ics is more marked early in the course of the exacerbation, 
suggesting that antibiotics hasten resolution of symptoms 
       [58, 59] . Th e benefi t with antibiotics is also greater as the 
severity of underlying airfl ow obstruction increases. Th is 
could be related to more frequent bacterial infections and/
or a decreased ability of the host in dealing with infections, 
therefore requiring  “ help ”  with antibiotics to resolve them. 

   Important questions regarding the role of antibiot-
ics in exacerbations still remain. Th e benefi t of antibiotics 
in mild exacerbations in the context of mild underlying 
COPD is unproven and warrants a placebo controlled trial. 
Th e eff ect of concomitant treatment with systemic corti-
costeroids on the benefi ts of antibiotic therapy in exacerba-
tions is not known. Placebo controlled trials of antibiotics 
have not systematically regulated concomitant therapy, and 
all the placebo controlled trials of steroids had antibiot-
ics administered to all patients. Because infl ammation and 
infection are linked, it is likely that there would be additive 
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benefi ts when both treatments are used over either treat-
ment alone        [56, 60] .  

    Antibiotic comparison trials 

   Antibiotics are clearly useful in moderate to severe exac-
erbations of COPD. However, there remains consider-
able controversy as to antibiotic choice, especially for initial 
empiric therapy of exacerbations              [14, 50–52, 61] . Most 
exacerbations nowadays are treated without obtaining spu-
tum bacteriology and with the trend to short course anti-
biotic therapy, this initial empiric choice often becomes the 
only choice made of antibiotics in exacerbations. Results of 
antibiotic comparison trials should guide the recommenda-
tions for appropriate empiric antibiotics in exacerbations. 
However, though the literature is replete with such trials, 
in the vast majority, antibiotic choice does not apparently 
aff ect the clinical outcome. However, diff erences in bacte-
riological eradication rates among antibiotics are seen, with 
a dissociation between clinical and bacteriological outcomes 
 [62] . Th ese results are contrary to expectations that antibi-
otics with better  in vitro  and  in vivo  antimicrobial effi  cacy 
and better pharmacodynamic and pharmacokinetic charac-
teristics should show superior clinical outcomes. A closer 
examination of the trial design of these studies reveals sev-
eral shortcomings that off er potential explanations for this 
paradox ( Table 53.5   )  [53] . Many of these defi ciencies are 
related to the fact that these trials are performed for regula-
tory approval of the drugs, therefore are designed for dem-
onstrating noninferiority rather than diff erences between 
the two antibiotics. In the face of this large body of data 
showing clinical equivalence, it is not surprising that sev-
eral guidelines do not diff erentiate between antibiotics for 
therapy of exacerbations. 

   Most antibiotic comparison trials are underpowered 
to detect diff erences among antibiotics. However, because 

of regulatory requirements, these studies are conducted in 
a very similar manner and in similar patient populations. 
Th is makes these trials very amenable to a meta-analytic 
approach. Dimopoulos  et al . used such an approach to 
determine whether there was any diff erence in clinical 
outcomes among fi rst-line antibiotics (amoxicillin, ampi-
cillin, pivampicillin, trimethoprim/sulfamethoxazole, and 
doxycycline) and second-line antibiotics (amoxicillin/cla-
vulanate, macrolides, second-generation or third-generation 
cephalosporins, and fl uoroquinolones) in the treatment of 
exacerbations of chronic bronchitis  [63] . Th ey identifi ed 
12 randomized controlled trials that had enrolled 2261 
patients, 10 of these trials included the penicillins as the 
fi rst-line antibiotic. Only a single trial each with trimetho-
prim/sulfamethoxazole and doxycycline was included. In 
the clinically evaluable patients, fi rst-line antibiotics were 
only half as eff ective as second-line antibiotics with an 
odds ratio for clinical treatment success of 0.51 (95% CI, 
0.34–0.75). Th is result was consistent in several sensitivity 
analyses, with the exception of trials published before 1991, 
where the diff erence between fi rst line and second line anti-
biotics was not seen. Th ere was no diff erence between the 
fi rst-line and second-line antibiotics in adverse eff ects. 

   Th is meta-analysis provides additional evidence that 
antibiotic choice does make a diff erence in the treatment 
of exacerbations. Similar treatment success for fi rst line and 
second line antibiotics in trials before 1991 but not after 
1991, suggests that resistance emergence in causative bacte-
rial pathogens ( H. infl uenzae, M. catarrhalis, S. pneumoniae)  
is responsible for the fi ndings of this meta-analysis. Because 
of the limited number of studies in which the fi rst line 
antibiotics were not penicillins, the results of this meta-analysis 
mainly applies to the penicillins. Based on this meta-
analysis, recommendations to use amoxicillin and ampicillin 
in the treatment of exacerbations cannot be supported. 

   Th ese investigators also performed a similar meta-
analysis where they compared second-line antibiotics, 

 TABLE 53.5          Limitations of published placebo-controlled antibiotic trials in acute exacerbations of COPD.  

   Limitation of study design  Potential consequences 

   Small number of subjects  Type 2 error 

   Subjects with mild or no underlying COPD included  Diminished overall perceived effi  cacy of antibiotics 

   Nonbacterial exacerbations included  Type 2 error 

   Endpoints compared at 3 weeks after onset       –     Spontaneous resolution mitigates diff erences between arms  

    –      Clinically irrelevant as most decisions about antibiotic effi  cacy 

are made earlier    

   Speed of resolution not measured  Clinically relevant endpoint not assessed 

   Lack of long-term follow-up  Time to next exacerbation not assessed 

   Antibiotic resistance to agents with limited  in vitro  

antimicrobial effi  cacy 

 Diminished overall perceived effi  cacy of antibiotics 

   Poor penetration of antibiotics used in to respiratory tissues  Diminished overall perceived effi  cacy of antibiotics 

   Concurrent therapy not controlled  Undetected bias in use of concurrent therapy 

  Reproduced with permission from Ref.  [53].   
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the macrolides, the fl uoroquinolones and amoxicillin/clavu-
lanate in a similar manner  [64] . In this analysis of 19 rand-
omized controlled trials that had enrolled 7405 patients, no 
diff erences were found among these agents in clinical treat-
ment success defi ned in the conventional manner. 

   In addition to these meta-analyses, welcome additions 
to the literature on antibiotic treatment of exacerbations are 
two recent antibiotic comparison trials that were designed 
as superiority studies. Th ey also measured some uncon-
ventional but clinically relevant end-points. Th e GLOBE 
(Gemifl oxacin and Long term Outcome of Bronchitis 
Exacerbations) trial, a double blind, randomized trial, com-
pared a fl uoroquinolone, gemifl oxacin, with a macrolide, 
clarithromycin  [65] . End of therapy and long-term out-
come assessments were made at the conventional 10–14 day 
and 28-day time intervals. Th ese assessments, in line with 
most antibiotic comparison trials, did not demonstrate sta-
tistically signifi cant diff erences in the two arms, with clini-
cal success rates of 85.4% and 84.6% for gemifl oxacin and 
clarithromycin respectively. Also in line with similar stud-
ies, bacteriological success, measured as eradication and 
presumed eradication, was signifi cantly higher with gemi-
fl oxacin (86.7%) compared to clarithromycin (73.1%). 

   Patients with a successful clinical outcome at 28 
days were enrolled in a follow-up period for a total of 26 
weeks of observation. In this time period, the primary out-
comes were the rate of repeat exacerbations, hospitaliza-
tions for respiratory disease and health-related quality of 
life measures. A signifi cantly lower rate of repeat exacer-
bations was observed with gemifl oxacin, with 71% of the 
patients remaining exacerbation free at 26 weeks compared 
to 58.5% in the clarithromycin arm. Th e relative risk reduc-
tion for recurrence of exacerbation was 30%. Th e rate of 
hospitalization for respiratory tract illness in the 26 weeks 
was also lower in the gemifl oxacin treated than in the clari-
thromycin treated patients (2.3% versus 6.3%,  p       	      0.059) 
 [65] . Patients who remained free of recurrence in the 26-
week period regained more of their health-related quality of 
life than those who had a recurrent exacerbation  [6] . Th is 
trial clearly demonstrates that conventional medium-term 
clinical outcomes are unsuitable for measuring diff erences 
among antibiotics in exacerbations. If the 26-week follow-
up period had not been included in the GLOBE study, sig-
nifi cant diff erences in the two treatment arms in clinically 
relevant outcomes of recurrence of exacerbations and respi-
ratory related hospitalization would have been missed. 

   Th e MOSAIC   trial is another recent landmark 
antibiotic comparison trial in exacerbations of COPD. 
Patients in this study were randomized to a fl uoroqui-
nolone, moxifl oxacin or to standard therapy (which could be 
one of the following: amoxicillin, cefuroxime or clarithro-
mycin)  [66] . Several unique design features of this trial are 
noteworthy, which relate to observations made in this study 
and set the standard for future antibiotic comparison trials 
in this disease. Th e number of patients enrolled was much 
larger than previous studies, in order to provide adequate 
power to demonstrate superiority. Patients were enrolled 
when stable to establish a baseline as a comparison to reli-
ably distinguish between clinical improvement (enough 
improvement that no additional antibiotic treatment is 
required) from clinical cure (improvement of symptoms 

to baseline) following treatment. A substantial proportion 
of the patients enrolled had one or more risk factors that 
would predispose to a poor outcome as discussed below. 
Patients were followed up to 9 months after randomization 
to provide an estimate of recurrence of exacerbation. 

   In line with usual antibiotic comparison trials, moxi-
fl oxacin and standard therapy were equivalent (88% versus 
83%) for clinical success (resolution and improvement) at 
7–10 days after the end of therapy. However, moxifl oxacin 
therapy was associated with a superior clinical cure rate 
(defi ned as resolution of symptoms to baseline, rather than 
simply improvement) than standard therapy (71% versus 
63%), as well as with superior bacteriologic response (91.5% 
versus 81%). Several other  a priori  unconventional end-
points were examined. Moxifl oxacin treatment resulted in 
signifi cantly fewer courses of additional antibiotic therapy 
(8% versus 14%) and an extended time to the next exacer-
bation (131 versus 104 days)  [66] . A composite end-point 
of clinical failure, requirement of additional antibiotics and 
recurrence of exacerbation demonstrated a clear diff erence 
between the two arms, with moxifl oxacin being statistically 
superior to standard therapy for up to 5 months of follow-
up. As with the GLOBE trial, if conventional clinical suc-
cess would have been measured solely in this study, all the 
other signifi cant diff erences in the two arms would have not 
been discovered. 

   Th e GLOBE and MOSAIC trials demonstrate that 
 in vitro  microbiological superiority as well as the enhanced 
pharmacokinetic/pharmacodynamic properties in the res-
piratory tract of the fl uoroquinolones does translate to 
greater  in vivo  eff ectiveness in the treatment of exacerba-
tion. Antibiotics for exacerbation have very similar results 
for the standard regulatory end-point of clinical success at 
7–14 days after the end of therapy. Th is standard end-point 
not only lacks discriminatory power, it also has little clini-
cal relevance. Most decisions about antibiotic benefi t in the 
clinical setting are made within the 1st week of therapy. 
Diff erences among antibiotics are perceptible when clini-
cally relevant end-points such as speed of resolution, clini-
cal cure, need for additional antimicrobials and time to next 
exacerbation are considered        [65, 66] .   

    RISK STRATIFICATION OF PATIENTS 

   Fluoroquinolones are excellent antimicrobials for exacer-
bations, and based on the MOSAIC and GLOBE studies, 
it is tempting to prescribe them for all moderate to severe 
exacerbations. Such a strategy, though likely to be success-
ful in the short-term, would foster antimicrobial resistance 
to these valuable antibiotics in the long term. Th erefore, 
it would be judicious to make an eff ort to identify those 
patients and exacerbations that are most likely to benefi t 
from these antibiotics and use them in those circumstances. 

   Observational real life studies of the outcome of exac-
erbations in the community have clearly demonstrated that 
our current treatment approach is sub-optimal. In these 
studies, treatment failure rates, either defi ned as failure 
to improve or relapse within 30 days of 25–33% are seen 
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       [67, 68] . Th ese studies have also demonstrated that certain 
patient characteristics that antedate the onset of the exac-
erbation impact the outcome of the exacerbation                [48, 67–
71] . Interestingly, several of these characteristics, such as 
co-morbid cardiac disease and frequent exacerbations, were 
found to be relevant to outcome in more than one study. 
Th ese risk factors for poor outcome should be considered 
in the decision regarding choice of empiric antibiotics when 
treating exacerbations. In theory, patients at risk for poor 
outcome would have the greatest benefi t from early aggres-
sive antibiotic therapy, such as with the fl uoroquinolones. 
Th ese are the patients in whom the consequences of treat-
ment with an antibiotic ineff ective against the pathogen 
causing the exacerbation are likely to be signifi cant, with 
clinical failures, hospitalizations and early recurrences likely. 
Th ese at risk patients contribute substantially to the overall 
poor clinical outcomes of exacerbations. Th erefore, targeting 
these patients with potentially more eff ective treatment is 
likely to have a signifi cant impact on the overall outcomes 
of exacerbations. 

   Risk factors for poor outcome identifi ed in various 
studies are increasing age, severity of underlying airway 
obstruction, presence of co-morbid illnesses (especially car-
diac disease), a history of recurrent exacerbations, use of 
home oxygen, use of chronic steroids, hypercapnia and acute 
bronchodilator use                [48, 67–71] . It is likely that home oxy-
gen use, hypercapnia and chronic steroid use mainly refl ect 
increasing severity of underlying COPD. Acute bronchodi-
lator use could either be related to the severity of underly-
ing COPD or refl ect the wheezy phenotype of exacerbation 
that would be less responsive to antibiotic treatment. Many 
of these risk factors are continuous in severity, however, cer-
tain thresholds have been defi ned in studies that are clini-
cally useful and predictive of poor outcome and easier to use 
clinically. Th ese include an age of more than 65 years, forced 
expiratory volume in 1       s (FEV 1 )  � 50%, and  � 3 exacerba-
tions in the previous 12 months. 

   Another important consideration in choosing antibiot-
ics for exacerbation is recent antibiotic use, especially within 
the past 3 months. Because of the recurrent nature of exac-
erbation and the high prevalence of co-morbid conditions 
in COPD, such antibiotic exposure is likely to be prevalent 
in COPD patients. In other respiratory infections such as 
pneumonia, recent antibiotic use leads to increased risk for 
harboring antibiotic resistant pathogens and therefore hav-
ing a poor outcome following treatment. Th is phenomenon 
has been best described for  S. pneumoniae  among patients 
with community acquired pneumococcal pneumonia and 
recently also described for this pathogen among patients 
with COPD        [72, 73] . Whether such selection for antibi-
otic resistant strains occurs among NTHI and  M. catarrhalis  
after antibiotic exposure is not known, but is possible.  

    RISK STRATIFICATION APPROACH TO 
ANTIBIOTIC THERAPY IN ACUTE 
EXACERBATION 

   A risk stratifi cation approach has been advocated by sev-
eral experts for the initial empiric antibiotic treatment of 

exacerbations based on the risk factors discussed above as 
well as the  in vitro  and  in vivo  effi  cacy of antibiotics. Our 
current treatment algorithm is shown in  Fig. 53.2             [14, 51, 
61] . Once an exacerbation is diagnosed, the initial step in 
the algorithm is determination of the severity of the exac-
erbation. We use the Anthonisen criteria by defi ning single 
cardinal symptom exacerbations as mild, while the presence 
of two or all three of the cardinal symptoms defi nes moder-
ate and severe exacerbations. 

   Mild exacerbations are initially managed with symp-
tomatic treatment, including bronchodilators, antitussives 
and expectorants and antibiotics are with held. However, 
patients are counseled regarding the cardinal symptoms 
and if additional symptoms appear, then antibiotics are 
prescribed. If a moderate to severe exacerbation is diag-
nosed, the next important step is the diff erentiation of 
 “ uncomplicated ”  patients from the  “ complicated ”  patients. 
Uncomplicated patients do not have any of the risk factors 
for poor outcome. Complicated patients have one or more 
of the following risk factors for poor outcome: Age  � 65 
years, FEV 1       �      50%, co-morbid cardiac disease and three or 
more exacerbations in the previous 12 months          [14, 51, 61] . 
A threshold of four or more exacerbations in the previous 
12 months has been used to defi ne frequent exacerbations 
in previous studies and guidelines. However, current ther-
apy of COPD with long acting bronchodilators and inhaled 
steroids has reduced overall frequency of exacerbations in 
this disease by about 25%. Th erefore, we use a threshold 
of three or more exacerbations to defi ne the complicated 
patient on contemporary COPD treatment. 

   In uncomplicated patients, antibiotic choices include 
an advanced macrolide (azithromycin, clarithromycin), a 
cephalosporin (cefuroxime, cefpodoxime, or cefdinir), doxy-
cycline or trimethoprim/sulfamethoxazole. Amoxicillin (or 
ampicillin) is not an appropriate choice because of prevalent 
antibiotic resistance and the results of the meta-analysis 
discussed above. In complicated patients, our usual antibi-
otic choice is a respiratory fl uoroquinolone (moxifl oxacin, 
gemifl oxacin, levofl oxacin) with amoxicillin/clavulanate as 
an alternative. 

   Other important considerations in choosing antibiot-
ics include exposure to antibiotics within the past 3 months. 
Th is exposure history should be elicited not only for respi-
ratory infections, but includes antibiotics prescribed for any 
indication. Th e antibiotic chosen to treat the exacerbation 
should be from a diff erent class of agents from the one pre-
scribed within the past 3 months. For example, exposure to 
a macrolide in the past 3 months should lead to use of a 
cephalosporin in an uncomplicated patient. Similarly, prior 
use of a fl uoroquinolone in a complicated patient should 
lead to use of amoxicillin/clavulanate. 

   Another important consideration in the compli-
cated patients is a sub-group of these patients who are at 
risk for infection by  P. aeruginosa  and  Enterobacteriaceae  
or have a documented infection by these pathogens  [74] . 
Th ese patients usually have very severe underlying COPD 
(FEV 1       �      35%), have developed bronchiectasis, are hospital-
ized (often requiring intensive care), or have been recently 
hospitalized or have received multiple courses of antibiot-
ics. In such patients, empiric treatment with ciprofl oxacin 
is appropriate. However, resistance among  P. aeruginosa  and 
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the  Enterobacteriaceae  to the fl uoroquinolones may compro-
mise their effi  cacy. Th erefore, in this sub-group of patients, 
we obtain a sputum (or tracheobronchial aspirate if intu-
bated) culture to allow adjustment of antibiotics based on 
the  in vitro  susceptibility of pathogens isolated. Unless dic-
tated by poor clinical response and  in vitro  antimicrobial 
susceptibility, we do not use combination or parenteral anti-
biotic therapy for  P. aeruginosa  as this approach has never 
been systematically examined and is of unproven benefi t in 
exacerbations. 

   We instruct our patients to report to us any deterio-
ration or lack of improvement at 48–72       h, because in this 
time frame clinical improvement should be apparent. In 
these patients who are failing initial empiric antimicrobial 
therapy, we re-examine the patient to confi rm the diagnosis, 
consider sputum studies to ascertain for resistant or diffi  cult 

to treat pathogens and treat with an alternative agent with 
better  in vitro  microbiological effi  cacy.  

    ALTERNATIVE APPROACHES TO ANTIBIOTIC 
THERAPY IN ACUTE EXACERBATION 

   Patients with COPD exacerbation often experience a 
change in the color of sputum from white or gray (mucoid) 
to yellow, green or brown (purulent). Purulence of sputum 
is related to the presence of myeloperoxidase, a product of 
neutrophil degranulation. Neutrophil degranulation is asso-
ciated with bacterial infection, therefore sputum purulence 

Mild 
Only one of the three cardinal symptoms:

Increased dyspnea
Increased sputum volume

Increased sputum purulence

Moderate or Severe 
At least two of the three cardinal symptoms:

Increased dyspnea
Increased sputum volume

Increased sputum purulence

Uncomplicated COPD
no risk factors 
Age �65 years

FEV1 �50% predicted
�3 exacerbations/year

No cardiac disease

Complicated COPD
one or more risk factors 

Age �65 years
FEV1 �50% predicted
�3 exacerbations/year

Cardiac disease

Worsening clinical status or inadequate response in 72 h

Re-evaluate
Consider sputum culture

• No antibiotics 
• Increase bronchodilators 
• Symptomatic therapy
• Instruct patient to report
  additional cardinal symptoms

• Advanced macrolide (azithromycin, 
  clarithromycin),
• Cephalosporin (cefuroxime,
  cefpodoxime, cefdinir),
• Doxycycline
• Trimethoprim/sulfamethoxazole
– If recent (�3 months) antibiotic
   exposure, use alternative class

• Fluoroquinolone (moxifloxacin, 
  gemifloxacin, levofloxacin),
• Amoxicillin/clavunate
– If at risk for Pseudomonas,
   consider ciprofloxacin and obtain
   sputum culture
– If recent (�3 months) antibiotic
   exposure, use alternative class

Exacerbation

 FIG. 53.2          Algorithm for antibiotic treatment of acute exacerbations of COPD.    
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at exacerbation is a marker of bacterial infection, defi ned 
by quantitative cultures of sputum and bronchoscopic 
protected brush specimens        [75, 76] . Presence of sputum 
purulence has been advocated as the sole determinant for 
antibiotic treatment of exacerbations. However, its accuracy 
and reproducibility as an indicator of bacterial infection is 
limited, and is likely to be even more so in clinical practice 
than in research studies        [75, 76] . Often, patients have puru-
lent sputum production even when stable, have intermittent 
purulent sputum production during exacerbation, or have 
not have observed the sputum color. Sputum purulence is 
one of the cardinal Anthonisen criteria, and we recommend 
it should be used in conjunction with other symptoms and 
other measures of risk stratifi cation in antibiotic treatment 
of exacerbations ( Fig 53.2 ). 

   Utilization of biomarkers to rapidly identify bacterial 
exacerbations and to guide antibiotic use is another poten-
tial approach in exacerbations. Several potential biomark-
ers have been identifi ed in sputum and serum. Th e best 
studied biomarker of bacterial infection is serum procal-
citonin level. In a recent study in patients hospitalized for 
exacerbations, antibiotic treatment was only recommended 
if the procalcitonin level was above a certain threshold. 
Th ere was no diff erence in outcomes in spite of reduction 
in antibiotic use from 72% to 40% with procalcitonin guid-
ance  [77] . However, this approach needs to be validated in 
multi-center trials with varied populations before wide-
spread application  [78] . Furthermore, it needs to be tested 
in outpatients which represent the majority of exacerba-
tions treated, where patients are not as closely supervised 
and other supportive care is less rigorous. Only a minority 
of patients received a fl uoroquinolone in this study, which 
should have been the antibiotics of choice in these compli-
cated patients. Th erefore, the lack of eff ect of withholding 
antibiotics could have been related to their relative ineffi  -
cacy in the fi rst place. In this study, short-term goals as well 

as biologic goals of bacterial eradication and infl ammation 
reduction as discussed above were also not recorded. 

   Other biomarkers that have been explored in COPD 
exacerbations include sputum TNF- α  and NE and CRP 
( Fig. 53.3   ). Th ough individually they do not appear to dis-
criminate between exacerbations, a combination of these 
parameters reliably distinguishes well-characterized bacte-
rial exacerbations from others  [18] . Additional studies are 
required to confi rm and extend these observations. 

   Other important considerations in antibiotic prescrib-
ing are safety and tolerability of the agent, drug interactions 
and cost of treatment. It is important that cost of the anti-
biotic not be considered in isolation. Miravittles  et al . have 
shown that exacerbations in which initial empiric treatment 
fails cost 10 times more than clinical successes  [79] . Th e 
investigators estimated that the overall cost of care could be 
reduced by half with reduction in clinical failure rates by a 
third. Th ough not shown as yet in properly designed stud-
ies, it is likely that an appropriate and logical approach to 
antibiotic choice, as discussed above, would reduce clinical 
failure rates in exacerbations.   
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C H A P T E R

         

    Long-Term Oxygen Therapy 

   Th e use of oxygen as a therapeutic agent is gen-
erally thought to have began in the 1920s  [1] . 
Since then, much has been learned about the 
eff ects of oxygen and many methods of deliv-
ery have been developed. In this chapter, we 
will review the known eff ects of chronic oxygen 
therapy, its indications, and the various delivery 
systems now available. 

    PATHOPHYSIOLOGY OF 
OXYGENATION 

   To understand the scientifi c rationale and 
guidelines concerning oxygen therapy, it is 
necessary to know about the physiology of 
gas exchange, transportation of oxygen to tis-
sues, and the consequences of tissue hypoxia. 
Hypoxemia is defi ned as an abnormally low 
arterial oxygen tension  P  a O 2 . Th e physiologic 
causes of hypoxemia include a low inspired par-
tial pressure of oxygen ( F  i O 2 ), abnormal venti-
lation–perfusion relationship ( � �V/Q    mismatch), 
decreased diff usion capacity, alveolar hypoventi-
lation, and right to left shunt. Oxygen therapy 
increases the  F  i O 2  and is the primary treatment 
for hypoxemia resulting from the fi rst three 
causes. Th e hypoxemia of alveolar hypoven-
tilation is best treated by increased ventilation 
while a true shunt is by defi nition unresponsive 
to hyperoxia. 

   Oxygen delivery ( D O 2 ) to the tissues is 
dependent upon the arterial oxygen content 
( C  a O 2 ) and the cardiac output  ( )t

�Q     as illustrated 
by the following equation: 

  D C QO Oa t2 2	 � �   (54.1)      

   Arterial oxygen content is further deter-
mined by 
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   where Hgb is blood hemoglobin concentra-
tion in g/100       ml, 1.39 is the maximum amount 
of oxygen (ml) that can combine with 1       g of 
hemoglobin, % sat is the amount of oxygen 
combined with hemoglobin divided by the 
maximal amount possible, 0.003 is the amount 
of oxygen (ml) soluble in 100       ml of blood per 
torr  P  a O 2  in the absence of Hgb, and  P  a O 2  is 
the partial pressure of oxygen in arterial blood. 
Tissue hypoxia occurs when the amount of oxy-
gen present cannot meet the metabolic needs. 
Inadequate oxygen transport is dependent 
upon any of the above factors and is the most 
common cause of tissue hypoxia. However, 
decreased oxygen utilization is another pos-
sible cause of hypoxia. Th is is demonstrated by 
shunting at the capillary level in sepsis or more 
dramatically by mitochondrial poisoning sec-
ondary to certain substances such as cyanide.   

   Th e physiologic response to acute hypox-
emia is to maintain oxygen transport ( Fig. 54.1   ). 
At a  P  a O 2  below 55, ventilatory drive increases 
rapidly leading to a higher arterial  P  a O 2  and 
hypocapnia. Vascular beds supplying hypoxic tis-
sue vasodilate, resulting in tachycardia, increased 
cardiac output, and oxygen delivery. Th e lung 
responds to hypoxemia by vasoconstriction to 
increase ventilation–perfusion matching and the 
 P  a O 2 . Subsequently, secretion of erythropoietin 
results in erythrocytosis and improved oxygen 
carrying capacity. Th ese adaptations improve 
oxygen delivery. Unfortunately, the short-term 
benefi t of these responses may have a detri-
mental long-term eff ect. Prolonged pulmonary 

  54 
   Bartolome R.   Celli  

  Division of Pulmonary and Critical Care, 
Caritas St. Elizabeth’s Medical Center, 

Tufts University, Boston, MA, USA      



Asthma and COPD: Basic Mechanisms and Clinical Management

678

 TABLE 54.1          Known eff ects of chronic oxygen therapy.  

   Survival 

         Increased in hypoxemic patients with COPD after receiving continuous O 2 . 

   Pulmonary hemodynamics 
         Decreases pulmonary artery pressure and pulmonary vascular resistance. 

         Increases stroke volume. 

   Exercise 

         Improves exercise endurance. 

         Improves ventilatory muscle function. 

         Decreases minute ventilation. 

   Oxygen cost of ventilation 

         Decreases resting oxygen cost of breathing. 

         Reduces oxygen cost of ventilation during carbon dioxide induced 

 hyperventilation. 

   Neuropsychology 

         Improves neuropsychologic performance. 

   Sleep 

         Improves sleep quality. 

vasoconstriction and increased cardiac output can result in 
pulmonary hypertension (PH), right ventricular failure, and 
decreased survival            [2–5] . In addition, the increased minute 
ventilation and increased oxygen cost of breathing (O 2  
COB) may contribute to chronic malnutrition  [6] . To inter-
rupt this sequence of events, oxygen therapy has become 
important in hypoxemic patients            [4, 5, 7, 8] . We shall 
review what is known about the long-term eff ects of oxygen 
therapy with particular attention to COPD because this is 
the only disease in which chronic oxygen therapy has been 
studied in detail ( Table 54.1   ).  

    EFFECTS OF CHRONIC OXYGEN THERAPY 

    Survival 

   Although the cause of death in patients with hypoxic cor 
pulmonale is uncertain, the factors predicting survival in 
patients on long-term oxygen have been investigated. In 
general, variables refl ecting worse severity of COPD, such as 
reduction of  P  a O 2  or increased  P CO  2  ,            [6–9]  lower FEV 1         [6, 
9] , and elevated mean pulmonary artery pressure (PAP)  [9] , 
correlate with survival. On the other hand, the eff ect of tran-
sient hypoxemia measured by oxygen desaturation appears to 
have limited impact on survival  [10] . In the most hypoxemic 
patients as determined by arterial hypoxemia, the most impor-
tant evidence supporting the use of chronic oxygen has been 
derived from studies investigating its eff ect on survival  [11] . 

   In 1970, Neff  and Petty  [12]  found a 30–40% 
decrease in mortality in their severely hypoxic patients on 
continuous oxygen when they were compared with those 
in the literature. Subsequently, two large controlled trials 
studied the eff ect of oxygen on survival in COPD        [4, 5] . 
Th e British Medical Research Council Study randomized 
patients to 15       h of continuous oxygen each day compared 
with no oxygen. During the 5-year follow-up, 19 of 42 
oxygen therapy patients compared with 30 of 45 controls 
died. Th e Nocturnal Oxygen Th erapy Trial (NOTT) ran-
domly assigned patients to either 12 or 24       h of oxygen per 
day. After 26 months, the mortality of the continuous group 
(mean 19       h/day) was one-half that of the 12-h group. Taken 
together, these studies found survival to improve propor-
tionally to the number of hours of supplemental oxygen per 
day. As a result, the current recommendation for hypoxemic 
patients ( P  a O 2        �      55       mm Hg or  S  a O 2        �      88%) is continu-
ous 24       h/day oxygen therapy. In addition, patients with a 
 P  a O 2  of 55–59       mm Hg or a  S  a O 2        �      89% in the presence 
of cor pulmonale or polycythemia also qualify for long-term 

Increased
O2 COB Increased VE

Pulmonary
vasoconstriction

Increased
erythropoietin

Increased heart rate
and stroke volume

Increased
PAP

Increased
myocardial

work

Cor pulmonale

Long-term effects Decreased PaO2 Short-term effects

Malnutrition

Death

Increased
V/Q matching

Increased
PaO2

Increased
hematocrit

Increased
cardiac
output

Increased
oxygen
delivery

Increased
arterial

O2 content

 FIG. 54.1          The short- and 

long-term physiologic 

consequences of hypoxemia.    



54Long-Term Oxygen Therapy

679

continuous oxygen. Th e fi ndings of these trials have been 
confi rmed in the routine clinical setting  [13] . 

  Because of the lifestyle changes and economic impli-
cations of chronic oxygen therapy, patients must meet cer-
tain criteria for longer-term prescription. First, patients 
must be stable, on optimal medical therapy and not smok-
ing. In addition, patients must be observed for at least 3 
months to document persistent hypoxemia requiring long-
term oxygen. During both the NOTT study  [4]  and a mul-
ticenter French study  [14] , approximately 40% of patients 
had improved enough after 1 month to no longer qualify for 
chronic oxygen. Consequently, patients should be reassessed 
1–3 months after initiation of oxygen therapy to determine 
continued need for its use.  

   Pulmonary hemodynamics 

  Although the reason for increased survival with oxygen is 
not clear, there is evidence that O 2  can improve pulmonary 
hemodynamics and lead to reduced cardiac work and greater 
oxygen delivery. Initially, uncontrolled studies in hypoxemic 
patients suggested that continuous oxygen for 6–8 weeks 
could reduce pulmonary artery hypertension (PAH)        [15, 
16] . Subsequently, however, the controlled NOTT and 
MRC studies revealed no defi nite hemodynamic improve-
ment        [4, 5] . In the MRC trial, the mean PAP remained 
stable in patients receiving oxygen 15       h/day, but increased 
signifi cantly in the control group. In NOTT, there was only 
a slight decrease in pulmonary vascular resistance (PVR) 
after 6 months on continuous oxygen while the nocturnal 
oxygen group had a minimal increase in PVR. However, the 
results of both these studies may have been fl awed by the 
fact that each was devoted mainly to prognosis, follow-up 
was short, and not all patients were evaluated. 

  Some studies have specifi cally examined the eff ect 
of oxygen therapy on PAH. Weitzenblum and colleagues 
 [3]  performed right heart catheterizations on an aver-
age of 41 months prior to oxygen, just before starting oxy-
gen, and 31 months after oxygen in 16 severely hypoxemic 
COPD patients on oxygen therapy. Before oxygen therapy, 
there was a mean yearly increase in PAP of 1.47 � 2.3       mm 
Hg. Following oxygen, PH improved in 12 of 16 patients as 
demonstrated by an annual decrease in PAP of 2.15 � 4.4       mm 
Hg. Complete normalization of PAP rarely occurred, but the 
changes in PAP were related to diff erences in PVR. 

   Further analysis of the NOTT data showed that the 
continuous oxygen therapy group had signifi cant improve-
ments in resting and exercise mean PAP, PVR, and stroke 
volume index after 6 months  [2] . In addition, the noctur-
nal oxygen therapy group showed stable hemodynamic 
variables. However, the absolute diff erences between the 
two groups were not signifi cant. Despite this, the authors 
suggested that further follow-up may show hemodynamic 
improvement as a factor altering the longevity between the 
two groups. One investigator has suggested that the reason 
continuous oxygen therapy improves survival may be due to 
the detrimental eff ect of oxygen withdrawal from patients 
on long-term therapy  [16] . Selinger and colleagues  [17]  
showed that removal of oxygen caused a 31% increase in 
PVR index coupled with a decrease in stroke volume index 

and oxygen delivery. Th ey propose that the eff ect of recur-
rent oxygen withdrawal may be responsible for the worse 
prognosis of intermittent oxygen therapy. 

  In the longest of all the observational therapeutical 
oxygen trials, Zelinski and coworkers  [7]  evaluated pul-
monary hemodynamics at 2-year intervals for 6 years in a 
group of 12 patients with hypoxemic COPD. Th e PAP 
which was 27 � 7 torr at entry, decreased to 21 � 4 at 2 years, 
to then return to stable values of 26 � 7 and 26 � 6 torr at 4 
and 6 years, respectively. Th is was observed in spite of fur-
ther deterioration of gas exchange with worsening of room 
air  P  a O 2  and  P  a  CO 2  . Th is study lends support to the con-
cept that oxygen supplementation to hypoxemic patients 
halts progression of PAH. 

  Many patients continue to worsen despite long-
term oxygen. Early identifi cation of those patients who 
are unlikely to benefi t from oxygen would avoid the cost 
and inconvenience of oxygen in these patients. As a result, 
various investigators have attempted to correlate an acute 
hemodynamic response to oxygen with long-term survival. 
In most studies, acute oxygen delivery (30       min to 24       h) 
decreases the PAP in a minority of patients          [2, 18, 19] . 
Conversely, others have shown 28% oxygen to reduce PAP 
� 5       mm Hg in greater than half of their patients        [20, 21]  
and this acute response to oxygen predicted 2-year survival 
in patients with COPD and cor pulmonale  [22] . However, 
Sliwinski  et al.   [19]  have found little correlation between 
acute response to oxygen and long-term survival. Th ey pro-
pose that the diff erence in results of these studies may be 
attributable to the lack of a pre-entry period in Ashutosh’s 
study, which may have allowed inclusion of patients who 
were not stable. Consequently, these patients may have had 
acute hypoxic vasoconstriction superimposed upon the more 
irreversible anatomic changes. In their study, responders had 
lower mean PAP (26       mm Hg) after oxygen compared with 
the nonresponders (33       mm Hg) suggesting they could have 
had less severe baseline PH which might have accounted 
for their better prognosis. 

  Patients who have an acute hemodynamic response to 
oxygen may have structural diff erences in their pulmonary 
vasculature as compared with those who do not improve. 
However, an autopsy study examining the pulmonary arter-
ies of patients who died during the NOTT study found no 
diff erence in the vascular structure of those who responded 
to oxygen and those who did not  [23] . In addition, these 
authors found structural alterations of the muscular pulmo-
nary arteries in patients with PAH secondary to COPD, 
but these changes did not correlate with the degree of PAH. 

  Because determination of PAP is invasive, nonin-
vasive methods have been assessed to predict response to 
oxygen therapy. Ashutosh and Dunsky  [21]  studied exercise 
�V    O 2  max and found a  �V    O 2  max  � 6.5       ml/min/kg to pre-

dict a fall in PAP  � 5       mm Hg and 3-year survival on oxy-
gen. Attempts to show an acute or chronic benefi t of oxygen 
on RVEF (right ventricular ejection fraction)        [24, 25] , and 
a change in RVEF on oxygen to predict a change in PAP 
       [21, 25]  or survival  [21]  have been disappointing. Th erefore, 
the response of RVEF to oxygen does not appear to predict 
a benefi cial eff ect of this therapy. 

  Th e possibility that long-term oxygen therapy could 
benefi t patients with a lesser degree of   resting hypoxemia 
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( P  a O 2  between 56 and 69 torr) was explored by Gorecka  et al.   
[26] . Th ey prospectively evaluated patients with moderate 
hypoxemia and observed no diff erence in mortality between 
treated and untreated patients. Th is lack of benefi cial eff ect 
is further highlighted by the multicenter trial reported by 
Chaouet and coworkers  [27]  who after 2 years of therapy 
observed no eff ect on survival or pulmonary artery hemo-
dynamics in a cohort of moderate hypoxemic patients rand-
omized to supplemental oxygen or routine therapy. 

   Most of the studies evaluating oxygenation and sur-
vival have centered on the actual value of  P  a O 2  and to some 
degree on the oxygen saturation. Recent evidence shows 
that the level of hemoglobin may be as important in pre-
dicting outcome in patients with COPD. Th e long held 
belief that most patients with COPD develop compensa-
tory polycythemia has proven to not be the case as those 
large series show that anemia is highly prevalent in those 
patients and is associated not only with decreased exercise 
capacity but also with impaired survival        [28, 29] . 

   In summary, long-term oxygen has benefi cial eff ects 
on survival and PH in patients with COPD and signifi -
cant hypoxemia. Currently, most studies do not support the 
ability of acute hemodynamic response to oxygen measured 
either invasively or noninvasively to predict improvements 
in PAP, pulmonary vascular changes, or survival. Th erefore, 
long-term oxygen is currently administered to all signifi -
cantly hypoxemic patients ( P  a O 2        �      55 torr), since some 
benefi t cannot be ruled out and other therapeutic options are 
limited. Th ere is no evidence to support the administration 
of long-term oxygen therapy to patients with mild or transi-
tory hypoxemia. Th e value of correcting the hemoglobin in 
patients with COPD and anemia has not been explored.  

    Exercise 

   Ventilatory, rather than circulatory, factors limit maxi-
mum exercise performance in most patients with COPD. 
Performance is most closely related to airfl ow limitation 
 [30] . Other investigators have suggested that the ventilatory 
muscles may contribute to exercise limitation in COPD        [31, 
32] . Th e process involves hyperinfl ation secondary to inabil-
ity to exhale trapped air which in turn leads to more inspir-
atory muscle dysfunction at an unfavorable length. Th is 
muscles have to generate pressures, which are close to their 
maximum capacity and this may lead to fatigue as well as 
a lack of appropriate mechanical response to the increased 
central drive  [33] . Th e resulting dyspnea leads to premature 
termination of exercise. 

   Oxygen therapy has been shown to improve exer-
cise endurance in many studies. Various investigators have 
found oxygen to increase with distance walked          [34, 35] , 
time on a treadmill        [36, 37] , and time on a cycle ergometer 
       [38, 39] . Th e precise mechanisms resulting in improvement 
are unknown  [40] , but a number have been suggested. In 
hypoxemic patients and those who desaturate with exercise, 
oxygen therapy results in greater oxygen delivery and uti-
lization by exercising muscles            [41–45] . However, increased 
oxygen saturation is not always predictive of improved exer-
cise performance          [37, 38]  and other factors may contribute 
to this. Some studies have shown oxygen to reduce minute 

ventilation and respiratory rate for a given workload        [35, 
38] . Indeed, van Helvoort and colleagues have shown that 
administration of supplemental oxygen to patients with 
COPD even if the levels of oxygen are not critical may 
ameliorate the generation of oxidative stress and infl amma-
tory burst observed during exercise in these patients  [46] . 

   Oxygen has been found to improve ventilatory muscle 
function during exercise, by   postponing the onset of fatigue 
as demonstrated by a delay in the appearance of abdominal 
paradox and a slower fall in the high to low frequency of 
the diaphragm electromyogram power spectral density  [38] . 
Criner and Celli  [47]  found that exercising COPD patients 
with oxygen resulted in the diaphragm performing more 
ventilatory work which may prevent overloading of the 
accessory muscles and contribute to the decrease in dyspnea. 
Finally, others have suggested that supplemental oxygen may 
decrease dyspnea and improve endurance by directly reduc-
ing chemoreceptor activity from the carotid body        [39, 48] . 
Currently, qualifi cation for oxygen during exercise requires 
documentation of a  P  a O 2  less than or equal to 55       mm Hg or 
an  S  a O 2        �      88        [49, 50] . A helpful clue to predicting which 
patients will desaturate with exercise is the diff using capac-
ity. Owens and colleagues  [51]  found a diff using capac-
ity above 55% predicted to be 100% specifi c in excluding 
desaturation.  

    Oxygen cost of ventilation 

   Beyond the eff ect of oxygen on arterial  P  a O 2 , there is evi-
dence that oxygen may improve dyspnea by decreasing air-
way resistance and work of breathing (WOB). Astin and 
Penman  [52]  studied 18 COPD patients and found a sig-
nifi cant association between airway resistance and  P  a O 2 . 
Administration of 30% oxygen for 20       min to these patients 
resulted in an average reduction of airway resistance of 20%. 
Subsequently, it was also found that 30% oxygen improved 
fl ow rates in mildly hypoxemic patients (mean  P  a O 2       	      61 
torr)  [53] . Furthermore, atropine caused a similar increase 
in fl ow rates that aborted the eff ect of oxygen. Th is led the 
authors to conclude that hypoxemia-related bronchocon-
striction may be mediated by vagal tone as had been previ-
ously suggested        [52, 54] . 

   In addition to its eff ects on airways resistance, oxy-
gen via a face mask or transtracheal fl ow in patients with 
COPD has also been found to decrease minute ventilation 
       [55, 56] . As a consequence of these eff ects, oxygen may 
lead to a decrease in the WOB or the O 2  COB and thereby 
improve dyspnea. Astin  [57]  studied the eff ect of 30% oxy-
gen on 15 patients with COPD and found a decrease in 
WOB in 10 patients and an increase in 5 patients. Mannix 
 et al.   [58]  calculated the COB induced by breathing 7% 
carbon dioxide. Th ey found 30% oxygen to decrease the O 2  
COB by 42% in both COPD patients and controls. In the 
COPD patients, the decrease in O 2  COB was only due to 
a smaller increment in VO 2  for a given level of ventilation, 
while controls had both a lower VO 2  and a VE. Th ey con-
cluded that supplemental oxygen decreases the O 2  demand 
of the respiratory muscles. Benditt and coworkers  [59]  
observed a decrease in the oxygen cost of breathing with 
both transtracheal air and oxygen, but the eff ect was greater 
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with oxygen. Because most patients receive long-term oxy-
gen by a nasal cannula, the eff ect of nasal fl ow oxygen on 
the oxygen cost of breathing was recently assessed  [60] . At 
high fl ows (O 2  5       l/min), oxygen signifi cantly decreased the 
O 2  COB while compressed air did not. Th ese initial studies 
have been recently confi rmed with a study that shows that 
in a dose-dependent ways  , supplemental oxygen decreases 
breathing frequency and dynamic hyperinfl ation thereby 
decreasing WOB  [61] . Th e same group has shown that the 
administration of oxygen may help better train patients 
undergoing pulmonary rehabilitation  [62] . 

   In summary, there is overwhelming evidence that 
supplemental oxygen increases exercise capacity in hypox-
emic patients with COPD and the eff ect may occur even in 
patients with mild hypoxemia. Th e long-term impact of this 
eff ect is less clear.  

    Neuropsychologic eff ects 

   Beginning in the 1930s and 1940s, aviation research demon-
strated the acute eff ects of mild to severe hypoxia on healthy 
young men  [63] . Th ese studies found that even mild hypoxia 
( P  a O 2  45–60) could impair judgment, learning, and short-
term memory in normal subjects. To investigate the eff ects 
of chronic hypoxemia, research has focused on the neurobe-
havioral eff ects of hypoxemia in patients with COPD. 

   Early work by Krop and colleagues  [64]  demonstrated 
poorer neuropsychologic performance in a group of COPD 
patients with a  P  a O 2        �      55       mm Hg. Administration of 
continuous oxygen at 2       l/min by nasal cannula for 4 weeks 
resulted in signifi cant improvement in 8 of 10 neuropsy-
chologic tests. Because this study and another  [65]  only 
looked at a small group of patients without a stabilization 
period, two large multicenter studies in the United States 
and Canada examined the neuropsychologic consequences 
of hypoxemia        [66, 67] . Th e US NOTT studied 203 patients 
with a mean age of 64 years and  P  a O 2  of 51 torr and found 
that 42% of patients had moderate to severe impairment of 
cerebral function  [66] . Th e Canadian IPPB Trial examined 
100 patients with less hypoxemia (mean  P  a O 2  66 torr) which 
resulted in more selective impairments  [67] . Th e results 
of both these studies were combined, demonstrating an 
increase in the rate of defi cits from 27% in mild hypoxemia 
( P  a O 2        �      60) to 61% in severe hypoxemia ( P  a O 2        �      50)  [68] . 

   Th e NOTT study has evaluated the eff ect of con-
tinuous (19       h/day) and nocturnal oxygen on neuropsycho-
logic functioning and life quality in 150 COPD patients. 
Th e results show an improvement after 6 months in both 
groups in general alertness, motor speed, and hand grip 
 [69] . Despite these benefi ts, patients had no change in 
emotional status or quality of life. Although improvements 
after 6 months were no greater on continuous as compared 
with nocturnal oxygen, a subgroup of patients followed for 
12 months showed signifi cantly better neuropsychologic 
function on continuous oxygen. 

   Th e poor neuropsychologic performance in hypoxemic 
COPD patients has been explained by weakness, fatigue, and 
depression. However, there is increasing evidence that brain 
hypoxia itself is responsible for the impaired function. Th e 
conventional belief that mild cerebral hypoxia could impair 

ATP generation and neuron function has been disproved 
 [70] . Some studies suggest that hypoxia can result in reduced 
synthesis of acetylcholine from labeled precursors  [71] , 
which is interesting, since there is growing evidence to sup-
port the role of acetylcholine in memory and learning  [72] .  

    Sleep 

   In the original description of rapid eye movement (REM) 
sleep in 1953, it was observed that breathing became more 
variable during this stage of sleep  [73] . Subsequently, it was 
found that decreased chest movement and oxygen satura-
tion occurred in this sleep stage  [74] . Other groups also 
demonstrated worsening   hypoxemia and carbon diox-
ide retention during sleep        [75, 76] . Koo and colleagues 
 [77]  correlated arterial blood gas tension with sleep stage 
in COPD patients and found that  P  a O 2  decreased shortly 
after sleep from 64 to 58       mm Hg during non-REM sleep. 
Upon entering REM sleep,  P  a O 2  fell further to 50 and the 
 P  a  CO 2   rose from 48 to 58       mm Hg. Th ese fi ndings were later 
confi rmed by many others              [78–82] . 

   Th e mechanisms of hypoxemia during sleep in 
COPD include hypoventilation, a reduction in functional 
residual capacity (FRC), and alterations in ventilation per-
fusion matching  [83]  Th e major cause of hypoxemia dur-
ing REM sleep is hypoventilation, which appears related 
to rapid shallow breathing        [83, 84]  and long episodes of 
hypopneas, but not actual apneas  [81] . In addition, both 
the hypoxic        [85, 86]  and hypercapnic        [87, 88]  ventilatory 
responses are diminished. Th e cause of REM sleep hypov-
entilation has not been fully determined, but appears related 
to altered brain stem function during phasic neuronal activ-
ity  [89] . During REM sleep, the ribcage contribution to 
ventilation decreases by 18–34%        [90, 91] , as a consequence 
of hypotonia of the intercostal muscles and decreased activ-
ity of accessory muscles  [92] . Th is may be particularly 
important in patients with COPD who greatly depend on 
accessory muscles for breathing        [93, 94] . Th ough it is gen-
erally believed that hypoventilation during REM sleep will 
result in ventilation–perfusion mismatch  [83] , its relative 
importance with regard to REM hypoxemia is unknown. 
Although some patients with COPD have sleep apnea, 
there is no evidence that this occurrence is more common 
than would be expected by chance alone  [83] . 

   A few studies have measured pulmonary hemody-
namics during sleep in COPD and found an increase in 
PAP with acute desaturation              [95–99] . In addition, some 
studies support an association between nocturnal desatu-
ration and PH in COPD patients who have a daytime 
 P  a O 2        �      60       mm Hg        [98, 99] . Both studies found signifi -
cantly higher PAP in the patients who desaturated as com-
pared with the non-desaturators. 

   Patients with COPD have poor sleep quality as com-
pared with age-matched controls        [100–101]  and arousals 
are frequent during periods of desaturation  [102] . Whether 
oxygen therapy improves sleep quality in hypoxemic 
patients is debatable, since various studies have shown con-
fl icting results        [100, 103] . Some studies have found fewer 
hypoxemic episodes as well as increased total sleep and 
REM sleep with oxygen        [100, 104] . 
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   Although mean nocturnal oxygen saturation ( S  a O 2 ) 
and lowest nocturnal  S  a O 2  have been found to correlate with 
survival, one study found these parameters to have no prog-
nostic value over vital capacity or awake  S  a O 2         [104, 105] . 
Furthermore, patients with greater nocturnal hypoxemia than 
would be predicted, had no diff erence in survival. In addi-
tion, the clinical characteristics of patients with COPD who 
had desaturation during 24       h monitoring were not diff er-
ent from that of patients who did not desaturate during the 
same period  [106] . Fletcher’s group retrospectively compared 
survival in COPD patients with a daytime  P  a O 2        �      60       mm 
Hg with and without O 2  desaturation at night  [107] . Th ey 
found an improved survival in those patients without noc-
turnal desaturation. Th ere was also a trend toward improved 
survival with nocturnal oxygen in those patients who did 
desaturate at night. Th ese authors attribute the diff erence in 
survival in their study and one by Connaughton  et al.   [105]  
to the worse daytime  P  a O 2  of the patients in that study 
(mean  P  a O 2  53 � 10       mm Hg). Th ey proposed that as the dis-
ease becomes more advanced, the daytime  S  a O 2  may become 
a strong predictor, while sleep  S  a O 2  correlates less well with 
survival. However, the recent report by Chaouet  et al.   [10]  
suggests that oxygen supplementation at night to mildly 
hypoxemic patients has a limited, if any, benefi cial eff ect in 
pulmonary hemodynamics or survival. 

   Presently, patients who are hypoxemic while awake 
should also be prescribed oxygen during sleep. In addition, 
patients who are well saturated during wakefulness, but 
desaturate at night can qualify for oxygen if they have com-
plications attributable to sleep hypoxemia, such as PH, day-
time somnolence, or cardiac arrhythmias        [50, 108] . 

   Although it seems intuitive that patients who mani-
fest oxygen desaturation during sleep should have a worse 
prognosis, this has not been confi rmed in the few prospec-
tives studies that have been conducted  . However, it has been 
accepted that patients with prolonged destauration at night 
without sleep apnea as the cause, be provided with supple-
mental oxygen.   

    OXYGEN PRESCRIPTION 

   Currently, there are strict guidelines for oxygen prescrip-
tion based upon resting hypoxemia ( P  a O 2        �      55       mm Hg 
or  S  a O 2        �      88) and hypoxemia induced by sleep or exercise 
( Table 54.2   ). 

   Once a patient qualifi es for long-term oxygen, pre-
scription requires completion of the Certifi cate of Medical 
Necessity for Home Oxygen Th erapy form in the United 
States. Th is form should be completed before a patient 
leaves the hospital to ensure inclusion of all information 
such as patient data, reason for oxygen, blood gases, type of 
system, and liter fl ow at rest, exercise, and sleep. 

   Long-term oxygen administration can be accom-
plished with: 

      ●      oxygen concentrator  

      ●      compressed gas  

      ●      liquid oxygen.    

    Table 54.3    summarizes the advantages and disadvan-
tages of each mode of therapy comparing weight, cost, port-
ability, ease of refi ll, and availability. Because home oxygen 
is supplied under a fi xed reimbursement policy regardless of 
the system used  [104] , oxygen vendors will attempt to pro-
vide the least expensive system. 

    Oxygen concentrator 

   Most patients will require a stationary source of oxygen 
which is usually provided by an oxygen concentrator. Since 
concentrators are relatively inexpensive and require less fre-
quent home visits than liquid oxygen, they have become the 
system of choice for suppliers. Th ese electrically powered 
devices utilize a molecular sieve to separate oxygen from air 
resulting in delivery of oxygen to the patient, while  nitrogen 

 TABLE 54.2          Indications for chronic oxygen therapy.  

   Continuous oxygen 

         Resting  P  a  O  2        �      55       mm Hg or  S  a  O  2        �      88% 

         Resting  P  a  O  2  56–59       mm Hg or  S  a  O  2        �      89% in the presence of the 

following: 

                1 Dependent edema suggesting congestive heart failure 

                2   “ P ”  pulmonale on EKG (P wave greater than 3       mm in standard leads 

II, III, or AVF) 

                3 Erythrocythemia (hematocrit  � 56%) 

         Resting  P  a  O  2        �      59       mm Hg or  S  a  O  2        �      89% 

                 Only reimbursable with additional documentation justifying the 

oxygen prescription and a summary of more conservative therapy 

which has failed 

   Noncontinuous oxygen 

         Must specify the oxygen fl ow rate and the number of hours/day 

                 During exercise,  P  a  O  2        �      55       mm Hg or an  S  a  O  2        �      88% with low level 

exertion 

                 During sleep,  P  a  O  2        �      55       mm Hg or an  S  a  O  2  88%, with associated 

complications such as pulmonary hypertension, daytime somnolence, 

and cardiac arrhythmias 

 TABLE 54.3          Modes of oxygen delivery.  

   System  Advantages  Disadvantages 

   Gas  Low cost  Heavy weight 

     Wide availability  Diffi  cult to refi ll 

     Fair portability  Short supply time 

   Liquid  Light weight  High cost 

     Very portable  Vendor incompatibility 

     Easy refi ll  Pressure venting 

   Concentrator  Low cost  Heavy weight 

     Good availability  Least portable 
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is returned to the atmosphere. Th e typical sieve achieves 
oxygen purity of 97% at low fl ows and 94% at higher fl ows. 
However, due to their voltage requirement and their weight, 
they are primarily a fi xed source of oxygen. Consequently, 
patients need either compressed gas or liquid oxygen as an 
ambulatory source of oxygen. New, more portable devices 
should improve availability of these units.  

    Compressed gas oxygen 

   Compressed gas oxygen has been provided for many years in 
high pressure metal or aluminum cylinders. Th ese contain-
ers vary in size weighing 90.8, 7.2, 4, and 1.8       kg and provide 
O 2  at 2       l/min fl ow for 2.4 days, 5.2       h, 2       h and 1.2       h, respec-
tively. Th e smaller cylinders can be refi lled but the process is 
ineffi  cient and potentially hazardous. Th e major advantages 
of compressed gas are its low cost and wide availability. Its 
disadvantages are the weight of the cylinders, the diffi  culty 
in refi lling and the short oxygen supply time.  

    Liquid oxygen 

   Liquid oxygen is stored at very cold temperatures which 
reduces its volume to less than 1% of the volume of atmos-
pheric oxygen. Stationary units weigh 140       lbs and can pro-
vide several days of continuous oxygen at 2       l/min fl ow. Th ere 
are portable containers weighing as low as 4       lbs that will last 
for up to 12       h at 2       l/min fl ow. Compared with compressed 
gas, an equivalent weight container of liquid oxygen is more 
portable and easier to refi ll, its liabilities include a higher 
cost, manufacturer incompatibility, and the need for pres-
sure relief venting which wastes unused oxygen. 

   Deciding on which portable system to prescribe 
depends upon the activity level of the patient. For patients 
who are more active, liquid oxygen is the ambulatory system 
of choice since the oxygen lasts longer and the canister is 
easier to refi ll and to carry. Lock  et al.   [109]  compared liq-
uid and gaseous oxygen and found patients would use liquid 
oxygen more hours per week (23.5 versus 10       h) and leave 
their house more hours per week (19.5 versus 15.5       h). 

   A recently conducted study to evaluate whether port-
able oxygen improves quality of life   has been disappointing 
with no benefi t shown in the largest of them  [110] .   

    OXYGEN ADMINISTRATION DEVICES 

    Nasal cannula 

   Patients with COPD and other chronic lung diseases usu-
ally receive continuous fl ow of oxygen via a nasal cannula. 
Delivery at a fl ow of 2       l/min increases the  F  i O 2  to approxi-
mately 27%, which provides an adequate O 2  saturation in 
the majority of patients. Although this method is eff ective, it 
is quite ineffi  cient. During the respiratory cycle, alveolar gas 
exchange is limited to early inhalation which accounts for 
only one-sixth of the cycle. Conversely, alveolar  ventilation 

does not occur during late or dead space inspiration and 
exhalation  [111] . Consequently, only oxygen fl owing during 
early inspiration is available to the patient, while the remain-
der is wasted into the environment. To improve effi  ciency 
and mobility, oxygen-conserving devices have been designed 
to deliver oxygen during early inhalation. Th ese devices 
include reservoir nasal cannulas, transtracheal catheters, and 
electronic oxygen demand devices. In general, these three 
devices each result in oxygen savings of two to four times a 
conventional nasal cannula. For a more detailed review the 
reader may refer to Ref.  [111] .  

    Reservoir cannula 

   Th e reservoir cannula was the fi rst method of oxygen con-
servation to be used        [111, 112] . Th is device stores 20       ml 
of oxygen in a reservoir during expiration and delivers an 
oxygen bolus at the onset of inspiration. Th e two available 
reservoirs are shaped as either a mustache attached to nasal 
prongs or a pendant placed over the anterior chest wall. Th e 
mustache reservoir was developed fi rst, but because of dis-
satisfaction with its high visible location, the pendant was 
designed to be hidden by clothing  [113] . Although this 
device has better cosmesis, it is still more noticeable than 
the standard nasal cannula.  

    Electronic demand devices 

   Electronic demand devices sense the beginning of inspiration 
and deliver a pulse of oxygen during early inhalation        [114, 
115] . Th ere are several units available with many similarities 
and diff erences. Most devices are relatively inexpensive and 
have built-in rechargeable batteries and alarms  [116] . Some 
systems can be switched manually from demand to continu-
ous fl ow  [116] , while others automatically change to continu-
ous fl ow if an inspiratory signal is not sensed  [117] . Another 
demand valve is able to maintain constant oxygen delivery 
by adjusting the pulse size depending on the respiratory rate. 
A recent comparison of standard nasal cannula, reservoir 
nasal cannula, and a demand fl ow device in 15 patients with 
COPD found no diff erence in exercise tolerance among the 
three systems. However, oxygen saturation tended to be lower 
during the exercise using the demand fl ow device  [118] .  

    Transtracheal catheters 

   Transtracheal catheters improve oxygen delivery by bypass-
ing anatomic dead space and utilizing the upper airways 
as a reservoir during end expiration  [119] . Heimlich  [120]  
developed the fi rst catheter after experiments in dogs and 
demonstrated an increased  P  a O 2  as a catheter was placed 
more distally. In addition to increased oxygen savings, other 
advantages of TTO include its relative inconspicuousness, 
the lack of nasal, auricular, or facial skin irritation, its infre-
quent displacement during exercise and sleep  [120] . In addi-
tion, there are patients with refractory hypoxemia on a nasal 
cannula that have been successfully oxygenated on TTO 
           [121–124] . Patient acceptance of transtracheal catheters has 
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been variable with rates ranging from 50% to 96% during 
9- to 20-month periods                [120–125] .  

    Complications 

   Complications of TTO vary depending on the system 
implemented and whether the acute or late phase of treat-
ment is examined. Th e most common procedure-related 
problems include subcutaneous emphysema, bronchospasm, 
and paroxysmal coughing        [123, 126] . Frequently encoun-
tered late complications and sequelae include dislodged 
catheters, stomal infections, and symptomatic mucous balls. 
Mucous balls result from oxygen drying the sputum and 
causing it to adhere to the catheter. Th e greater frequency of 
mucous balls seen in 10–25% patients with the Scoop cath-
eter (Transtracheal Systems, Denver, CO, USA) appears to 
be the result of its larger surface area and the presence of 
side holes which allow accumulation of secretions. Some 
reports show life threatening        [127, 128]  and even fatal air-
way obstruction due to mucous balls  [129] . Many other 
uncommon complications have been described including 
broken catheter tips, hemoptysis, keloid formation, hoarse-
ness, and cardiac arrhythmias. After an initial burst of 
enthusiasm, the number of transtracheal earlier initiations 
has decreased primarily due to the need for continuous 
supervision and relatively poor long-term compliance.   

    OXYGEN AND AIR TRAVEL 

   Commercial airline travel exposes passengers to hypobaric 
hypoxia since aircraft cabins are not routinely pressurized to 
sea level [130]. In patients who have compensated COPD 
at sea level, lowering the partial pressure of oxygen in the 
aircraft cabin can produce severe hypoxemia. Physical exer-
tion during the fl ight can increase the risk of an exacerba-
tion of symptoms. Th e proportion of patients suff ering from 
complications during air travel is not well known. 

   Aircraft are usually pressurized to between 5000 and 
7000       ft (1500–2100       m). For the prefl ight evaluation of most 
patients, clinicians should consider 8000       ft (2438       m) of alti-
tude above sea levels as realistic  “ worse case scenario. ”  

   Prefl ight assessment can be accomplished with the 
following elements: 

      ●      Estimation of the expected degree of hypoxemia at altitude.  

      ●      Identifi cation of comorbid disease conditions.  

      ●      Provision of an oxygen prescription if necessary.    

   Documentation of the recent clinical condition 
and laboratory tests, particularly if the patient is traveling 
abroad, and counseling are also desirable elements of the 
prefl ight patient care        [50, 118] . 

   Th e two means of estimating the degree of hypoxia at 
altitude are: 

      ●      Hypoxia inhalation test (HIT), which is not performed 
in many clinical laboratories in the United States and is 
not recommended for routine use.  

      ●      Use of regression formulae. Regression equations 
off er the opportunity to compare a patient with a 
group of patients with similar clinical characteristics 
who have been previously studied during exposure to 
hypoxia. While regression equations may provide a 
more physiological basis for the eff ects of high altitude 
than the HIT, the regression approach does not assess 
the individual’s susceptibility to the development of 
symptoms or electrocardiographic changes during 
hypoxia.    

   Th e A-aO 2  gradient and the a-AO 2  ratio generally have 
no advantages over regression equations. It is currently recom-
mended that the  P  a O 2  during air travel should be maintained 
above 50       mm Hg  [50] . While 2–3       l of oxygen by nasal can-
nula will replace the inspired oxygen partial pressure lost at 
8000       ft compared with sea level, lesser increments of oxygen 
will maintain the  P  a O 2  above 50       mm Hg in many patients. 

   COPD patients receiving continuous oxygen at 
home will require supplementation during air fl ight. Such 
patients should receive greater oxygen supplementation 
during the fl ight than at sea level. Increments equivalent to 
1–2       ls of oxygen by nasal cannula during fl ight should suf-
fi ce for most patients. Patients will also require additional 
oxygen supplementation if the elevation at the destination 
is signifi cantly greater than at home. Th e Federal Aviation 
Administration requires a physician’s statement of oxygen 
need in order for a patient to receive continuous oxygen 
during fl ight. Th ere is no uniform airline request form, so 
each airline must be contacted by the patient to determine 
what is required. As the airlines do not provide oxygen for 
ground use in the airline terminal, patients who require 
continuous oxygen should be advised to make plans for such 
locations. Th e American Lung Association provides patient 
education materials for individuals who travel with oxygen 
entitled  “ Airline Travel with Oxygen. ”  

   Many ambulatory COPD patients not receiving oxy-
gen at home can tolerate  P O 2  values below 50       mm Hg for 
brief periods of time without serious consequences. Stable 
COPD patients without comorbid disease who have previ-
ously traveled without incident and who are currently clini-
cally stable compared with their previous air travel, may be 
advised to travel by air as there is little risk to them.  

    SUMMARY 

   Oxygen therapy has become very important in the treat-
ment of severe COPD. Because long-term oxygen improves 
survival in hypoxemic COPD, patients with a daytime 
 P  a O 2        �      55       mm Hg or  S  a O 2        �      88% qualify for continuous 
oxygen therapy. Other benefi ts of oxygen include better exer-
cise tolerance, decreased dyspnea, and improvements in neu-
ropsychological performance. In addition, there appear to be 
benefi cial eff ects on pulmonary hemodynamics, sleep qual-
ity, reduced minute ventilation, and WOB. Th e consequences 
of exercise induced and nocturnal desaturation are not 
absolutely known. Clinicians should be aware of air travel-
induced hypoxemia in COPD and be able to identify those 
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who need oxygen in fl ight. Once a patient meets the crite-
ria for oxygen prescription, the physician must complete the 
certifi cate of Medical Necessity Form specifying the indica-
tion for oxygen, type of system and liter fl ow at rest, exercise 
and sleep. Patients should be reevaluated at 1 to 3 months to 
document a persistent need for oxygen therapy. Occasionally, 
patients should be considered for oxygen-conserving devices 
to decrease oxygen fl ow, cost and to improve mobility.  
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C H A P T E R

        

    Immunomodulators

    INTRODUCTION: THE CLINICAL NEED 

   Asthma aff ects 10% of children and 4% of adults, 
with an overall prevalence of 6% (3 million 
patients) in the United Kingdom. Mortality from 
asthma is relatively low (1680 deaths in the United 
Kingdom in 1994), but considerable morbid-
ity arises from disease in that minority of patients 
whose symptoms are inadequately controlled by 
conventional therapy (inhaled corticosteroid, long-
acting  β  2 -agonist, leukotriene receptor antagonist) 
even when optimal delivery has been assured, com-
pliance has been verifi ed and the eff ects of other 
exacerbating factors minimized. In these patients 
oral corticosteroid is often employed, but even then 
patients may remain symptomatic and become 
vulnerable to unwanted eff ects of the therapy. No 
existing therapy for asthma is preventative, curative, 
or clearly disease modifying. Estimates from stud-
ies of prescribing practice in the United Kingdom 
 [1]  suggest that approximately 6% of asthmatics are 
receiving therapy that would place them at steps 4 
or 5 of the British Th oracic Society asthma treat-
ment guidelines. Although in a minority, these 
patients account for the majority of the costs of 
asthma care because of their frequent need for phy-
sician consultations and emergency and inpatient 
care. For such patients, new approaches to therapy 
are urgently required. 

   In contrast with asthma, chronic obstruc-
tive pulmonary disease (COPD), a disease caused 
largely by cigarette smoking, has a lower preva-
lence (1% or 600,000 patients, usually 65 or more 
years of age in the United Kingdom), but a much 
higher mortality (23,550 deaths in 1994) and con-
siderable morbidity. Once established, the clinical 
progression of airways obstruction and destruc-
tion is relentless. Yet, no existing therapy has been 
shown to be preventative, curative, or disease 
modifying.  

    IMMUNOMODULATORY THERAPY IN
ASTHMA 

   Asthma is associated with chronic, cell-mediated 
infl ammation of the bronchial mucosa in which 
eosinophil-active cytokine products of acti-
vated T-cells play a prominent role ( Fig. 55.1   ). 
Evidence suggests that glucocorticoids amelio-
rate asthma at least partly by inhibiting T-cell 
activation and cytokine production          [2–4] . Th ere 
has been a great deal of research directed at why 
T-cells in some asthmatics are relatively resistant 
to glucocorticoid inhibition, but it will be some 
time before this research evolves toward new 
approaches to therapy. In the meantime, other T-
cell immunomodulatory agents have been inves-
tigated for their possible therapeutic eff ects in 
asthma. As many of these agents have potentially 
serious unwanted eff ects, attention has generally 
been focused on those asthmatics who continue 
to have severe disease despite maximal therapy 
(i.e., in those patients in whom the benefi t/risk 
ratio of therapy is most likely to be acceptable). 

    Gold salts 

   Evaluation of these drugs in asthma has been 
based on empirical observation of their  “ antiin-
fl ammatory ”  eff ects in diseases such as rheumatoid 
arthritis, rather than cogent hypothesis regarding 
their possible mechanisms of action. Actions of 
gold salts which may be relevant to a glucocorti-
coid-sparing eff ect in asthma are ill-defi ned, but 
may include inhibition of T-cell proliferation, IL-
5-mediated prolongation of eosinophil survival 
 [5] , IgE-mediated degranulation of mast cells and 
basophils  [6] , and leukotriene production by gran-
ulocytes  [7] . Some of these eff ects may be second-
ary to inhibition by gold salts of pro-infl ammatory 
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transcriptional regulatory proteins, in particular NF- κ B  [8] . 
Two double-blind, placebo-controlled parallel group studies 
       [9, 10]  in which oral gold salts were administered for 6 months 
showed a modest but signifi cant glucocorticoid-sparing eff ect 
of the therapy as compared with placebo. Lung function was 
not improved, and additional antiasthma therapy was not 
reduced. Not all of the patients showed a signifi cant response. 
Th e unwanted eff ects of oral gold salts include dermatitis, 
hepatic dysfunction, proteinuria, interstitial pneumonitis, and, 
rarely, blood dyscrasias  [11] . Nevertheless, it has been con-
cluded in one study  [12]  comparing the glucocorticoid-sparing 
eff ects of gold salts, methotrexate, and cyclosporin A (CsA) in 
severe asthma that gold salts provide the optimal risk/benefi t 
ratio in terms of effi  cacy and tolerability.  

    Methotrexate 

   Methotrexate is a folic acid analog used at low dosage for 
its anti-infl ammatory activity in an increasing variety of 
chronic diseases. It exerts a delayed but sustained thera-
peutic eff ect with weekly dosage regimens. Th is probably 
refl ects its accumulation in cells as polyglutamate com-
plexes, resulting in accumulation of S-adenosyl methionine 
and adenosine, both of which are inhibitory to T-cell func-
tion  [13] . Methotrexate therapy also appears to increase 
T-cell sensitivity to glucocorticoid inhibition  [14] . Meta-
analysis of placebo-controlled trials of methotrexate therapy 
in oral glucocorticoid-dependent asthma        [15, 16]  suggest 

that methotrexate therapy for a minimum of 3–6 months 
allows signifi cant (overall 20%, but only in about 60% 
of responding patients) reduction in oral glucocorticoid 
requirements, with no signifi cant improvement in lung 
function. In a more exacting analysis of these trials by the 
Cochrane reviewers  [17] , however, it was concluded that 
existing trial data do not justify the premise that meth-
otrexate is glucocorticoid-sparing. Th e most serious poten-
tial unwanted eff ect of methotrexate therapy is cumulative 
hepatic toxicity and hepatic fi brosis, with isolated reports of 
deaths from opportunistic infections and pneumonitis.  

    Cyclosporin A 

   CsA is a lipophilic, cyclic undecapeptide derived from the 
fungus  Tolypocladium infl atum . In a complex with the cyto-
plasmic binding protein cyclophilin, it inhibits calcineurin-
mediated dephosphorylation and nuclear translocation of 
the cytoplasmic subunit of the T-cell transcriptional activa-
tor NF-AT, thus inhibiting T-cell proliferation and cytokine 
production relatively specifi cally  [18] . 

   Two blinded, placebo-controlled trials in severe, glu-
cocorticoid-dependent asthmatics        [19, 20]  together showed 
that concomitant CsA therapy improved lung function while 
reducing oral prednisolone requirements. As with methotrex-
ate, not all patients showed a signifi cant response. Unwanted 
eff ects of low-dosage CsA therapy include hypertension and 
renal impairment. Regular monitoring of renal function, 
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 FIG. 55.1          Working hypothesis of asthma pathogenesis. Mast cells sensitized by surface, allergen-specifi c IgE release acute mediators of bronchoconstriction 

on allergen exposure, which may serve as a mechanism for acute exacerbation of asthma in atopic patients. Th2 T-cell diff erentiation in the airways is driven 

by dendritic cells (DC) which present allergens and possibly other antigens to T-cells in an MHC Class II restricted fashion, possibly under the infl uence of 

thymic stromal lymphopoietin (TSLP) produced by mast cells, epithelial cells and other cells. Th2 cytokines control IgE synthesis by B cells (IL-4, IL-13) and 

encourage recruitment and activation of eosinophils (IL-5) which may damage the mucosa through release of major basic protein, and are also a source of 

remodeling cytokines such as transforming growth factor- β  (TGF- β ). Th2 cytokines such as IL-4 and IL-13 also induce release of growth factors by structural 

cells in the airways such as epithelial cells (Epi), myofi broblasts (Fib) and airways smooth muscle cells (ASM) causing remodeling changes (fi brous protein lay 

down, mucous hyperplasia, smooth muscle hypertrophy/hyperplasia). Mast cells are also a source of remodeling cytokines.    
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blood pressure, and whole blood trough concentrations of 
CsA is necessary. Lymphoproliferative disorders and serious 
opportunistic infections appear to be very uncommon.  

    Intravenous immunoglobulin therapy 

   Th erapy with pooled intravenous immunoglobulin (IVIG), 
originally designed to restore immune defi ciency, also appears 
to have immunomodulatory eff ects in diseases involving 
immune-eff ector mechanisms. In a blinded, parallel group 
study of oral glucocorticoid-dependent asthmatics  [21] , 
patients were randomized to receive IVIG 2       g/kg, 1       g/kg, or 
albumin (placebo) 2       g intravenously monthly for a total of 6 
months (7 infusions). During the therapy, oral prednisone 
requirements were reduced to an almost identical extent 
(33–39%) in all three groups, with no signifi cant diff erences 
in changes in symptoms, lung function, and the frequency of 
disease exacerbations. In a second, similar blinded trial  [22] , 
treatment of patients with both IVIG and placebo allowed 
signifi cant reduction in oral prednisone dosages, which was 
signifi cantly greater in the IVIG-treated group when only 
those asthmatics on relatively high-initial dosages of oral 
prednisone were included in the analysis. Another double-
blind, placebo-controlled study of IVIG therapy in severe 
childhood asthma  [23]  failed to show any benefi t of IVIG 
over placebo in terms of changes in symptoms and lung 
function. Th e possible mechanisms by which IVIG therapy 
could exert a benefi cial eff ect in asthma are not clear. Some 
of the benefi ts may result from immunoglobulin replace-
ment itself, since a proportion of chronic asthmatics have 
depressed serum IgG concentrations, although there is lit-
tle evidence that this results in defective humoral immunity 
 [24] . Additionally, IVIG has been shown to increase T-cell 
susceptibility to glucocorticoid inhibition  in vitro   [25] , to 
abrogate IgE synthesis by B-cells  in vitro   [26] , and to con-
tain other potential immunomodulatory products including 
soluble CD4, CD8, and HLA molecules and cytokines. 

   In summary, the evidence that IVIG is of any benefi t 
in glucocorticoid-dependent asthma is at present equivocal. 
In addition, the therapy is very expensive and is associated 
with a high incidence of unpleasant urticarial and anaphy-
lactic reactions, as well as fever and aseptic meningitis.  

    Newer immunomodulatory drugs 

   Tacrolimus (FK506) is a macrolide derived from the soil 
organism  Streptomyces tsukudaiensis  which, despite having a 
diff erent structure to CsA, similarly inhibits NF-AT activa-
tion. Its increased potency may be outweighed by similarly 
increased toxicity. 

   Sirolimus (rapamycin) is another macrolide derived 
from  Streptomyces hygroscopius . It has a fundamentally diff erent 
inhibitory action on T-cells  [27] , since it inhibits IL-2 signal-
ing at least partly by inhibiting phosphorylation/activation of 
the kinase p70 S6 (p70 S6k ), and by inhibiting the enzymatic 
activity of the cyclin-dependent kinase cdk2-cyclin E complex. 

   Other new immunomodulatory drugs, the inhibitory 
actions of which are relatively specifi c for T-cells continue to 
appear, including brequinar sodium and mycophenolate mofetil 
(inhibitors of  de novo  synthesis of pyrimidines and purines 

respectively, particularly in T-cells), lefl unomide and the nap-
thopyrans. Whether or not these drugs will off er opportunities 
for the therapy of severe asthma with a more favorable ben-
efi t/risk ratio remains to be seen. One new immunosuppressive 
agent, suplatast tosilate, appears to inhibit the production of 
asthma-relevant cytokines relatively selectively, and early stud-
ies suggest clinical benefi t in asthma.   

    CYTOKINE-DIRECTED THERAPY IN
ASTHMA 

   T helper 2 (Th 2) lymphocytes are thought to play a key 
role in asthma pathogenesis as they are a principal source of 
asthma-relevant cytokines. Th erapeutic strategies directed 
toward inhibition of Th 2 cytokines would thus seem to 
off er an attractive immunomodulatory strategy for asthma 
( Table 55.1   ). Alternatively, because a range of Th 1 cytokines 
are inhibitory to the development of Th 2 T-cells, or antago-
nize the actions of Th 2 cytokines on target pro-infl amma-
tory leukocytes, therapy with key Th 1 cytokines may also be 
eff ective in asthma ( Table 55.1 ). 

    Inhibition of Th2 and other cytokines 

   Of the Th 2 cytokines, IL-5 has been regarded as of partic-
ular importance because its expression most closely corre-
lates with asthma severity and local eosinophil infi ltration 
(one of the most constant features of asthma). Humanized 
monoclonal antibodies against human IL-5 have been 
manufactured. A single intravenous infusion of one of these 
antibodies (mepolizumab) markedly reduced circulating 
blood eosinophils and greatly reduced eosinophil recruit-
ment to the airways following allergen bronchial challenge 
of mild, atopic asthmatics  [28] . Unfortunately, however, 
this had no eff ect on early or late-phase bronchoconstric-
tion or associated changes in bronchial hyperresponsiveness. 
A more prolonged study  [29]  on patients with moderate to 
severe asthma was also disappointing in terms of improve-
ments in asthma symptoms or lung function. A biopsy 
study  [30]  suggested that, while anti-IL-5 antibody pro-
foundly reduced circulating eosinophils, it was less eff ec-
tive in removing eosinophils from the bronchial mucosa but 

 TABLE 55.1          Cytokine-directed therapeutic strategies in asthma.  

   Inhibition of pro-infl ammatory 

cytokines 

 Therapy with inhibitory 

cytokines 

   IL-5  IL-10 

   IL-4  IL-12 

   IL-13  IFN- α  �  γ  

   IL-9  IL-18 

   IL-25  IL-23 

   TNF- α    

  IL: interleukin; IFN- α  �  γ : interferon- α  �  γ ; TNF: tumor necrosis factor.  
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did reduce extracellular matrix deposition  [31] . Th ese stud-
ies have cast doubt upon the role of infi ltrating cells such 
as eosinophils in the causation of the clinical abnormalities 
associated with asthma, although since current strategies 
have not been eff ective in removing eosinophils entirely 
from the bronchial mucosa, this conclusion must be guarded. 
Alternatively, cells such as eosinophils may participate in 
longer term remodeling changes associated with asthma. 
Whatever the case be, these observations have at least tem-
porarily quenched enthusiasm for further evaluation of 
anti-IL-5 strategies. 

   IL-4, another Th 2 cytokine, is one of the only two 
cytokines (the other being IL-13) which causes switching of 
B-lymphocytes to IgE synthesis and is therefore implicated 
in the pathogenesis of atopy. IL-4 is also involved in recruit-
ment of eosinophils to the airways in asthma and acts in an 
autocrine fashion further to promote the diff erentiation of Th 2 
lymphocytes. Soluble, humanized IL-4 receptors (altrakincept), 
administered by nebulization, have been tested in clinical trials 
and have been shown to prevent deterioration in lung func-
tion induced by withdrawal of corticosteroids in patients with 
moderately severe asthma  [32] . In addition, weekly nebuliza-
tion of soluble IL-4 receptor improved asthma control over 
a 12-week period  [33] . Further, more prolonged studies were 
more disappointing and this strategy also is currently not being 
pursued. IL-4 and the closely related IL-13 signal through the 
transcriptional activator STAT-6 and endogenous inhibitors of 
STAT-6 may prove to be useful therapeutic agents  [34] . 

   Further on the theme of cytokines causing airways 
changes in asthma independently of cellular infi ltration, IL-13,
which shares a surface receptor, IL-4R α , with IL-4, when 
selectively over-expressed in the airways of mice causes many 
of the features associated with airways  “ remodeling ”   [35] . 
Deletion of the IL-13 gene in mice prevents development of 
airways hyperresponsiveness following allergen sensitization 
and challenge despite infi ltration of eosinophils (another 
eff ect of IL-13 is to increase the production of eosinophil 
attracting chemokines such as eotaxin by airways epithelial 
cells)  [36] . Apart from IL-4R α , IL-13 has two other spe-
cifi c receptors named IL-13R α 1 and IL-13R α 2. Th e lat-
ter receptor also exists naturally in a soluble form and may 
act as a  “ decoy ”  receptor, scavenging and thus inhibiting the 
eff ects of free IL-13. Soluble IL-13R   α 2 is currently in clini-
cal development as a possible new therapeutic approach for 
asthma. In addition, a neutralizing, anti-IL-13 monoclonal 
antibody  [37]  and a soluble anti-IL-13 fusion protein  [38]  
were shown to prevent airways hyperresponsiveness pro-
duced by allergen challenge in mice. Recently, a recombinant 
human IL-4 mutant protein called pitrakinra has been 
developed which competitively inhibits the IL-4R α  complex 
and thus blocks the actions of IL-4 and IL-13 simultane-
ously. When given by inhalation or subcutaneous injection it 
very convincingly reduced the late-phase response to allergen 
bronchial challenge of atopic asthmatics  [39] . Th e mecha-
nism of this eff ect is unknown but could refl ect blockade of 
the actions of IL-4 and/or IL-13 signaling. In addition to 
possible anti-infl ammatory actions of IL-4R α  blockade, pit-
rakinra also accelerated recovery from the acute-phase fall in 
FEV 1  immediately after allergen challenge, which may also 
suggest an eff ect of IL-4/13 blockade on acute mast-cell 
releasability  [40] . 

   Other cytokines are of similar interest as possible 
therapeutic targets in asthma. Th e cytokines IL-9 and IL-
25 both amplify the production of Th 2 cytokines. In addi-
tion, IL-9 promotes mast-cell diff erentiation and mediator 
release and augments IgE production, and also promotes 
some of the changes associated with asthmatic airways 
remodeling when over-expressed experimentally in animals. 
In an animal model, a blocking anti-IL-9 antibody inhib-
ited airways infl ammation  [41] . Humanized, blocking anti-
IL-9 antibodies are currently in development  [42] . 

   Th e cytokine tumor necrosis factor (TNF)- α  is expressed 
in asthmatic airways and may play a pivotal role in amplifying a 
wide range of infl ammatory responses. A blocking, humanized 
anti-TNF- α  antibody (infl iximab) and soluble TNF- α   “ decoy ”  
receptors (etanercept) have shown remarkable (not to men-
tion unprecedented and unexpected) clinical effi  cacy in treat-
ing other infl ammatory diseases such as rheumatoid arthritis 
and infl ammatory bowel disease, although there are concerns 
about the immunosuppressive actions of this therapy on 
resistance to microbial infections (recrudescence of tuberculo-
sis, e.g., is a real problem) and possibly even tumor surveillance. 
In one study, treatment of moderate to severe asthmatics with 
etanercept 25       mg subcutaneously twice weekly for 12 weeks 
produced impressive improvements in symptoms and reduc-
tions in bronchial hyperresponsiveness  [43]  to a degree 
approaching that expected with systemic corticosteroid ther-
apy. A further study  [44]  replicated these fi ndings, while a 
third  [45]  preliminary study was negative, suggesting that the 
therapy might be eff ective only in a subgroup of asthmatics in 
whom TNF- α  plays a relatively prominent role. Anti-TNF- α  
therapies thus seem to hold considerable promise, which may 
however be outweighed by their unwanted eff ects. Because 
these therapies have to be administered by injection, a search is 
on for small molecule TNF- α  inhibitors. TNF- α -converting 
enzyme (TACE) is a matrix metalloproteinase-related enzyme 
required for the release of TNF- α  from cell surfaces where it is 
stored in an extracellular matrix  “ reservoir. ”  Small molecule oral 
TACE inhibitors are currently in development  [46] .  

    Therapy with potential antiasthma 
cytokines 

   Some cytokines inhibit the Th 2 cytokine responses of 
T-cells which characterize asthma with varying degrees of 
specifi city. While it may not be possible to administer such 
cytokines to patients in the long term, it may be possible to 
develop strategies that increase their release or drugs which 
activate their particular signaling receptors and pathways. 

   IL-10 has a number of anti-infl ammatory properties 
which may be relevant to asthma therapy. It is one of the few 
cytokines the expression of which is enhanced, rather than 
inhibited by corticosteroids. It inhibits the function of anti-
gen-presenting cells (APC) and impairs their ability to prime 
T-cells for Th 2 cytokine release. It also reduces Th 2 cytokine 
production by diff erentiated Th 2 T-cells and is thought to 
be one of the principal eff ector cytokines which mediate the 
activity of T regulatory cells. In addition, it exerts inhibi-
tory actions on a range of infl ammatory leukocytes such 
as mast cells and eosinophils. Recombinant human IL-10 has 
proven eff ective in controlling other infl ammatory diseases 
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such as infl ammatory bowel disease and psoriasis, where it 
is given as a weekly injection  [47] . It is reasonably well tol-
erated, although hematological unwanted eff ects have been 
noted. With regard to asthma, peripheral blood T-cells from 
clinically corticosteroid resistant, as compared with sensitive 
severe asthmatics showed a marked defect in corticosteroid-
induced IL-10 production  [48] . Th ere is also evidence that 
IL-10 production plays a role in the well-known synergistic 
clinical eff ects of inhaled glucocorticoids and long-acting  β -
agonists in asthma  [49] . Th ese data strongly support a role for 
IL-10 in regulating asthma severity. Recent studies suggest 
that the defect in IL-10 production observed in T-cells from 
corticosteroid resistant asthmatics may be overcome by other 
agents such as vitamin D3, which are known to increase IL-
10 production, both  in vitro  and  ex vivo   [50] . Manipulation 
of IL-10 production by such relatively innocuous agents, as 
distinct from therapy with IL-10 itself, off ers great promise 
for future asthma therapy. 

   IL-12 is a cytokine produced largely by APC which 
is a key regulator of Th 1 T-cell development. Th 1 cytokines, 
particularly interferon- γ  strongly inhibit Th 2 responses. 
Recombinant human IL-12 has been administered to humans 
but has a range of toxic eff ects which are somewhat minimized 
by slow escalation of the dosage. In a single study on atopic 
asthmatics  [51] , weekly infusions of IL-12 over 4 weeks at 
escalating dosage caused a progressive fall in circulating eosi-
nophils and also reduced ingress of eosinophils into induced 
sputum following allergen bronchial challenge. Unfortunately, 
as with anti-IL-5, there was no evidence of reduction of the 
early or late-phase bronchoconstrictor responses to allergen 
challenge or alteration of the associated increased bronchial 
hyperresponsiveness. Most of the patients suff ered with malaise 
and one with cardiac dysrhythmia. Consequently, IL-12 is not 
likely to be used alone as a therapeutic agent for asthma. 

   Cytokines such as IL-18, which synergizes with IL-12
to enhance the release of Th 1 cytokines by T-cells, and 
IL-23, which is related to, and shares some of the eff ects 
of IL-12, are also potential therapeutic agents for asthma 
waiting to be explored, although problems with unwanted 
eff ects similar to those of IL-12 might be anticipated. 
Interferon- γ , a signature Th 1 cytokine has been adminis-
tered by nebulization to asthmatics  [52] . It did not seem 
to reduce infl ammation, at least as judged by eosinophil 
infi ltration, although it is not certain whether suffi  cient 
concentrations reached the airways. Preliminary reports 
suggest that interferon- α  may be useful for the treatment of 
severe, corticosteroid refractory asthmatics  [53] .  

    Inhibition of chemokines 

   Chemokines are particularly involved in the regula-
tion of transit of infl ammatory cells out of the bone mar-
row and into target tissues. Over 50 diff erent chemokines, 
acting on over 20 diff erent surface receptors have been 
described, allowing for much possible redundancy of action. 
Chemokine receptors belong to the seven transmembrane 
receptor superfamily of G-protein-coupled receptors, for 
which it is possible to manufacture small molecule inhibi-
tors. Many such inhibitors have been developed but only 
few, if any, have progressed into clinical trials in asthma.   

   Several chemokines, including eotaxin, eotaxin-2, 
eotaxin-3, regulated on activation, normal T-cell expressed 
and secreted (RANTES) and monocyte chemoattractant 
protein-4 (MCP-4) activate a common receptor on Th 2 T-
cells, mast cells and eosinophils called CCR3. All of these 
chemokines are over expressed in the asthmatic airways 
mucosa        [54, 55].  Several small molecule inhibitors of CCR3 
block eosinophil recruitment in animal models of asthma. 

   Th e chemokine receptor CCR4 is selectively expressed 
on Th 2 T-cells, while CCR8 is expressed on a subset of 
these cells. Ligands for CCR4 include thymus and activation 
dependent cytokine (TARC) and monocyte-derived chem-
okine (MDC), while a ligand for CCR8 is I-309. In animal 
models of asthma, antibody blockade of all of these molecules 
attenuated eosinophil infl ux, although only MDC and TARC 
blockade attenuated bronchial hyperresponsiveness          [56–58] . 
On the other hand, blockade of the CCR4 receptor  [59]  and 
gene deletion of the CCR8 receptor  [60]  in animal models of 
asthma failed to reduce cellular infl ux, perhaps refl ecting the 
extreme redundancy of these pathways. Th e chemokine recep-
tor CXCR4 is also selectively expressed on Th 2 T-cells, and a 
small molecule inhibitor of this receptor inhibited allergen-
induced airways infl ammation in a murine model  [61] .   

    THE WORTH OF CURRENT 
IMMUNOMODULATORY THERAPY IN ASTHMA 

    Immunosuppressive therapy 

   In view of these clinical observations, it will be clear that 
many reservations remain about the use of currently avail-
able immunosuppressive therapy for the treatment of severe, 
corticosteroid-dependent asthma since: 

      ●      Not all patients respond, and the response cannot be 
predicted  a priori ;  

      ●      Th e high incidence of unwanted eff ects makes it diffi  cult 
to assess overall benefi t/risk ratios even in asthmatics 
who are able to reduce oral corticosteroids;  

      ●      Th ere is a risk of opportunistic infection and (at least 
theoretically) neoplasia;  

      ●      Th ere are many relative or absolute contraindications to 
therapy, such as pregnancy;  

      ●      Th ere is lack of knowledge about the long-term eff ects, 
benefi cial or otherwise, of therapy.    

   Consequently, it is clear that any further investiga-
tion of immunosuppressive therapy for asthma should be 
performed within the confi nes of a controlled trial. Th ere is 
an urgent need to produce a global defi nition of precisely 
which patients are suitable for such trials, and what consti-
tutes an appropriate trial of therapy. None of the immuno-
suppressive strategies discussed above has made a signifi cant 
impact on the management of severe, oral corticosteroid-
dependent asthma, although isolated patients do respond. A 
large gap in our knowledge is whether or not these drugs do 
what they are assumed to do in asthma, which is to reduce 
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T-cell activation and cytokine production. Few studies have 
addressed possible eff ects of immunosuppressive therapy on 
the cellular and molecular immunopathology of the disease.  

    Cytokine-directed therapy 

   Th e similar general lack of success of cytokine-directed ther-
apy so far in asthma has also been disappointing. Th e appar-
ent failure of anti-IL-5 sent a wave of shock and controversy 
through the asthma research community, because the eosi-
nophil/IL-5 axis was thought to be fundamental to asthma 
pathogenesis. Th ese problems have, however, served little more 
than to highlight the chasm of ignorance about how the cel-
lular, immunological and structural changes one can observe 
in asthma are related, if at all, to the clinical manifestations of 
disease. Th ere is a pressing need to delineate the precise func-
tions of cells and cytokines implicated in asthma pathogen-
esis, otherwise the success of cytokine-directed strategies (as 
with TNF- α , perhaps the least  “ asthma related ”  cytokine) will 
remain serendipitous. It is also essential to understand what 
mechanisms cause irreversible airways obstruction in asthma 
so that therapy can be directed to these.   

    IMMUNOMODULATORY THERAPY FOR COPD 

   Key elements of the pathogenesis of COPD include the 
following: 

      ●      Chronic exposure to cigarette smoke (a causal factor in 
more than 90% of cases in the United Kingdom);  

      ●      Individual (possibly inherited) susceptibility, since only 
10–20% of heavy smokers develop symptomatic disease.  

      ●      A smoking-induced infl ammatory cellular infi ltrate 
in the airways, more marked peripherally, comprising 

of neutrophils, CD8 T-cells and variable numbers of 
eosinophils        [62, 63].  Th e amount of this infi ltrate is 
closely related to total smoke (pack years) exposure, but 
not so closely related to the presence/absence of COPD, 
although some studies  [64] seem to demonstrate a 
COPD-specifi c, elevated infl ux of CD8 T–cells.  

      ●      Excessive production of proteinases, which digest 
the lung parenchyma, and overwhelm endogenous 
antiproteinases which normally protect against this. 
Th e principal proteinases are elastase and other 
serine proteinases from neutrophils, and matrix 
metalloproteinases (a group of over 20 related neutral 
endopeptidases) from macrophages and epithelial cells.    

   A working hypothesis for the pathogenesis of COPD 
is shown in  Fig. 55.2   . At present this remains largely theoreti-
cal; in particular, there is only circumstantial evidence for a role 
for T-cells, although in transgenic animal  “ models ”  of COPD 
where cytokines are artifi cially expressed in the respiratory 
mucosa, the cytokines TNF- α , IFN- γ , and IL-13 can pro-
duce changes reminiscent of emphysema and airways remod-
eling changes which characterize the human disease, probably 
through distinct mechanisms  [65] . As with asthma ( Fig. 55.1 ), 
the scheme takes no account of why the process persists in 
some individuals but not others. It may be inferred that thera-
peutic approaches to COPD may involve the use of inhibitors 
of macrophage and neutrophil function, leukotriene inhibitors, 
and inhibitors of cytokines or chemokines and/or their actions 
on target cells, and measures which increase proteinase inhibi-
tion. It should not be forgotten that, at present, the cheapest 
and only eff ective therapeutic maneuver is smoking cessation. 

    Glucocorticoids as immunomodulators 
in COPD 

   In contrast with asthma, glucocorticoids have no signifi cant 
eff ect on progressive loss of lung function which characterizes 
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 FIG. 55.2          Theoretical scheme of COPD. Both Th1/Tc1 and Th2/Tc2 cytokines from CD4 or CD8 T-cells cause emphysema through secondary release of 

chemokines, which attract monocyte/macrophages and granulocytes which in turn are a source of proteases such as matrix metalloproteinase (MMP), and also 

by direct induction of apoptosis and down regulation of anti-proteases such as  α 1-anti-trypsin ( α 1AT) and SLPI. CD8 �  cytotoxic T-cells may also attack alveolar 

epithelial cells directly. Although COPD is much more common in cigarette smokers, the precise stimulus to T-cell and monocyte/macrophage activation is 

unknown, as is whether T-cell activation is in any way antigen-specifi c involving antigen-presenting cells (APC) (which are also a potential source of chemokines).    
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COPD  [66]  and little eff ect in reducing infl ammatory-cell 
infi ltration into induced sputum  [67]  or the bronchial mucosa 
 [68] , although when administered systemically they reduce 
hospital stay and re-admission rates in patients with exacerba-
tions        [69, 70].  Inhaled glucocorticoids also reduce exacerbation 
rates in  “ stable ”  disease  [71]  and this is likely the principal (and 
possibly the only) action of glucocorticoids which accounts for 
their improvement in the quality of life of COPD suff erers. 

   It is not clear why this disparity exists in the anti-
infl ammatory action of glucocorticoids in asthma and 
COPD. It is possible to hypothesize that the environment 
of the mucosa of chronic smokers with COPD renders cells 
insensitive to glucocorticoid inhibition  [72] . Th e possibility 
that T-cells, particularly of the CD8 �  phenotype, produce 
cytokines which have been implicated in causing COPD in 
animal models provides the only precedent for the hypothesis 
that immunomodulatory therapy will ameliorate symptoms 
of COPD or alter the natural history of the disease. On the 
other hand, this approach might be particularly troublesome 
in view of the fact that these patients are much more suscep-
tible to debilitating infection than asthmatics.  

    Inhibition of cytokines 

   Concentrations of TNF- α  and its soluble receptor are 
increased in the induced sputum of patients with COPD  [73]  
and this mediator has been implicated in the pathogenesis of 
the weight loss sometimes associated with COPD  [74] . A 
recent multi-center, placebo-controlled trial of therapy with 
the humanized antiTNF monoclonal antibody infl iximab for 
6 months (with evaluation for nearly 1 year) however showed 
no impact on quality of life, exercise tolerance, or disease 
exacerbations in patients with COPD  [75] . 

   Furthermore, more patients on active treatment devel-
oped more severe exacerbations and there was a trend toward 
more cases of cancer and pneumonia. It is not understood 
why antiTNF-  α  therapy is apparently more eff ective, at least 
in the short term, in asthma as compared with COPD, and 
again this refl ects our ignorance of the true role of cytokines 
and indeed any mediators in disease causation. Longer term 
blockade might be more eff ective, but not without serious 
hazards. Other cytokines which have been implicated in 
COPD either from animal models (as discussed earlier) or 
circumstantially because their concentrations are elevated in 
the target organ include IFN- γ , IL-13, IL-1 β , IL-6, IL-11, 
and IL-17  [76] , but it is fair to say that in our current state 
of knowledge any further advances with cytokine blockade in 
COPD are most likely to be serendipitous.  

    Inhibition of chemokines 

   Th e CXC chemokine IL-8 is increased in the sputum of 
COPD patients and may contribute to the bronchial mucosal 
and sputum neutrophil infl ux that characterizes COPD, 
although there is little direct evidence for its involvement 
in the causation of COPD. A humanized, monoclonal neu-
tralizing antibody to IL-8 has been tested in COPD, and 
while it had a small eff ect in reducing dyspnea scores there 
was no other clinical improvement  [77] . IL-8 interacts with 

the CXCR1 and CXCR2 chemokine receptors. Since other 
ligands for CXCR2 such as growth-related oncoprotein 
(GRO)- α  are also circumstantially implicated in COPD 
 [78] , CXCR2 inhibitors may be more eff ective than blockade 
of single chemokines  [79] , although there have been no clini-
cal trials of such agents as yet in COPD.   

    PHOSPHODIESTERASE INHIBITORS 
IN ASTHMA AND COPD 

   Phosphodiesterase (PDE) inhibitors may be regarded as hon-
orary immunomodulatory drugs since they modify the func-
tions of a wide range of immune as well as structural cells. 
PDE hydrolyzes cyclic AMP, and inhibitors elevate intra-
cellular cyclic AMP concentrations, which in turn inhibits 
the pro-infl ammatory actions of many immune leukocytes 
including T-cells, macrophages, and neutrophils and relaxes 
airways smooth muscle cells. Th ere are many sub-types of 
PDE and some of these sub-types also exist in multiple forms 
 [80] . PDE4 is the predominant enzyme in immune cells. 
Two PDE4 inhibitors, cilomilast, and rofl umilast have been 
evaluated for their possible therapeutic benefi ts in asthma and 
COPD. Rofl umilast improved lung function in patients with 
mild/moderate asthma to a degree comparable to that achieved 
with inhaled glucocorticoid  [81] . In a 6-month trial in patients 
with moderate COPD, treatment with rofl umilast 0.5       mg 
daily resulted in a small but signifi cant improvement in post-
bronchodilator FEV 1  (0.097       l compared with placebo) and 
a reduction in the numbers of exacerbations (0.75/patient 
compared to 1.13/patient with placebo)  [82] . Quality of 
life was also improved in the patients taking active drug 
(�3.5 points on the St. George’s Hospital respiratory ques-
tionnaire). Cilomilast at a dose of 15       mg twice daily for 12 
weeks reduced the numbers of T-cells, macrophages, and 
neutrophils in bronchial biopsies of patients with COPD 
 [83] . Unfortunately, dose-limiting adverse events (nausea, 
vomiting, and mesenteric arteritis) are still a cause for con-
cern with these drugs and neither has yet been licensed for 
the treatment of asthma or COPD  [84] .  

    CONCLUDING REMARKS 

   New drugs for the prevention and treatment of asthma and 
COPD are still greatly needed. In order to develop them, 
it seems of paramount importance not just to describe the 
pathophysiological features of each disease but to under-
stand exactly how these features cause clinical symptoms 
and compromise lung function. Despite three decades of 
research, evidence for a role for T-cells and cytokines in 
asthma and COPD, which would mandate continuing 
the development of drugs which block their production or 
actions, remains largely circumstantial, and the fundamen-
tal questions as to why asthma develops in some individuals 
but not others, and why COPD develops only in a minor-
ity of heavy smokers  [85]  remain unanswered. Most of 
our current information comes from static, cross-sectional 
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studies of diseased subjects and there is very little known 
about what role cytokines and other mediators play in 
acute, short-term exacerbations of disease or in progressive 
decline in lung function. Hence there is a need to develop 
novel short- and long-term outcome measures and sur-
rogate biomarkers of disease in the short term, and better 
measures of lung functions decline in the longer term, such 
as computerized tomography  [86] . Powerful new techniques 
such as positional genomics may in future allow analysis 
of heritable susceptibility factors in a manner unbiased by 
our limited understanding of disease pathophysiology, and 
allow new approaches to disease prevention which may 
not depend on the inhibition of immunological processes. 
Th is will be the future challenge to counter these common 
and signifi cant diseases for which no eff ective, preventative 
therapies currently exist.   
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    Pulmonary Vasodilators in COPD 

    INTRODUCTION 

   Pulmonary hypertension is a common compli-
cation of severe chronic obstructive pulmonary 
disease (COPD) and contributes substantively to 
both its morbidity and mortality  [1] . Although 
generally mild, pulmonary hypertension in the 
setting of COPD is a marker of poor progno-
sis. Furthermore, acute exacerbations of COPD 
which result in worsening gas exchange are likely 
to produce acute deteriorations in pulmonary 
hemodynamics, which further compromise oxy-
gen transport to peripheral tissues. Accordingly, 
considerable eff ort has been given to understand-
ing the pathogenesis of pulmonary hypertension 
in COPD and in attempting to develop strate-
gies for its treatment.  

    PATHOGENESIS OF PULMONARY
HYPERTENSION IN COPD 

   Several factors contribute to the development of 
pulmonary hypertension in COPD. 

    Loss of cross-sectional vascular 
surface area 

   As a result of the widespread destruction of air-
ways and lung parenchyma typical of emphy-
sema, there is also concomitant loss of vasculature, 
leading to an increase in perfusion pressure to 
accommodate pulmonary blood fl ow. In addi-
tion, increases in pulmonary blood fl ow, such as 
those that occur with physical activity, are associ-
ated with further increases in pulmonary arterial 

pressure   owing to the loss of vascular distensibil-
ity and the inability to recruit unused vascula-
ture. Th is process, by its very nature, is irreversible 
 [2] . However, there has not been found a clear 
relationship between the severity of pulmonary 
parenchymal destruction and the presence or 
severity of pulmonary hypertension. Several recent 
investigations have found more  “ primary ”  vascular 
changes at the cellular and the molecular levels. In 
one study, Kasahara and coworkers found signifi -
cant abnormalities in vascular endothelial growth 
factor expression in emphysema  [3] . In addition, 
abnormalities in endothelial mediators, such as 
endothelin 1  [4] , and increases in proinfl amma-
tory cytokines, such as IL-6 and C-reactive pro-
tein (CRP), have been found in COPD patients 
with pulmonary hypertension  [5] .  

    Dynamic pulmonary 
vasoconstriction 

   Th e muscular pulmonary arteries respond with 
constriction to a variety of stimuli that are com-
mon in COPD. Of these, hypoxia is the most 
potent and the frequent stimulus for pulmonary 
vasoconstriction; hypoxic pulmonary vasoconstric-
tion (HPV) is unique to pulmonary artery smooth 
muscle cells and is due to inhibition of an oxygen 
(or redox)-sensitive membrane-bound K  �   chan-
nel, leading to cell depolarization and increased 
intracellular Ca  �  �   concentrations  [6] . Impaired 
endothelial function may also be present and 
further contributes to the vasoconstriction result-
ing from diminished production of endothelial-
derived relaxing factors such as nitric oxide (NO) 
and prostacyclin (PGI 2 ). 

   As a result of vasoconstriction and altered 
endothelial function, severe COPD results in the 
elaboration of a variety of promoters of vascular 
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growth and remodeling. Among these, endothelin, platelet-
derived growth factor, and transforming growth factor have 
been suggested to play major roles in the evolution of the 
chronically hypertensive pulmonary vascular bed. In concert, 
these and other mitogens promote endothelial and smooth 
muscle proliferation and extension of smooth muscle cells 
into the smaller, peripheral vessels  [7] . Although this remod-
eling process may be modifi ed by restoration of normoxic 
conditions, the amelioration is usually incomplete.   

    PATHOPHYSIOLOGY OF PULMONARY
HYPERTENSION IN COPD 

   As a result of the aforementioned processes, the narrowing 
of the vascular lumen produces elevations in pulmonary arte-
rial pressure and pulmonary vascular resistance. Furthermore, 
pressures increase further with exercise or with acute exacer-
bations associated with deteriorations in gas exchange. Th e 
increased right ventricular afterload may eventually lead to 
impaired right ventricular output and, if severe and progres-
sive, right ventricular failure ensues. Although the term  cor 
pulmonale  is frequently used to describe right heart failure, it 
is more appropriately used to defi ne pulmonary vascular dis-
ease in the setting of respiratory disease; right heart failure is 
a late and an unusual complication of  cor pulmonale,  particu-
larly in the present era of widespread availability of supple-
mental oxygen therapy for chronic hypoxemia. 

   How severe is the PH caused by COPD? Th e answer to 
this question is both clinically relevant and debatable. What is 
known is that in several large series of COPD patients with 
varying severity of disease, the average level of resting pul-
monary arterial pressure is either normal or mildly elevated. 
However, within these series, there are between 4% and 7% 
of patients who have what could be termed  “ disproportionate ”  
pulmonary hypertension. Th abut and coworkers found 7.4% of 
patients in this subgroup, defi ned as a mean pulmonary arterial 
pressure of at least 40       mmHg with relatively modest severity of 
COPD ( Fig. 56.1   )  [8] . Although the mechanistic reasons for 
this  “ disproportionate ”  PH are unclear, it seems plausible that 

an excessive vascular response to a stimulus, such as alveolar 
hypoxia, leads to an exaggerated degree of pulmonary hyper-
tension in these patients. Another possibility is that these 
patients, in fact, have idiopathic pulmonary arterial hyperten-
sion (PAH), completely distinct from the COPD. 

   In addition, it has been shown that some patients with 
COPD manifest an excessive rise in pulmonary arterial pres-
sure during exercise. In one study, COPD patients with pol-
ymorphisms in the angiotensin converting enzyme (ACE) 
gene had greater exercise rises in pulmonary arterial pressure 
( Fig. 56.2   )  [9] , again pointing to an intrinsic  “ susceptibility ”  to 
excessive pulmonary vascular disease in some COPD subjects. 

   Because it appears that some patients with COPD have 
more severe PH, it would seem likely that these patients would 
be limited, not by the underlying lung disease, but by the pul-
monary vascular disease. It would then follow that benefi t from 
therapy directed at the PH could be realized. What data exist 
to support this hypothesis?  

    VASODILATOR THERAPY FOR PULMONARY
HYPERTENSION IN COPD 

    Rationale 

   As mentioned, the rationale for the use of PAH-directed 
therapy in COPD is based on the premise that pulmonary 
vasculopathy and, possibly pulmonary vasoconstriction, are 
key elements in its pathogenesis. In the older era, before 
the development of true PAH-targeted therapy, numerous 
systemic vasodilator agents were evaluated. Indeed, a vari-
ety of systemic antihypertensive agents have been shown to 
reduce pulmonary arterial pressure in experimental animals 
with pulmonary hypertension produced by acute hypoxic 

20

60

50

40

30

20

10

0 40

FEV1 (% pred.)

3

4

2

1

m
ea

n 
P

A
P

 [m
m

H
g]

60 80

 FIG. 56.1          Spectrum of pulmonary arterial pressures in patients with COPD 

(from Ref.  [8] ).    

60

m
ea

n 
P

A
P

 [m
m

H
g]

P	0.0027

P	0.0049N.S.

50

40

30

20

10

0
Before Before Before AfterAfterAfter

II ID DD

 FIG. 56.2          Deletion polymorphisms in the ACE gene are associated with 

greater rise in mean pulmonary arterial pressures during exercise (from 

Ref.  [9] ).    



56Pulmonary Vasodilators in COPD

701

ventilation or the administration of pulmonary vasoconstric-
tor agents  [10] . Unfortunately, as described above, the pul-
monary hypertensive state in COPD is the result of more 
than simple vasoconstriction, with remodeling playing a piv-
otal role. Th us, it would be conceptually unlikely that simple 
vasodilators would achieve much effi  cacy.  

    Oxygen 

   It is important to remember that supplemental oxygen, a selec-
tive pulmonary vasodilator, is the only pulmonary  “ vasodilator ”  
which has been demonstrated to improve survival in COPD, 
although the hemodynamic eff ects are variable          [11–13] . It is 
likely that the favorable impact of oxygen therapy on survival 
in COPD is due to a variety of eff ects, including optimizing 
myocardial and other peripheral tissue oxygen delivery.  

    Older vasodilators 

   Several older studies have evaluated other vasodilators in 
patients with COPD. Studies, until recently focused on oral 
vasodilators, including hydralazine  [14] , oral nitrates, and cal-
cium channel antagonists                    [15–22] . Several, small reports con-
sistently demonstrate a small, but signifi cant acute pulmonary 
vasodilating eff ect from the administration of calcium channel 
blockers, including nifedipine              [15–18, 22] , felodipine        [19, 20] , 
verapamil  [21] , and diltiazem  [21] . Th e magnitude of this 
eff ect is quite variable, ranging from 10% to 30%, depending 
on the study. In addition, nifedipine has been shown to reduce 
PaO 2 , presumably by inhibition of HPV and worsening V/Q 
matching, an eff ect which is magnifi ed during exercise and 
with supplemental oxygen administration  [15] . Possibly miti-
gating the worsening of arterial oxygenation by nifedipine, 
however, is data demonstrating improvement in cardiac output 
and oxygen delivery during nifedipine administration        [15, 22] . 

   Given the modest hemodynamic eff ects, at least at 
rest, of oral vasodilators, and the relatively mild nature of 
the pulmonary hypertension, at least at rest, observed in 
COPD, it reasonable to question whether oral vasodilators 
have any long-term clinical utility in these patients. To date, 
there have been no large placebo-controlled trials address-
ing this issue. Th ere are several controlled studies, all yield-
ing unimpressive results. Vestri and coworkers found that, 
compared to a well-matched control group, no signifi cant 
objective improvement occurred with 1 year of nifedipine 
 [23] . Interestingly, a signifi cant improvement in dyspnea 
was seen in the nifedipine group. Similarly, Domenighetti 
 et al . found that, even in a subgroup of COPD patients with 
marked acute pulmonary vasodilation in response to nifed-
ipine (43% decrease in PAP mean),  “ typical ”  clinical dete-
rioration over 12 months occurred  [17] . 

   Sajkov  et al ., in a 12-week study of another calcium 
channel antagonist, felodipine, found reductions in pulmo-
nary arterial pressure and in pulmonary vascular resistance 
that were felt to be signifi cant (22% and 30%, respectively) 
 [19] . However, exercise capacity was not improved. 

   One theoretical limitation of pulmonary vasodilator 
therapy, in general, is that although the presence of pulmo-
nary hypertension is an ominous prognostic sign in COPD, 

it may, in the majority of patients, merely serve as a marker 
of disease severity and not contribute substantively,  per se , 
to symptom limitation or survival. Unlike patients with 
other forms of pulmonary vascular disease, such as IPAH, 
CTEPH, and connective tissue disease, patients with 
COPD are primarily symptom-limited not by the cardio-
vascular process but by the airway and the parenchymal lung 
disease  [24] . Right ventricular function is not normal, but 
is usually not severely depressed, although the compensa-
tory mechanisms may fall short during acute exacerbations 
of airway disease. Accordingly, improving the pulmonary 
hemodynamic state may not result in improved activity tol-
erance or survival in this disease. 

   Another concern regarding vasodilator use is that 
COPD is typically a disease of older patients, a population 
that is also prone to have coexistent coronary artery disease. 
Vasodilators can increase cardiac work if tachycardia is pro-
duced, while at the same time they can also  “ steal ”  blood 
fl ow away from areas of anatomic obstruction, leading to 
worsening cardiac ischemia. 

   Finally, systemically administered agents exert non-
selective cardiovascular eff ects, including systemic hypo-
tension, tachycardia, and potentially negative inotropic 
myocardial eff ects. While these eff ects may be dose related, 
they can occur in patients even at low doses and can limit 
the utility of vasodilators. 

   In summary, presently available data suggest that oral 
calcium channel blockers do cause acute reductions in pul-
monary arterial pressure and pulmonary vascular resistance, 
and modest increases in cardiac output in COPD patients. 
However, there is no convincing evidence of any improve-
ment in exercise capacity or outcome in these patients.  

    New vasodilators 

   Recently, interest has begun to be focused on the utility of 
the  “ modern ”  PAH therapies in COPD patients with, what 
is felt to be, more clinically signifi cant pulmonary hyper-
tension, the so-called  “ outliers. ”  Th ese modern therapies 
include prostacyclin analogs, endothelin receptor antago-
nists, and phosphodiesterase type 5 inhibitors ( Table 56.1   ). 
Unique features of these newer agents that might make 
them benefi cial in COPD patients with more advanced PH 
include their relative lack of systemic hemodynamic eff ects 
and their targeting of the pulmonary vasculopathy through 
direct eff ects on the endothelial dysfunction, which is a 
prominent feature of pulmonary hypertension. 

   Although the data on the effi  cacy and safety of these 
therapies for patients with IPAH and PAH associated with 
some other conditions, such as connective tissue disease, 
have been clearly proven in several randomized, placebo-
controlled trials                [25–30] , there have been no such system-
atic trials in the COPD/PH subgroup. It should, however, 
be noted that patients with modest degrees of COPD 
(FEV 1  between 60% and 80% predicted) were not necessar-
ily excluded from PAH trials, although the number of these 
patients was too small to allow subgroup analysis. 

   Th ere are, on the other hand, uncontrolled reports and 
case series reporting the eff ects of various PAH therapies in 
COPD patients. Madden and coworkers treated 4 severe 
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COPD patients with sildenafi l citrate for 8 weeks in an open 
label trial  [31] . Th ese authors reported consistent but non-
statistically signifi cant improvements in pulmonary vascular 
resistance and cardiac output as well as signifi cant increase in 
6       minute walk distance. 

   In a larger, uncontrolled study of 18 COPD patients 
(GOLD II–IV) with mild resting pulmonary hypertension 
or exercise-induced pulmonary hypertension, a single dose 
of 50       mg of sildenafi l attenuated the rise in mean pulmonary 
arterial pressure during exercise  [32] . However, this eff ect was 
not accompanied by an augmentation in cardiac output or an 
increase in maximal exercise capacity. In a recently published 
study by the same group, 15 stable COPD patients were 
treated with 3 months of sildenafi l 50       mg three times daily 
 [33]  No improvement in stroke volume as assessed by cardiac 
MRI or exercise capacity were noted in this group. Although 
these small trials do not exclude an eff ect of sildenafi l in 
COPD patients with PH, without a larger, controlled study, 
this agent should not be routinely used in this group. 

   Another group of drugs commonly used to treat 
PAH are the prostacyclin analogs, including epoprostenol, 
treprostinil, and iloprost. A rationale exists for use of these 
agents in COPD/PH patients, as one study has demon-
strated reduction in prostacyclin synthase expression in the 
small pulmonary arteries of patients with emphysema  [34] . 
However, to date no clinical data has been published on the 
eff ects of prostacyclin analogs in COPD patients. Moreover, 
it has been the authors ’  experience that intravenous epo-
prostenol may lead signifi cant worsening of arterial hypox-
emia, presumably due to increased intrapulmonary shunting 
in patients with underlying ventilation/perfusion inequality. 

   Endothelin receptor antagonists, such as bosentan, 
also have theoretical rationale in COPD/PH. Increase 
in endothelin expression has consistently been found in 
COPD patients with PH  [4] . In addition, these levels have 
been found to correlate with exercise increases in pulmo-
nary arterial pressures in COPD  [35] . However, no clini-
cal studies have yet been published examining the eff ects of 
endothelin receptor antagonists in COPD patients. 

   Inhaled pulmonary vasodilators, such as iloprost or 
nitric oxide, theoretically are attractive candidates for treat-
ing COPD-related PH, as these agents often improve shunt 
fraction and have minimal systemic hemodynamic eff ects. 
However, no data have yet been published on inhaled ilo-
prost in this group. Inhaled nitric oxide, although not available 

for chronic therapy has shown some promise in patients with 
underlying lung disease. Acutely, in ARDS  [36] , marked 
increases in PaO 2  occur in over two-third of patients given 
inhaled nitric oxide. Th e data in COPD, however, is confl icting. 
Both improvement          [37–39]  and deterioration        [40, 41]  in rest-
ing arterial oxygenation have been reported in COPD patients 
given inhaled NO, despite comparable degrees of pulmonary 
vasodilation. Th ese  “ confl icting ”  results may, in fact, refl ect the 
heterogeneity of the V/Q disturbances seen in COPD. For 
instance, if more low V/Q areas are present, inhaled NO may 
get into some of these lung units and actually worsen V/Q 
matching, a phenomenon reproduced in an animal study by 
Hopkins  et al .  [42] . On the other hand, if the predominant 
disturbance is shunt, inhaled NO would tend to improve oxy-
genation by shifting perfusion away from the shunt. 

   Additionally, the eff ects of inhaled NO on gas exchange 
during exercise may be even more important. Roger and col-
leagues found, in fact, that inhaled NO, despite worsening 
oxygenation at rest, actually prevented exercise-induced O 2  
desaturation in patients with COPD, possibly due to pref-
erential distribution of NO to well-ventilated regions during 
exercise  [38] . 

   However, despite potential benefi cial eff ects of inhaled 
NO during exercise in COPD patients, exercise limitation 
is generally not due to either O 2  desaturation or pulmonary 
hypertension. Th us, it is uncertain whether or not chronic 
NO administration would benefi t these patients. Again, no 
controlled trials have been done.   

    SUGGESTED GUIDELINES FOR THE USE OF
VASODILATORS IN COPD 

   Current experience does not support the widespread use of 
PAH therapy in COPD-related PH, owing to the hazards 
described above and the dearth of studies demonstrating sus-
tained clinical benefi t. Nevertheless, there are selected patients 
who appear to have alterations in pulmonary hemodynamics 
which are well out of proportion to the severity of chronic 
respiratory disease and in whom conventional approaches 
to therapy are only partially successful. Th ese patients might 
be considered as having true PAH, idiopathic or associated, 
and might be candidates for PAH therapy. However if used, 
the eff ects of PAH therapy should be monitored using some 
clinically meaningful parameter, such as objective testing of 
cardiopulmonary exercise tolerance, noninvasive evaluation of 
right heart size and function using echocardiography, or inva-
sive measurements of cardiopulmonary hemodynamics. 

   Th eoretically, the use of pulmonary vasodilators in the 
setting of acute  cor pulmonale  may be more appealing than 
their use in the chronic state, owing to the acute and, there-
fore potentially reversible component and the impact of this 
alteration on morbidity and mortality. Unfortunately, no 
clinical trials have addressed the role of vasodilators in this 
population; furthermore, the deleterious eff ects of vasodila-
tors may be particularly problematic in this setting. Th e use 
of more selective agents, such as nitric oxide by inhalation, 
would be preferred in the acutely decompensated patient. 
Th e impact of this therapy, however, remains unproven.  

 TABLE 56.1          FDA-approved therapies for pulmonary arterial 

hypertension.  

   Prostacyclin analogs 

          Epoprostenol (intravenous) 

          Treprostinil (intravenous, subcutaneous) 

          Iloprost (inhaled) 

   Endothelin receptor antagonists 

          Bosentan 

          Ambrisentan 

   Phosphodiesterase type 5 inhibitors 

          Sildenafi l 
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    SUMMARY AND CONCLUSIONS 

   While pulmonary hypertension remains a serious complica-
tion of COPD, eff ective therapy has been elusive. It is likely 
that pharmacological agents that exert both vasodilator and 
antiproliferative eff ects are most likely to produce sustained 
improvement in cardiopulmonary hemodynamics, although 
the impact of this therapy on symptoms and the survival in 
COPD remain unknown. In addition, delivery of these agents 
in a manner that facilitates selectivity of their eff ects to the 
pulmonary vasculature, such as by the inhaled route, would be 
preferable in order to minimize the adverse eff ects of systemic 
vasodilation. As our understanding of the molecular basis for 
the pulmonary vascular remodeling in COPD unfold, targeted 
therapy should be feasible and could be combined with other 
modalities in order to both prevent and treat the vascular com-
plications of end-stage chronic obstructive pulmonary disease.   
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C H A P T E R            Ventilator Support 

   In patients with obstructive lung disease, the 
development of acute respiratory failure is a 
common cause for admission to the intensive 
care unit (ICU)                    [1–8] . Between 2% and 61% of 
patients                    [1, 2, 4–9]  require mechanical ventila-
tion, with an associated mortality of 6–30%                  [6–
12] . Th e high mortality may be a consequence 
of both disease severity and complications of 
mechanical ventilation. 

    INDICATIONS FOR VENTILATOR
SUPPORT 

   When severe hypoxemia develops in patients 
with asthma  [13]  and chronic obstructive pul-
monary disease (COPD)  [14] , intubation and 
mechanical ventilation may be necessary to 
ensure the delivery of a suffi  ciently high frac-
tional inspired oxygen concentration (F 1 O 2 ). 
Th e development of an acute respiratory acido-
sis is another major indication for mechanical 
ventilation  [15] , although simpler measures can 
sometimes reverse the process  [16] . An increase 
in work of breathing, secondary to an increase in 
airway resistance  [17]  or an inspiratory threshold 
load associated with auto-positive end-expiratory 
pressure or intrinsic positive end-expiratory pres-
sure (PEEP i ), often requires mechanical ventila-
tion to rest the respiratory muscles and decrease 
the oxygen cost of breathing.  

    INVASIVE POSITIVE PRESSURE
VENTILATION 

    Modes of mechanical ventilation 

   Th e term  mode  refers to the relationship among 
various breath types (mandatory, assisted, 

supported, spontaneous), as well as inspiratory 
phase variables. 

    Controlled ventilation 

   With controlled mechanical ventilation, the 
ventilator delivers all breaths at a preset rate and 
the patient cannot trigger the machine. With 
volume-controlled ventilation, breaths have a 
preset volume (volume targeted), whereas with 
pressure-controlled ventilation breaths are pres-
sure limited and time cycled  [18] . Use of vol-
ume-controlled ventilation is largely restricted 
to patients who are apneic as a result of brain 
damage, sedation, or paralysis.  

    Assist-control ventilation 

   In the assist-control (AC) mode, the ventilator 
delivers a breath either when triggered by the 
patient’s inspiratory eff ort or independently if 
such an eff ort does not occur within a prese-
lected period. All breaths are delivered under 
positive pressure by the machine, but unlike 
controlled ventilation the patient’s triggering 
eff orts commonly exceed the preset rate. Th e 
amount of active work performed by a patient 
is critically dependent on the trigger sensitivity 
and inspiratory fl ow settings. Even when these 
settings are optimized, patients actively perform 
about one-third of the work performed by the 
ventilator during passive conditions        [19, 20] .  

    Intermittent mandatory ventilation 

   With intermittent mandatory ventilation (IMV), 
the patient receives periodic positive-pressure 
breaths from the ventilator at a preset volume and 
rate, but the patient can also breathe spontane-
ously between these ventilator breaths  [21] . With 
synchronized IMV, the ventilator waits until the 
patient begins to inhale and then synchronizes 
the machine breath with the patient’s inspiratory 
eff ort. If a patient does not make an eff ort within 
a preset time, the ventilator delivers a positive-
pressure breath. 
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   With IMV, patients frequently have diffi  culty in adapt-
ing to the intermittent nature of assistance. It was previously 
assumed that respiratory muscle rest was proportional to the 
number of machine-assisted breaths. Recent studies, however, 
indicate that inspiratory eff ort is equivalent for spontaneous 
and assisted breaths          [22–24] . At a moderate level of machine 
assistance, that is, where the ventilator accounted for 20–50% 
of the total ventilation, electromyographic activities of the 
diaphragm and sternomastoid muscles were equivalent for 
assisted and spontaneous breaths  [23] . Th ese fi ndings suggest 
that respiratory center output is preprogrammed and is una-
ble to adjust to breath-to-breath changes in unloading. As a 
result, IMV may contribute to the development of respiratory 
muscle fatigue or prevent its recovery.  

    Pressure support ventilation 

   Pressure support (PS) ventilation is patient-triggered like 
AC and IMV, but diff ers in being pressure targeted and fl ow 
cycled  [25] . Th e physician sets a level of pressure that aug-
ments every spontaneous eff ort, and the patient can alter 
respiratory frequency, inspiratory time, and tidal volume. A 
fall in airway pressure triggers the ventilator, which in turn 
increases pressure to a preset value. Accordingly, the pres-
sure to infl ate the lungs and chest wall is provided jointly by 
the ventilator and the patient. Unlike the guaranteed volume 
achieved by AC and IMV, tidal volume varies depending on 
the set pressure, patient eff ort, and pulmonary mechanics. 
Th e lack of guaranteed assistance in the absence of patient 
eff ort can cause apnea in patients with an unstable respiratory 
center output. Cycling to exhalation is triggered by a decrease 
in inspiratory fl ow to a preset level, such as 5       l/min or 25% 
of the peak inspiratory fl ow. Inspiratory assistance can also 
be terminated by a small increase in pressure (1–3       cm H 2 O) 
above the preset level, resulting from expiratory eff ort  [25] . 

   PS is very eff ective in decreasing the work of inspiration. 
Th e degree of inspiratory muscle unloading, however, is varia-
ble, with a coeffi  cient of variation of up to 96% among patients 
 [26] . In patients with COPD, the variability in the work 
of breathing can be explained by the inspiratory resistance, 
minute ventilation, and degree of PEEP i   [26] . It is notewor-
thy that, PS does not decrease PEEP i  in patients with COPD 
       [26, 27] . Instead, increasing levels of PS increase the contribu-
tion from PEEP i  to the overall work of breathing, accounting 
for approximately two-thirds of the inspiratory eff ort  [26] . Th e 
algorithm used to terminate inspiratory assistance during PS 
can also aff ect the work of breathing in patients with COPD. 
Patients with a prolonged time constant require more time for 
fl ow to fall to this threshold, and consequently, mechanical 
infl ation may persist into neural expiration. To counteract such 
neural–mechanical dysynchrony, patients may activate their 
expiratory muscles at a time when the ventilator is still infl at-
ing the thorax, causing the patient to fi ght the ventilator. 

   Th ere is no consensus for the appropriate level of PS 
for an individual patient. In one study, the level minimizing 
activity of the sternomastoid muscles also reversed electro-
myographic evidence of excessive diaphragmatic stress  [25] . 
Commonly, PS is titrated to achieve a decrease in respira-
tory frequency and an increase in tidal volume. Considerable 
discrepancy exists among studies as to the preferred target or 
 “ optimal ”  level of PS. Achieving a decrease in respiratory rate 

to  � 30/min was previously found to be a better predictor of 
a decrease in the work of breathing than achieving a tidal vol-
ume of  � 0.6       l  [26] . Increasing PS to achieve a low respiratory 
frequency and inspiratory muscle unloading may be accompa-
nied by an increase in expiratory muscle activity, causing the 
patient to fi ght the ventilator  [26] . Th us, selecting the optimal 
level of PS can be quite complex.   

    Comparison between modes of mechanical 
ventilation 

   A head-to-head comparison of the common modes of 
assisted ventilation was previously conducted, with most 
of the patients having COPD  [24] . Compared with spon-
taneous breathing, AC achieved the largest decrease in the 
work of breathing. Th e decrease in the work was greater 
for PS than for IMV at lower levels of support. Addition 
of PS of 10       cm H 2 O to a given level of IMV caused a 
greater reduction in the work of breathing ( Fig. 57.1   ), not 
only during the intervening PS breaths, but also during 
the mandatory IMV breaths. Th e decrease in work during 
the mandatory breaths was proportional to the decrease in 
respiratory drive during the intervening breaths.   

    VENTILATOR SETTINGS 

    Fractional inspired oxygen concentration 

   Th e lowest F I  O  2  that achieves satisfactory arterial oxygena-
tion should be selected. With arterial blood samples, a Sa O  2  
target of 90% is appropriate, but with pulse oximetry the 
same target can be associated with Pa O  2  values as low as 41 
torr in black patients  [28] .  
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    Trigger sensitivity 

   Most ventilators employ pressure triggering, whereby a 
decrease in circuit pressure is required to initiate the ven-
tilator. With fl ow triggering (sometimes termed  “ fl ow-by ” ), 
a base fl ow of gas (usually set at 5 to 20       l/min) is delivered 
during both the expiratory and the inspiratory phases of 
the respiratory cycle  [29] . With patient eff ort, gas enters the 
patient’s lungs and is diverted from the exhalation port. Th e 
diff erence between inspiratory and expiratory base fl ow is 
sensed, causing the ventilator to switch phase; sensitivity is 
usually set at 2       l/min. A decrease in breathing eff ort is noted 
with fl ow triggering in the PS, but not the AC, mode  [30] . 

   Triggering the ventilator is more diffi  cult in patients 
with dynamic hyperinfl ation. In this situation, the patient 
must fi rst generate suffi  cient pressure to off set the elastic 
recoil associated with hyperinfl ation, and thereafter overcome 
the sensitivity threshold. With all modes of ventilation, inef-
fective triggering increases in proportion to the level of assist-
ance, secondary to a decrease in respiratory drive  [24] . Breaths 
preceding the non-triggered eff ort have a higher volume, a 
shorter expiratory time, and a higher PEEP i .  

    Tidal volume 

   To prevent alveolar overdistension and lung injury, tidal vol-
umes of 5–7       ml/kg (or less) have become increasingly popular 
 [31] . Th is ventilator strategy is termed permissive hypercap-
nia or controlled hypoventilation  [32] , because it commonly 
produces an increase in Pa CO  2 . If pH falls below 7.20, some 
physicians administer intravenous bicarbonate, although 
its benefi t is unproven  [32] . In patients with severe asthma 
requiring mechanical ventilation, most studies suggest that 
permissive hypercapnia decreases mortality        [33, 34] . In a con-
trolled study  [4]  of patients with asthma and acute respiratory 

failure, pulmonary barotrauma and hypotension were signifi -
cantly lower in patients who were electively hypoventilated.  

    Respiratory rate 

   Setting the ventilator rate depends on the mode being 
employed. With AC ventilation, the ventilator supplies a 
breath in response to each patient eff ort; the backup rate 
should be set at approximately four breaths below the 
patient’s spontaneous rate. With IMV, the mandatory rate 
is initially set high and then gradually decreased accord-
ing to patient tolerance. As discussed above, this common 
approach does not ensure adequate rest. With pressure-sup-
port ventilation, the ventilator rate is not set.  

    Inspiratory fl ow rate 

   In patients with COPD, increasing inspiratory fl ow to 100       l/
min produces better gas exchange, probably because the result-
ing increase in expiratory time allows more complete emptying
of gas-trapped regions  [35] . Studies in healthy subjects  [36] , 
as well as in intubated patients  [37] , have demonstrated that 
increasing the inspiratory fl ow setting causes an immediate 
increase in respiratory frequency and respiratory drive. Yet, it 
has been demonstrated that imposed ventilator inspiratory 
time, independent of delivered inspiratory fl ow and tidal vol-
ume, can determine respiratory frequency  [38] . More recently, 
in patients with COPD, it was demonstrated that the increase 
in respiratory rate noted as inspiratory fl ow was increased, was 
associated with an increase in expiratory time and a decrease 
in PEEP i   [39]  ( Fig. 57.2   ). A shortened inspiratory time com-
bined with time-constant inhomogeneity of COPD will cause 
overinfl ation of some lung units to persist into neural expira-
tion. Continued infl ation during neural expiration causes stim-
ulation of the vagus, which prolongs expiratory time  [40] .   
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    POSITIVE END-EXPIRATORY PRESSURE 

   In patients with COPD, dynamic hyperinfl ation results 
from dynamic airway collapse. Th e accompanying increase 
in alveolar pressure is termed PEEP i . To trigger the 
ventilator in this situation, the patient must fi rst generate a 
negative inspiratory pressure equal in magnitude to PEEP i  
and then overcome the trigger sensitivity setting. Provided 
the increase in PEEP i  is secondary to increased elastic recoil, 
rather than expiratory eff ort, the addition of external PEEP 
can decrease the inspiratory threshold load        [41,42] . 

   Deciding the appropriate amount of external PEEP 
in patients with airfl ow limitation can be diffi  cult because 
of regional inhomogeneities among lung units, each with its 
own critical closing pressure  [43] . If application of external 
PEEP causes an increase in end-expiratory lung volume, 
decreases in cardiac output and blood pressure are likely to 
follow            [44–47] . In general, a level of external PEEP, approxi-
mately 70% of the PEEP i  value, is used in patients with 
COPD            [44–47] . In contrast to patients with airfl ow limi-
tation secondary to COPD, PEEP should be avoided in 
patients with asthma, because it is likely to increase lung 
volume and decrease cardiac output  [48] .  

    ANCILLARY THERAPY 

   Studies have established that it is possible to achieve satis-
factory bronchodilation using a metered-dose inhaler (MDI) 
despite the presence of an endotracheal tube in mechanically 
ventilated patients. It is essential to follow a specifi ed proto-
col, use an inline chamber device  [49] , and actuate the MDI 
at the onset of inspiratory airfl ow. Maximal bronchodilation 
can be achieved in patients with COPD with as few as four 
puff s of a sympathomimetic aerosol ( Fig. 57.3   )  [50] . 

   Analgesic, anxiolytic, and neuromuscular blocking 
agents are frequently used in mechanically ventilated patients. 
When selecting an analgesic in a patient with asthma, use of 
morphine should be avoided because of the risk of histamine 
release and worsening bronchospasm  [51] . Neuromuscular 
blocking agents can result in prolonged paralysis and the 
development of an acute myopathy        [52, 53] . Th e concurrent 
use of corticosteroids appears to increase the risk. Th e inad-
vertent discontinuation of mechanical ventilation in patients 
receiving a neuromuscular blocking agent will cause complete 
apnea, leading to cardiopulmonary arrest. Train-of-four mon-
itoring is recommended while patients receive neuromuscular 
blocking agents, although clinical assessment at the bedside 
is equally important  [54] . 

   Heliox is a mixture of either 70% or 80% helium 
with oxygen, that has a density one-third that of room air. 
It has been theorized that heliox may decrease the work of 
breathing and improve gas exchange during an acute exac-
erbation in patients with asthma and COPD. Controlled 
studies involving noninvasive ventilation or intubated 
patients have demonstrated mixed results            [55–58] ; with 
only small changes in PaCO 2   [56]  and hemodynamics  [55] , 
and a slight decrease in the work of breathing and PEEP i  

         [55, 57, 58] . In patients receiving noninvasive ventilation, 
heliox does not decrease the intubation rate or the length of 
stay in the ICU  [59] . 

   While previously investigated in patients with acute 
lung injury  [60] , prone positioning has more recently 
been examined in intubated patients with COPD during 
an acute exacerbation. While improvements in oxygenation 
       [61, 62] , as well as chest wall and lung mechanics  [62]  have 
been reported, these studies were uncontrolled and involved 
small numbers of patients.  

    COMPLICATIONS 

   Patients receiving mechanical ventilation are at risk of 
numerous complications, including oxygen toxicity, air leaks, 
infection, endotracheal tube complications, and decreased 
cardiac output. Th ese problems occur frequently and they 
can be life threatening if not promptly detected and treated. 

    Barotrauma 

   Th e development of extraalveolar air, in the form of pneu-
momediastinum, subpleural air cysts, subcutaneous emphy-
sema, pneumothorax, or pneumoperitoneum is termed 
pulmonary barotrauma. Th ese fi ndings have been found in 
14–27% of patients with obstructive lung disease receiving 
mechanical ventilation          [4, 11, 12] .  

    Infection 

   Pneumonia develops in 21% of patients receiving mechani-
cal ventilation for over 48       h  [63] . In mechanically ventilated 
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patients with COPD, more than 40% of the patients have 
potentially pathogenic microorganisms present in their 
upper and lower airways, and have an increased risk of life-
threatening pneumonia  [64] . Th e diagnosis of pneumonia is 
often diffi  cult in patients receiving mechanical ventilation, 
because clinical criteria are unreliable and airway coloniza-
tion confounds the identifi cation of causative organisms. 
Studies comparing the use of quantitative cultures of 
specimens obtained by bronchoalveolar lavage or with a 
protected specimen brush passed through the bronchoscope 
to nonquantitative culture of endotracheal aspirates have 
demonstrated confl icting results          [65–67] . Th erefore, the 
optimal approach to diagnosis ventilator-associated pneu-
monia is yet to be determined.  

    Eff ects on cardiac output 

   Both PEEP and PEEP i  can cause similar decreases in 
cardiac output, primarily by decreasing venous return. In 
addition, increases in pulmonary vascular resistance, sec-
ondary to alveolar distension and stretching of adjacent 
vessels, increases right ventricular afterload. As a result, the 
interventricular septum may shift to the left and decrease 
left ventricular compliance. Distended lung parenchyma 
may also increase juxtacardiac pressure and decrease left 
ventricular compliance. PEEP i  has been noted in patients 
with COPD experiencing hemodynamic embarrassment 
 [68] . On discontinuation of mechanical ventilation, hemo-
dynamics improved as the amount of PEEP i  decreased.   

    WEANING 

   About 70% of patients tolerate the fi rst attempt to discontinue 
mechanical ventilation        [69, 70] . Nevertheless, about 40–60% of 
total ventilator time is devoted to the process of weaning. 

    Pathophysiology of weaning failure 

   In patients with COPD, a decrease in respiratory motor 
output appears to be a rare cause for failure to wean  [17] . 
Th e major reason that patients with COPD fail weaning tri-
als is because of a progressive increase in work of breathing 
secondary to increases in resistance, elastance, and PEEP i . 
In contrast, pulmonary mechanics during passive ventilation 
are virtually indistinguishable in weaning success and wean-
ing failure patients before a weaning trial  [71] . Respiratory 
muscle weakness is commonly seen in patients that fail a 
weaning trial  [72] . However, the development of respiratory 
muscle fatigue does not appear to be responsible for wean-
ing failure  [72] . One reason may be that failure patients 
become progressively distressed during a weaning trial, lead-
ing clinicians to reinstate ventilator support before patients 
have breathed long enough to develop fatigue        [72, 73] .
Th at is, monitoring clinical signs of distress provides suf-
fi cient warning to avoid respiratory muscle fatigue. Only a 
fraction of patients develop abnormal gas exchange, with 

the development of hypercapnia and/or hypoxemia  [74] . 
An increase in right and left ventricular afterload during 
a weaning trial may aff ect how the cardiovascular system 
meets oxygen demand in weaning failure patients, and con-
tributes to the development of hypoxemia  [75] . Rigorous 
studies of the pathophysiology of weaning failure in patients 
with asthma have not been conducted.  

    Timing of weaning process 

   Previous studies emphasize that clinical bedside assessment and 
physician judgment are insuffi  cient in determining the appro-
priate time to initiate weaning  [76] . Weaning involves the use 
of three diagnostic tests in sequence: measurement of predictors, 
a weaning trial, and a trial of extubation. Th e fundamental job 
of a weaning-predictor test is screening; with an ideal screen-
ing test having a very high sensitivity  [77] . Th e best predictor 
of weaning outcome is the measurement of the frequency-
to-tidal volume ratio, a measure of rapid shallow breathing. 
A frequency-to-tidal volume ratio above 100 breaths/min/l 
suggests that weaning is not likely to be successful  [78] .  

    Weaning techniques 

   When a screening test is positive, the clinician proceeds 
to a confi rmatory test; an ideal confi rmatory test has a 
very low rate of false-positive results. Th at is, a high spe-
cifi city. Four weaning techniques are generally used. With 
IMV and PS, the level of ventilator assistance is gradually 
reduced. PS became popular as a means of overcoming the 
resistance of the endotracheal tube. Th is line of thinking, 
however, ignored the fact that the upper airway becomes 
swollen when an endotracheal tube has been in place, and 
after extubation patients will experience increased upper 
airway resistance. Indeed, the work of breathing following 
extubation is similar to that while breathing on a T-piece 
 [79] . With IMV, at respiratory rates of 14 breaths/min or 
less, patient inspiratory eff orts are increased to a level likely 
to cause respiratory muscle fatigue        [22, 23] . 

   Several randomized trials have been performed com-
paring weaning techniques        [69, 80] . IMV has been shown to 
delay the weaning process. A once-a-day trial of spontaneous 
breathing resulted in a threefold increase in the rate of suc-
cessful weaning compared with IMV, and a twofold increase 
in successful weaning compared with PS. Performing trials of 
spontaneous breathing once a day is as eff ective as perform-
ing such trials several times a day  [69] , but much simpler. In 
patients not expecting to pose any particular diffi  culty with 
weaning, a half-hour trial of spontaneous breathing is as 
eff ective as a 2-h trial  [70] . Th e use of protocol-driven algo-
rithms for weaning has not shown superiority in shortening 
the time to successful extubation                [81–86] . 

   Before removing the endotracheal tube, the clini-
cian must judge whether or not the patient will be able to 
maintain a patent upper airway after extubation. Mortality 
among patients that require reintubation is more than six 
times as high as mortality among patents who can tolerate 
extubation  [70] . Th e reason is unknown, but may refl ect a 
greater severity of the underlying illness  [87] .   
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    NONINVASIVE POSITIVE PRESSURE
VENTILATION 

   In patients with COPD and acute respiratory failure, the 
use of noninvasive positive pressure ventilation results in less 
frequent intubation, decreased complications, and a shorter 
hospital stay. More recently, noninvasive positive pressure 
ventilation was shown to be equally eff ective in those with 
more severe as compared to mild acute respiratory acidosis, 
both in regards to normalization of pH and PaCO 2 , as well 
as duration of use and hospital length of stay  [88] . In two 
of these studies, noninvasive positive pressure ventilation 
caused a decrease in mortality          [89–91] .  

    CONCLUSION 

   Patients with obstructive lung disease commonly develop 
acute respiratory failure, requiring the institution of mechani-
cal ventilation. Abnormalities in pulmonary gas exchange, 
lung mechanics, and respiratory muscle function contribute 
to the development of respiratory failure. Adapting ventilator 
strategies that account for these abnormalities, such as con-
trolled hypoventilation in acute asthma or the application of 
external PEEP in patients with COPD, may decrease mor-
bidity and possibly improve patient outcome.  
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C H A P T E R

          

    Pulmonary Rehabilitation 

    INTRODUCTION 

   Pulmonary rehabilitation is nowadays a rec-
ognized evidence-based therapy which can be 
applied to patients with lung diseases who are 
symptomatic and have reduced activities of daily 
living, despite optimal medical therapy        [1, 2] . 
Unlike most drugs, pulmonary rehabilitation does 
not target the lungs directly, but aims at reversing 
or stabilizing the extra-pulmonary eff ects of lung 
diseases  [1] . 

   Lung disease, especially chronic obstruc-
tive pulmonary disease (COPD), is a poorly 
diagnosed, but a very prevalent problem in our 
society. More than half the patients with mild to 
moderate COPD remain undiagnosed until late 
in the disease  [3] . Physical inactivity is a natural 
defense strategy to avoid the distressing symp-
tom of exercise induced dyspnea. Unfortunately, 
inactivity inevitably leads to many of the s ystemic 

consequences associated with COPD, such as 
skeletal muscle weakness, osteoporosis, reduced 
insulin sensitivity, cardiovascular morbidity, and 
mood disturbance. Further catalyzed by smoking 
and perhaps systemic infl ammation, oxidative 
stress, and exacerbations, these systemic conse-
quences may develop along with the progressing 
airfl ow obstruction. In fact, particularly patients 
with comorbidity or systemic consequences were 
characterized by an inactive lifestyle even in 
milder stages of COPD  [4] .  Figure 58.1    shows 
that the vast majority of patients referred to our 
rehabilitation program had developed skeletal 
muscle weakness to some degree, independently 
of the lung function impairment. Undoubtedly, 
skeletal muscle dysfunction is an important 
extra-pulmonary consequence. In COPD, skele-
tal muscle weakness has been shown to be related 
to impaired s urvival        [5, 6] . In addition, skeletal 
muscle weakness is an important driver of utili-
zation of health-care recourses  [7] . In the context 
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of pulmonary rehabilitation, it is also important to recognize 
the non-physiological extra-pulmonary consequences of 
chronic lung disease. Depression, for example, is very preva-
lent in stable patients  [8] , and is signifi cantly related to the 
adverse outcome of COPD, particularly after acute exacerba-
tions  [9] . In the recent Global Initiative for Obstructive Lung 
Disease (GOLD), the systemic consequences of COPD were 
specifi cally noted as an important marker of morbidity, com-
plicating the management of obstructive lung disease  [10] . 

   As mentioned above, pulmonary rehabilitation targets 
the systemic consequences of lung diseases. It is now gener-
ally recognized as an evidence-based and eff ective therapy for 
patients with lung diseases, who are symptomatic and have 
reduced participation the in activities of daily life. Th e evidence 
on the eff ectiveness of pulmonary rehabilitation is impressive, 
and has been reviewed in several recent documents.  Table 58.1    
summarizes the most important eff ects of rehabilitation and 
where applicable the strength of the evidence, as provided in 
the diff erent evidence-based reviews. To be successful, pulmo-
nary rehabilitation is typically designed as a comprehensive 
intervention off ered by a team of health-care providers over 
a substantial period of time. Typically, rehabilitation programs 
are carried out for 6 weeks to 6 months, with longer programs 
yielding more substantial eff ects  [14] . Patients participate in 
an individualized tailored program which takes into account 
the complexity of the presenting patient. Exercise training is 
the cornerstone of such a program. Several other interven-
tions may complement the program to maximize its eff ective-
ness. Pulmonary rehabilitation may serve many goals, which 
depend on the perspective one takes. Examples of the goals 
from the diff erent perspectives are as follows: 

   Patient’s perspective: 

      ●      Reduced symptoms of breathlessness or fatigue  

      ●      Enhanced exercise tolerance and skeletal muscle strength  

      ●      Improved physiological and emotional function  

      ●      Increased health-related quality of life.    

   Th e health-care provider’s perspective: 

      ●      Optimal self-management by the patient  

      ●      Optimal utilization of available recourses.    

   Th e societal perspective: 

      ●      Increased productivity and active participation of patients 
in society  

      ●      Reduction of cost associated with the management of the 
disease  

      ●      Enhanced coping of the family when a family member is 
suff ering from COPD.    

   It is important to realize that patients suff ering from other 
respiratory diseases, such as pulmonary sarcoidosis  [15] , 
cystic fi brosis  [16] , or after lung transplantation  [17] , equally 
present systemic consequences of their disease. Consequently, 
pulmonary rehabilitation programs should not be restricted 
to patients with COPD, but should be open to any patient 
suff ering from extra-pulmonary consequences of lung dis-
eases in general.  

    THE INDICATION FOR REHABILITATION 
AND SETTING 

   According to the defi nition of the American Th oracic 
Society and the European Respiratory Society, pulmonary 

 TABLE 58.1          An overview of the eff ects of pulmonary rehabilitation as reported in evidence-based practice guidelines  [11] , a state of the art review  [12]  and 

a Cochrane meta-analysis  [13] .  

   Eff ect  Evidence grade  [11]   Size of eff ect 

   Improvement of dyspnea  1A  CRDQ-Dys: 1.06 (0.85 to 1.26) points  [13]  

   Improvement of HRQoL  1A  SGRQ total:  � 6.11 ( � 8.98 to 3.24)%  [13]  

   Reduction in hospital days and utilization of 

health care recourses 

 2B   

   Survival  None provided   

   Psychosocial benefi ts (self-effi  cacy with exercise, 

cognitive function, anxiety, depression) 

 2B   

   Exercise tolerance     

   Peak work rate    8W (3–13W)  [13]       �      18 (IQR 13–24) % baseline  [12]  

   6MWD    48       min (32–65       min)  [13]        �      34       min if  � 28       s, 50       min if  � 28       s  [12]  

   Whole body endurance                          �  87% of baseline  [12]  

  Evidence grading 1A: Strong recommendation; 2B: Weak recommendation; CRDQ-Dys: Dyspnea subscale of the chronic respiratory disease questionnaire; SGRQ: saint Georges 

Respiratory Questionnaire; 6MWD: six minute walking distance.  
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re habilitation is aiming at reducing symptoms, optimizing 
function, increasing participation, and reducing health-care 
cost through stabilizing or reversing the systemic conse-
quences of the disease  [1] . Hence, theoretically, patients 
with an indication for the need of rehabilitation are those 
suff ering from extra-pulmonary consequences. Th is defi ni-
tion is, however, not very practical as the systemic conse-
quences that can be targeted by pulmonary rehabilitation 
are not defi ned. Clearly, not all  “ systemic consequences ”  of 
the disease are amendable to pulmonary rehabilitation. For 
example, osteoporosis and anemia are the recognized sys-
temic consequences of COPD  [18] , but it is unlikely that 
pulmonary rehabilitation would have a signifi cant impact 
on these outcomes. In addition, the spin-off  of pulmonary 
rehabilitation may well be an enhanced self-management, 
which leads to more effi  cient utilization of health care 
recourses and cost savings  [19] , without altering the  “ sys-
temic consequences of the disease. ”  

   A more practical approach to identifying candidates 
for rehabilitation and guide the assessment of patients before 
enrollment in rehabilitation could be to select patients who 
are optimally pharmacologically treated, but still present 
with one of the following: 

      ●      Disabling symptoms due to deconditioning  

      ●      Skeletal or respiratory muscle weakness  

      ●      Poor health-related quality of life  

      ●      Repeated exacerbations or ineffi  cient use of available 
recourses  

      ●      Depressed mood status  

      ●      Malnutrition (obesity of cachexia)  

      ●      Poor coping with the symptoms of their disease.    

   Th is allows to set up active screening for rehabilitation pro-
grams, which typically includes assessment of exercise tol-
erance, skeletal and respiratory muscle force, nutritional 
status, symptoms, health-related quality of life, and capability 
of self-management. 

   Depending on the complexity of the individual prob-
lem, the program can be designed across a range of complex-
ities. Programs can be as simple as an intervention consisting 
of exercise training in the home setting of patients with 
uncomplicated COPD  [20]  or as complex as an in-patient 
program in a mechanically ventilated patient  [21] . On the 
basis of proper assessment the individual program, its setting 
and components can be designed, taking into account the 
available recourses in a given region, current best practice, 
and evidence. Several guidelines may help those setting up 
pulmonary rehabilitation facilities to structure their program 
           [1, 11, 22, 23] . 

   Exercise training has now the status of the corner-
stone of each program, and will be dealt with below. Exercise 
training has a strong evidence base. A program of exercise 
training of the muscles of ambulation is recommended and 
is a mandatory component of any pulmonary rehabilitation 
program  [11] . For several other components of a rehabilita-
tion program, however, evidence is also building up, particu-
larly for specifi c subgroups of patients. 

   In depressed patients (some 40% (95% CI: 36–44%) 
of patients with COPD  [24] ), for example,  psychologi-
cal c ounseling  may be of benefi t in order to help reducing 
symptoms of depression or anxiety. Admittedly, a large 
trial to confi rm the point is currently still missing        [25, 26] , 
but since depressive symptoms do signifi cantly impact on 
health-related quality of life  [27]  and even impact readmis-
sion  [9]  in these patients, psychological counseling may well 
be worth the eff ort in patients who suff er from symptoms 
of depression, anxiety, or poor coping. It should be stressed, 
however, that exposure to exercise therapy may in itself 
have an anti-depressant eff ect  [28] .  Nutritional interven-
tions  have been shown to be unsuccessful in poorly selected 
COPD patients  [29] . However, when nutritional interven-
tions are successful in improving body mass in cachectic 
patients, they do spin-off  in an important survival benefi t 
 [30] . Besides patients suff ering from pulmonary cachectia, 
a less recognized role, but likely of equal importance, is the 
care for obese COPD patients  . Clearly obesity is linked 
to increased pulmonary ventilation to carry out activities 
of daily living. Consequently, weight loss in obese patients 
might yield important functional benefi ts in activities car-
ried out against gravity (e.g. stair climbing, walking). Th e 
authors believe that weight loss, particularly loss of fat 
mass, might be an important target in overweight COPD 
patients referred to pulmonary rehabilitation programs. 
 Occupational therapists  may be consulted within the context 
of a rehabilitation program  [31] . Occupational therapists 
may advise patients on the mode and pace of carrying out 
activities of daily life. Oftentimes occupational therapists 
might advise on the use of wheeled walking aids (rolla-
tors). Although many patients show poor compliance with 
the daily use of a rollator  [32] , those who use it may sub-
stantially and suddenly improve their exercise tolerance        [33, 
34] . Other potentially cost-eff ective components of a reha-
bilitation program are interventions aiming at enhancing 
self-management. Generally, these interventions are super-
vised by  specially trained advanced practice nurses , who work 
integrated in the rehabilitation team. Interventions aiming 
at enhancing self-management have shown variable success 
 [35] . Studies showing cost-eff ectiveness of these interven-
tions focused at a subgroup of patients with at least one 
hospital admission  [19] . Hence it seems reasonable to direct 
eff orts specifi cally to this subgroup of patients. 

   Another point to consider when a patient is referred 
to a pulmonary rehabilitation program is the setting of 
such a program. Programs have been successfully set up 
in a primary care (home) setting        [20, 36]  as an outpatient 
program in a rehabilitation center  [37]  or in the commu-
nity        [38, 38] , or as an in-patient program        [39, 40] . Clearly 
each of these programs has advantages and disadvantages. 
One of the most important problems of home-based pro-
grams is the limited staff  and equipment, which makes it 
diffi  cult to deal with more severe patients  [41] . Th e most 
important problem of outpatient programs is the trans-
portation to the center  [42] . In-patient programs are costly 
and should be restricted to those patients with very limited 
mobility. Ideally, a reference rehabilitation center should 
have access to all modalities of rehabilitation. Th is can be 
done by establishing strong links between the diff erent lines 
of health care. 
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    Screening of patients for 
rehabilitation 

   From the above it is clear that proper design of a rehabilita-
tion program depends on a thorough screening of patients. 
Th is screening should answer the following questions: 

    1     Is there an indication for pulmonary rehabilitation in a 
given patient and what results can be expected?  

    2     Which components should be included in the program 
for a given patient and what will be the optimal setting 
of the program?    

   An example of the intake procedure in the authors ’  
institute is given in  Table 58.2   .  

    Indication and expected results 

   To establish the indication for a rehabilitation program, a 
formal exercise test should be carried out. Exercise intol-
erance is indeed an important reason to refer a patient for 
rehabilitation. We found that patients with skeletal and res-
piratory muscle weakness were most responsive to exercise 
training  [43] , justifying the assessment   of peripheral and 
respiratory muscle strength. Rehabilitation programs are 
oriented toward patients who are symptomatic and have 
reduced activities of daily life, encouraging to assess symp-
toms and health-related quality of life, and physical activity. 
With evolving technology it becomes possible to assess the 
latter, rather than estimate physical activity levels with ques-
tionnaires        [44, 45] . In patients admitted to the hospital with 
a severe exacerbation of COPD, pulmonary r ehabilitation 

 TABLE 58.2          An example of the intake procedure for pulmonary rehabilitation at the authors ’  center.  

   Test  Reason or consequence 

   Lung function assessment  Disease severity 

   Exercise test 
  

         Incremental cycle ergometry  Exercise intolerance/factors limiting exercise 

         6MWD  Exercise intolerance, treatment eff ect 

         Constant work rate test  Treatment eff ect 

   Muscle function   

         Quadriceps force, biceps, triceps  Muscle weakness? Need for resistance training 

         Respiratory muscle force  Need for inspiratory muscle training 

   Symptoms, Function   

         MRC  Severity of impairement in daily life 

     PFSDQ  Symptoms in daily life (occupational therapists) 

   HRQoL   

         CRDQ  Indication for rehabilitation, identifi cation of problems in four domains 

   Activity monitoring   

         1 week of monitoring  Actual physical activity level 

   Interview psychologist   

         HADS  Psychological burden 

   Social anamnesis  Social support 

   Nutritional anamnesis  Calorie intake and nutritional  �  protein balance 

         Bioelectrical impedance  Assessment of body composition 

  6MWD: six minute walking distance; MRC: medical council dyspnea scale; PFSDQ: Pulmonary functional status and dyspnea scale; 

HRQoL: Health related quality of life with the Chronic Respiratory Disease Questionnaire (CRDQ); HADS: Hospital anxiety and depression scale.  
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should be part of the proper after care. In these patients 
rehabilitation does reduce readmission rate by 75% and 
may even enhance survival  [46] . In addition substantial and 
clinically relevant improvements in exercise tolerance and 
health-related quality of life were reported  [47] .  

    Components of the rehabilitation 
program 

   To establish the components of the rehabilitation program 
and its optimal setting, a multidisciplinary assessment is 
needed. Th is consists of a nutritional assessment, including 
analysis of the fat free mass and a nutritional interview to 
estimate the caloric balance  [48] . A thorough social interview 
to gain insight in the social network and available social sup-
port is helpful since patients lacking social support are at risk 
to drop out from a program  [49] . An intake by a psycholo-
gist may allow to identify the large proportion of patients 
suff ering from signifi cant depressive symptoms or other psy-
chiatric morbidity  [50] . An important and often forgotten 
aspect may be the burden on the partner of the patient  [51] . 
A fi rst screening for psychological morbidity can be done 
using questionnaires such as the Beck depression inventory 
or the Hospital Anxiety and Depression Scale. Lastly physi-
cal activity levels of patients and symptoms during specifi c 
activities of daily living can be assessed using questionnaires 
such as the Pulmonary Functional Status and Dyspnea 
Questionnaire (PFSDQ)        [52, 53] . 

   Depending on the complexity of the individual case 
one or more disciplines can be engaged in the rehabilita-
tion process of the individual patient. Ideally the patient is 
referred to a program which optimally meets his needs and 
takes into account the motivation and social circumstances. 
Needless to say that a program should also be moduled along 
the possibilities of the health-care system in a given region.  

    Exercise training 

   Exercise training is undoubtedly the cornerstone of a pul-
monary rehabilitation program. Programs aim at enhanc-
ing exercise tolerance and skeletal muscle force. Skeletal 
muscle force can be enhanced by specifi c resistance training 
(weightlifting) exercise          [54–56] . Improvement in exercise 
tolerance is essentially obtained through two main path-
ways. First, the oxidative capacity of the skeletal muscle is 
enhanced  [57] , leading to reductions in lactate production at 
identical work  [58] . A second pathway involves an improve-
ment in movement effi  ciency, yielding less oxygen consump-
tion to cover identical work rate. Both pathways are not 
mutually exclusive, and both lead to reductions in pulmonary 
ventilation, and dynamic hyperinfl ation during exercise. Th e 
reduction in pulmonary ventilation, the improved dynamic 
hyperinfl ation, and the desensitization (better tolerance to 
high ventilatory levels) are crucial to the improved exer-
tional dyspnea, which is seen after exercise training  [13] . To 
enhance the oxidative capacity of the skeletal muscle, exer-
cise training should be conducted at relatively high training 
intensity  [58]  (see below). Improvement in movement effi  -
ciency is obtained by practicing specifi c exercises (e.g. walk-
ing training will only improve walking effi  ciency). For this 
pathway, the modality of the exercise is more crucial than 
the intensity at which the exercise is carried out. 

   In general, exercise training in patients with COPD 
follows the principles of exercise training in the healthy eld-
erly  [59] . Programs generally consist of a brief warm-up, a 
core program lasting at least 30       min of exercise and a cooling 
down. An example of an exercise training program is given in 
 Table 58.3   . Close supervision and proper monitoring of the 
patients ensure the safety during the program  [12] . In fact, 
very few exercise-related events and, as far as the authors are 
aware, no fatal events have been reported after pulmonary 
rehabilitation in the published literature. 

 TABLE 58.3          An overview of an outpatient rehabilitation session in the rehabilitation center of the authors.  

   Time  Duration (min)  Item    Intensity 

   13:00   5  Brief contact with health care provider to check the health status. Resting saturation, 

peak fl ow, and heart rate are recorded 

   13:05  10  Low intensity warm-up exercise on bicycle  20–30       W 

   13:15  32  Cycling exercises e.g. 8 blocks of 2       min interval training with 2       min of rest between the 

intervals 

 75% Wmax 

   13:47  15  Resistance training exercises for the upper and lower limb. Typical muscle groups are 

quadriceps, triceps, biceps and pectoral muscle 

 3 series of 8 repetitions 

   14:02   6  2 blocks of 2       min stair climbing separated by 2       min of rest  Dyspnea 4–6/10 

   14:08   6  2 blocks of 2       min of arm ergometry separated by 2       min of rest  Dyspnea 4–6/10 

   14:14  20  2 blocks of 8       min of treadmill walking  80% 6 MWs 

   14:34  30  Individual contact with another health care worker (psychologist, social worker, dietician) 

   15:04    End of session 
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    Whole body exercise 

   Exercise training has been included in virtually all studies 
investigating the benefi ts of pulmonary rehabilitation. To suc-
cessfully increase skeletal muscle properties and render meas-
urable physiological benefi ts, it is important that patients do 
exercise at relative high work loads. To do so, the exercise train-
ing intervention can be adapted to the individual exercise limi-
tations of the patient. Th e conventionally used form to deliver 
exercise training to COPD patients is endurance training. In 
COPD patients with primarily moderate disease, exercise 
training conducted at approximately 75% of the peak work 
rate (60% of the diff erence between the lactate threshold and 
peak oxygen uptake) resulted in signifi cant physiological eff ects 
 [58] . A similar training strategy was shown to be eff ective in 
patients with severe disease  [60] . Others have confi rmed that 
high training intensity is required to elicit physiologic training 
eff ects        [61, 62] . 

   It is important to adjust and increase the training load 
in every training session. Trained personnel should be available 
to ensure close supervision on the training intensity. Training 
intensity can be monitored using 10-point Borg symptom 
scales. A score around 4–6 is generally advised as an appropri-
ate training intensity, provided the patients are familiar with 
the scale. Interestingly, a given Borg symptom score is generally 
chosen by a patient at an identical relative work rate. Hence as 
patients improve during training, the same Borg rating will be 
achieved at higher absolute work rates  [63] . Since most patients 
are not limited by the cardiovascular system, using heart fre-
quency to guide exercise training is not to be advised. 

   In patients who reach a ventilatory limitation during 
exercise, it is diffi  cult to obtain a high training intensity for 
sustained periods of time. Several strategies may help clini-
cians to ensure high intensity training in more severe COPD. 
Interval exercise training has been used and showed to result 
in physiological benefi ts, comparable to those of endurance 
training            [64–67] . Th e advantage of interval training is that 
the ventilatory requirements remain relatively limited  [68] . 
Interval training is achieved by breaking down the long exer-
cise bouts into smaller bouts of exercise separated by periods 
of active recovery (low work rate) or rest. 

   An intervention that minimizes the ventilatory burden 
during exercise training is the use of supplemental oxygen. 
Oxygen, dose dependently, reduces the ventilation for a given 
exercise intensity        [69, 70] . Th e application of oxygen supple-
ments hence allows training at higher training intensity  [71] . 
Non-invasive mechanical ventilation reduces the work of 
breathing and has been used successfully in severe COPD as 
an adjunct to exercise training          [72–74] . In less severe COPD 
the impact of using non-invasive mechanical ventilation was 
not signifi cant  [75] . Lastly, the required ventilation can be 
reduced simply by reducing the amount of muscles set at 
work. If exercise is confi ned to one leg, ventilation is con-
siderably reduced, allowing a signifi cant increase in training 
load  [76] . A recent trial confi rmed that in severe patients, 
single leg exercise training resulted in 20% more increase in 
peak oxygen consumption and peak work rate compared to 
conventional cycling training (two legs)  [77] . In the latter 
study, however, no patient centered outcomes were assessed. 
Hence, although interesting from a physiological perspective, 
it is too early to judge whether single leg exercise training is 

ready for wide clinical use  [78] . Similarly, during cycling less 
muscles are recruited compared to walking exercises; hence 
it is not surprising that for a given oxygen consumption, 
cycling is more fatiguing for the quadriceps muscle  [79] . It 
would be interesting to conduct a head-to-head comparison 
study on the physiological eff ects of cycling versus walking 
exercises. On the basis of the larger potential to elicit mus-
cle fatigue, cycling would be a form of exercise training that 
may result in larger physiological eff ects, compared to walk-
ing. However, such a study is currently unavailable. 

   All the above techniques reduce the ventilatory bur-
den. Another complementary option is to enhance the ven-
tilatory capacity. Obviously optimal bronchodilator therapy 
does also allow for larger pulmonary ventilation and less 
dynamic hyperinfl ation during exercise. In one study, a 
potent long-term anti-cholinergic drug showed to enhance 
exercise training eff ects compared to the use of short acting 
bronchodilators only  [80] . Breathing gases with light density 
(e.g. helium and oxygen, HELIOX) also enhance the venti-
latory capacity. One study suggests that maximal ventilation 
is enhanced by 16% when breathing 21% oxygen and 79% 
helium  [81] . Although this would technically allow training 
at higher intensity, it is doubtful whether this intervention 
is currently ready for clinical routine. A last intervention 
which enhances peak ventilatory capacity is bracing the 
arms. During walking, this can be applied using a wheeled 
walking aid (rollator). Our group showed that bracing the 
arms on a rollator enhanced maximal voluntary ventilation 
by 8       l/min, which partly explained the acute benefi cial eff ect 
of a rollator  [82] . During treadmill walking, bracing of the 
arms can also easily be achieved.  

    Resistance training 

   Another form of conventional training is resistance training. 
Th is form of exercise, generally consisting of weight lifting, 
can be used as the only form of training          [55, 56, 83] , or in 
combination with whole body exercises          [54, 55, 84] . In all 
the latter studies, muscle strength was signifi cantly more 
increased when resistance training was added to the exercise 
regimen. Increased muscle strength is an important treat-
ment objective in patients with COPD suff ering from mus-
cle weakness, as activities of daily life do require strength 
apart from muscle endurance. As mentioned above, muscle 
weakness is an important factor related to morbidity and 
even mortality in COPD. It follows that patients suff ering 
from muscle weakness may be particularly good candidates 
to a resistance training program. 

   Resistance training is easy to apply in clinical practice. 
Patients are instructed to lift weights (generally on a multi-
gym device). Th e weight imposed and the number of rep-
etitions ensure overload of the skeletal muscle. In patients 
with COPD and several other chronic diseases, resistance 
training is started at approximately 70% of the weight a 
patient can lift once (i.e. the one repetition maximum). Th e 
eff ects of resistance training programs may be enhanced 
in male hypogonadal patients by testosterone replacement 
therapy. In one study,  [85]  weekly intramuscular injections 
with testosterone, aiming at restoring testosterone levels to 
normal values in initially hypogonadal men, did enhance 
skeletal muscle force more than either of the interventions 
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alone. Further studies are required to investigate the long-
term safety of this intervention. However, since skeletal 
muscle dysfunction is in itself a negative prognostic factor, a 
short-term use of testosterone may be benefi cial to result in 
a rapid restoration of this potentially harmful situation.  

    Neuromuscular electrical stimulation 

   Another intervention used to specifi cally stimulate the 
peripheral muscles is medium to high-frequency neu-
romuscular electrical stimulation (NMES). Four studies 
have investigated successfully the eff ects of this intervention 
           [86–89] . All studies in COPD used transcutaneous electri-
cal stimulation with stimulation frequencies of 35  [89]  to 
50       Hz          [86, 87, 90] . In patients with congestive heart failure, 
low-frequency (10–15       Hz) transcutaneous electrical stimu-
lation was successfully applied        [91, 92] . Studies showed 
that there was more strength gain in the skeletal muscles 
treated with electrical stimulation, either as mono-therapy 
or in combination with general exercise training  [89] . Th is 
intervention may prove to be attractive in patients who 
have diffi  culties to take part in regular rehabilitation, such 
as patients admitted to hospital with acute exacerbations.   

    Enhancing physical activity 

   In the last few years, more attention has been given to the 
eff ect of pulmonary rehabilitation on physical activity lev-
els. A minimum of 30       min of physical activity of moderate 
intensity is critical to maintain health  [93] . A recent study 
also showed the importance of maintaining a healthy and 
physically active lifestyle, which has been shown to be cru-
cial for survival in COPD  [94] . Only a handful of studies 
have investigated the eff ect of pulmonary rehabilitation on 
physical activity                [95–100] . Th e results of these studies are 
summarized in  Fig. 58.2   . None of these studies were rand-
omized controlled trials, so the diff erences presented repre-
sent pre- to post-program diff erences. Interestingly not all 
of them showed signifi cant improvements of the amount 
and intensity of physical activities in daily life after pulmo-
nary rehabilitation. One trial  [95]  suggests that the eff ect 
of rehabilitation on physical activity is larger after longer 
programs. However, the relation between the length of 
the programs and their eff ectiveness on physical activity 
can surely not be seen across the diff erent published tri-
als. From the available evidence, it can be appreciated that 
the   transfer of improvements in exercise tolerance toward 
enhanced activities of daily living should not be taken for 
granted. Indeed, physical activity is a behavior. Th e amount 
and intensity of activities in which patients engage depends, 
besides their exercise capacity, on intrinsic factors such as 
motivation, perceived self-effi  cacy, mood status, and health 
beliefs. Other factors related to physical activity are extrin-
sic factors such as social and cultural role, external barriers 
(e.g. environmental), and climate. Clearly more research is 
needed to enhance the impact of pulmonary rehabilitation 
beyond the immediate eff ects on health-related quality of 
life, symptoms, exercise tolerance and utilization of health 
care recourses and also enhance activities of daily living. Th e 
missing link toward more endurable eff ects of pulmonary 

rehabilitation may very well be the failure to successfully 
enhance daily physical activity levels of patients toward 
levels of moderate intense physical activity, suffi  cient to 
maintain health, and perhaps, the achieved benefi ts of the 
previous rehabilitation program.    
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    INTRODUCTION   

   Although drugs, together with pulmonary reha-
bilitation, will form the mainstay of treatment 
for most patients with chronic obstructive pul-
monary disease (COPD) as the lung destruction 
progresses, these therapies become insuffi  ciently 
eff ective for a minority of patients who may then 
be prepared to consider a surgical treatment. As a 
general rule, these therapies should not be off ered 
to patients who have not completed pulmonary 
rehabilitation and should not be off ered outside 
specialist centers where a truly multidisciplinary 
approach is available. Asthma, being a condition 
characterized by variable airfl ow obstruction, is 
seldom suitable to a surgical approach although 
the experimental approach of thermoplasty will 
be briefl y discussed  .  

    CHRONIC OBSTRUCTIVE PULMONARY
DISEASE 

    Surgical procedures 

   In the 1950s Owen Brantigan formed the con-
cept that a surgical treatment of emphysema 

would be to  “ reduce   lung volume to fi t the 
expiratory phase of the respiratory cavity [by] 
removing lung tissue that has no respiratory 
function”  [1] . In fact, perhaps due to diffi  culty 
with patient selection and the poorer standard 
of anesthetic and postoperative care at the time 
the technique was never widespread and except 
for occasional patients who could benefi t from 
a bullectomy        [2, 3]  or a Monaldi procedure  [4] , 
the only surgical therapy available until recently 
was single or double lung transplantation. 
Transplantation remains a moderately danger-
ous procedure with a mortality in the fi rst year 
of approximately 15%. More importantly there 
are insuffi  cient donor organs for the number of 
patients willing to undergo the procedure. 

   For this reason surgical lung volume reduc-
tion was revived in the 1990s by Joel Cooper 
and colleagues  [5] ; their original data was con-
fi ned to patients with marked hyperinfl ation 
and contained no control group but showed, at 
6 months, a 51% improvement in FEV 1  and a 
reduction in oxygen usage such that 70% of 
patients were able to discontinue domiciliary 
oxygen therapy. 

   Th e technique was later submitted to 
randomized controlled trials of which the 
most important was the National Emphysema 
Treatment Trial (NETT) study  [6]  ( vide infra ) 
which accounted for 73% of all presently rand-
omized patients. Th e results of the smaller stud-
ies are summarized in the table and have been 
usefully summarized in a Cochrane review  [7]  
( Table 59.1   ). Broadly speaking, the review found 
that at 90 days there were signifi cant benefi ts 
conferred by surgery with regard to quality of life 
whether measured with generic- or disease-spe-
cifi c instruments but it must be borne in mind 
that surgery itself has a signifi cant placebo benefi t. 
Other benefi ts from surgery included improved 
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exercise performance, reduced emergency room attendance in 
postoperative year 2 (but not 1). 

   Th e NETT study is by far the biggest study to assess 
lung volume reduction surgery (LVRS)  [6] ; briefl y after pul-
monary rehabilitation 1218 were randomized to receive either 
LVRS or continued medical care ( Fig. 59.1   ). An   early analysis 
showed that patients with a homogenous distribution of dis-
ease and either a FEV 1       �      20% predicted or a carbon monoxide 
gas transfer (TL CO )      �      20% predicted had a poor outcome and 
were excluded from the remainder of the study  [13] . Th e study 
showed that in the surgical group (compared with medical 
therapy) the exercise capacity improved on an incremental test 
by more than 10       W in 28% and 15% of operated patients but 
only 4% and 3% of controls at 6 and 24 months respectively 
( p       �      0.001). Surgical patients were more likely to achieve an 
improved 6-min walk distance and exhibited an approximately 
30% reduction in exacerbations  [14] . An accompanying paper 
 [15]  found the diff erence in total cost at 3 years between the 
two groups was $36,392. 

   Long-term follow up of the randomized controlled 
trials conducted is confi ned to data from the Brompton 
study  [9] ; Lim and colleagues  [16]  found that improvement 
in residual volume (RV)/total lung capacity (TLC) ratio 

and gas transfer tended to be more sustained than those in 
FEV 1 . Overall the data showed that the surgical group was 
better than the control group for at least 3 years. 

   Th e current position for surgical LVRS is that it may 
best be described as useful only in patients with the most 
favorable radiological appearances (heterogenous upper 
zone disease), who are a minority of emphysema patients. 
Even so the operation is confi ned to those patients will-
ing to accept the perioperative mortality (typically 5%) but 
who meet the safety criteria. Th ese will vary slightly from 
institution to institution but, for example, we require an 
FEV 1       �      20%, a TL CO       �      30%, and a shuttle walk distance 
(after rehabilitation) of  � 150       m. A further problem is that a 
minority of patients experience no benefi t but these patients 
cannot be reliably predicted prior to surgery. As a result the 
number of procedures presently performed is small.  

    Minimally invasive surgical therapies 

   Since LVRS was demonstrated to work in carefully selected 
patients the question arose as to whether lung volume 
reduction could be achieved more safely and cheaply using 

 TABLE 59.1          Results of lung volume reduction surgery.  

   Author   Δ FEV 1  (ml)   Δ FEV 1  (%)   Δ  Field walking test (m)   Δ  Field walking test (%) 

   Criner, 1999  [8]   200  31  33 ( p       	      ns)  12 

   Geddes, 2000  [9]    70  10  50  25 

   Goldstein, 2003  [10]   300  38  42  11 

   Hillerdal, 2005  [11]   230  35  99  43 

   Miller, 2006  [12]   265  30  29  10 

LVRS

With treatment

NNH: 16

95% confidence interval

8 to 35

Key

Good outcome

Bad outcome

Worse with Rx

 FIG. 59.1          Ninety-day outcome of LVRS 

reproduced from the meta-analysis by Tiong 

 et al.   [7] . A second fi gure may be found in the 

paper showing the results when the high 

risk patients from NETT were excluded  [13] . 

Interestingly although this exclusion reduces 

the number of patients who are worse after 

surgery but not the mortality; however the 

number needed to treat rises.    
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a nonsurgical mechanical result. In principle, lung volume 
reduction could be achieved by the introduction of a blocker 
(subsequently modifi ed to a one-way valve) into the airway. 
Sabaratnam Sabanathan, an English surgeon, fi rst suggested 
endobronchial blockade as an alternative approach. Sadly 
he died whilst developing the concept but his preliminary 
data, from procedures performed between November 1996 
and April 1997,  [17]  were published posthumously and 
showed that signifi cant improvement was possible using 
this approach. However, the blockers initially used were not 
designed for endobronchial occlusion and later patients in 
the series had devices inserted that were custom built in 
Sabanathan’s hospital. Signifi cant problems were observed 
with migration of the fi rst type of blockers and in the case 
of the custom built devices one episode of blocker disinte-
gration occurred. 

   Biotechnology companies subsequently took up the 
challenge and two devices are commercially available. Th e 
Emphasys system (Emphasys Medical, Inc; Redwood City, 
CA) uses a one-way duckbill valve that is inserted in such a 
way that air is permitted to leave the subtended segment but 
not enter it. Th e valve is secured and supported by a collaps-
ible metal framework. Th e initial valves ( Fig. 59.2A   ) were 
inserted over a guide wire but later models ( Fig. 59.2B ) can 
be inserted through the working channel of a fl exible bron-
choscope. Five human studies have been reported with the 
valve              [18–22] , and the company has recently reported the 
combined data  [23] . 

   Th e Spiration (Spiration, Inc; Redmond, WA) device is 
an umbrella arrangement ( Fig. 59.2C ) arranged so that the con-
vex surface is positioned distally with the aim again of allow-
ing expiratory but not inspiratory fl ow; so far human data are 
reported from an uncontrolled study of 30 patients  [24] . Th ese 
patients were subjected to bilateral upper lobe placement. Th e 
reported safety data were satisfactory but less than a third of 
patients showed improvements in FEV 1  or 6       min walking test 
greater than 15%. 

   Similarly, although animal data exist for the tissue 
engineering approach  [25] ; human data so far are confi ned 
to subsegments of a single lung in six subjects  [26] . Again 
the safety profi le was satisfactory.  

    Experience with endobronchial therapy 

   Snell  et al.   [18]  used an early version of the valve and aimed 
for bilateral lung volume reduction. No improvement was 
observed in any parameter except TL CO , although they also 
found valve insertion to be safe and well tolerated. Toma 
 et al.  reported the use of the Emphasys valve for broncho-
scopic lung volume reduction  [22] . Data from eight patients 
was presented; despite the small sample size a statistically sig-
nifi cant improvement in FEV 1  was observed with an increase 
from 0.79       l (range 0.61–1.07) to 1.06       l [0.75–1.22] (diff er-
ence 34%,  p       	      0.028). Other investigators in uncontrolled 
series found improvements in FEV 1  either alone  [19]  or with 
signifi cant improvements in plethysmographic lung volumes 
and mean TL CO   [20] . 

   Hopkinson  et al.  reported the only study of BLVR in 
which dynamic hyperinfl ation was directly measured  [21] . 
We studied 19 patients treated with unilateral endobronchial 

valve insertion and made key measurements 4 weeks after 
the procedure. As in previous studies, we observed a sta-
tistically signifi cant improvement in mean FEV 1  (28–31% 
predicted,  p       �      0.05) and in mean TL CO  (36–41% predicted, 
 p       	      0.016). A statistically signifi cant improvement in 
TLC and functional residual capacity (FRC) was observed 
though this failed to reach signifi cance in the case of RV. 

 FIG. 59.2          Endobronchial valves (A) Initial Emphasys endobronchial 

valve. (B) Modifi ed Emphasys endobronchial valve, suitable for transcopic 

insertion. (C) Intrabronchial valve (Spiration Inc).        
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 A priori  we divided patients into improvers and nonimprov-
ers. Improvers were defi ned as patients who were able to 
show an increase of both 60       s and 30% in endurance time 
on the constant rate cycle endurance test. Nine of nine-
teen patients (47%) met this criterion. In stepwise regres-
sion analysis only change in resting inspiratory capacity and 
ΔTL CO  were retained as independent predictors, producing 
an equation that explained 81% of the variation in endur-
ance time ( p       �      0.0001). If patients with atelectasis were 
excluded, again, only the same two variables were retained 
in the model ( r  2       	      0.61;  p       	      0.002). 

   Th e combined Emphasys data set was recently reported 
 [23] : 98 patients were studied with an average number of 
4 valves per patient, the majority had complete unilateral 
(48%) or bilateral (21%) lobar occlusion. On average sig-
nifi cant improvements were observed in FEV 1  (mean 60       ml, 
10%) and in walking distance (37       m, 23%). Clinically the 
mean improvements are at the lower range of what might be 
considered worthwhile. Th e safety profi le compared favora-
bly to surgical LVRS.  Post hoc  subset analysis showed that the 
biggest improvements were seen in those patients submitted 
to complete lobar occlusion, the lowest FEV 1  and the great-
est hyperinfl ation. 

   Emphasys have recently concluded a multicenter ran-
domized controlled study (for design see Ref.  [27] ). Th e 
results were presented orally at the Annual Congress of the 
European Respiratory Society in September 2007 but are 
not yet available in print form.  

    Extrapulmonary bypass 

   An alternative approach to emphysema was proposed 
by Macklem in 1978  [28] . Based on the observation that 
emphysematous lungs, unlike normal lungs, demonstrated 
signifi cant collateral ventilation he proposed that a physical 
connection between the lung parenchyma and the atmos-
phere could reduce hyperinfl ation. 

   So far, one biotechnology company has created a prod-
uct which attempts to exploit this property. Broncus Inc 
(Mountain View CA 94043) has developed a stent which is 
placed in a bronchial segment to permit exhaled air to bypass 
the point of fl ow limitation. So far the device has been dem-
onstrated to be feasible in dogs with patency enhanced by the 
use of drug eluting stents  [29] . Th e stents increase expiratory 
fl ow in explanted human lungs        [30, 31] . An uncontrolled study 
has been reported in 35 patients with emphysema  [32] : for the 
group as a whole a 7.3% reduction in FEV 1  and a 37% increase 
in 6-min walk were observed. However  post hoc  analysis showed 
that the greatest benefi t was observed in patients with the most 
preprocedure hyperinfl ation as one might expect. 69% of stents 
examined bronchscopically were patent at 6 months after the 
procedure. An ongoing randomized controlled trial (RCT) is 
presently underway which is expected to report in 2009.  

    Overview of options for emphysema 

   At present the only evidence-based therapy is LVRS but this 
is unattractive to purchasers, patients, and surgeons because 
of the cost, risk, and the relatively high safety criteria which 
are necessary to avoid an unacceptable mortality. Two main 

noninvasive approaches are feasible. Endobronchial blockade 
is likely to be the most suitable for the minority of patients 
with no collateral ventilation and heterogenous upper zone 
disease. Extrapulmonary bypass is likely to be most suitable 
for the majority of patients with homogenous disease, resting 
hyperventilation, and collateral ventilation. In both cases piv-
otal studies have yet to be reported and neither treatment can 
be recommended (except on a compassionate basis) until they 
are shown to be both safe and eff ective. Collateral ventilation is 
frequently but not universally present in patients with COPD 
 [33]  and can be measured in man        [34, 35]  and we speculate 
that these techniques may become part of the work up when 
assessing patients for these therapies.   

    ASTHMA 

   Bronchial thermoplasty is a novel approach in the treatment 
of asthma, which targets smooth muscle within the airways. 
In asthma there is frequently an increase in the number 
and the size of smooth muscle within the airway and this 
in turn causes bronchoconstriction, hyperresponsiveness 
and infl ammation. Bronchial thermoplasty uses low energy 
radio frequency to ablate the smooth muscle. Th e epithe-
lium, mucous glands, and nerves appear to regenerate but 
there is permanent reduction in the smooth muscle bulk. 

   A feasibility study was performed in patients with lung 
cancer who were due to undergo surgical resection. Bronchial 
thermoplasty was performed in these individuals up to 
3 weeks prior to their surgery and segmental bronchi within 
the lobe that was to be resected were treated with bronchial 
thermoplasty. Th is study demonstrated that bronchial ther-
moplasty was well tolerated and resulted in a signifi cant 
reduction in smooth muscle mass in the treated airways  [36] . 

   A safety study in 16 subjects with mild to moder-
ate asthma was subsequently performed  [37] . Th e patients 
underwent bronchial thermoplasty in three separate treat-
ments, initially one of the lower lobes was treated, followed 
by the contralateral lower lobe 3 weeks later, and fi nally both 
upper lobes were treated on the last treatment setting a fur-
ther 3 weeks later. Th e patients all underwent detailed moni-
toring with lung function tests, methacholine challenge, and 
an assessment of their symptom-free days was made. Th e 
study demonstrated a signifi cant improvement in morning 
and evening peak fl ows and also an increase in symptom-
free days following treatment with bronchial thermoplasty. 
Th ere was a reduction in bronchial hyperresponsiveness in 
the patients treated, which was maintained at 1 and 2 years 
following treatment with bronchial thermoplasty. 

   A further randomized study in 112 subjects with mod-
erate or severe persistent asthma has also shown signifi cant 
improvements in quality of life, symptom scores, a signifi cant 
increase in symptom-free days, and morning peak expira-
tory fl ow measurements  [38] . An increase in adverse events 
immediately following bronchial thermoplasty was observed. 
Th ese events were usually mild and well tolerated. Th ey com-
prised of an increase in breathlessness, cough, wheezing, 
and chest discomfort. Th e majority of these events occurred 
within 1 day of the procedure and resolved within 7 days of 
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onset. Th ere was no increase in adverse events 6 weeks after 
the last treatment and following this period the adverse event 
rates were similar in both treatment and controlled groups. 

   In this study baseline measurements were conducted 
during a 2-week period when the patients were withdrawn 
from their long active bronchodilators and similar analyses 
were performed on bronchodilators at 3, 6, and 12 months. 
Measurements at this time point demonstrated signifi cant 
improvement in the number of symptom-free days and on 
average treatment subjects had 86 additional symptom-free 
days per year compared to the control group. Th ere was also an 
improvement in symptom scores, asthma quality of life ques-
tionnaire (AQLQ), and asthma control questionnaire (ACQ) 
scores. Th ere was a signifi cant reduction in  β  2 -agonists used 
that would equate to approximately 2 inhalers per patient over 
the 1-year treatment period. Finally, there was a reduction in 
mild and severe exacerbations and in the treatment group there 
were approximately 10 fewer mild exacerbations than in the 
control group. Th e main limitation of this large study was that 
it was an open-label design and hence, subject to bias. 

   A small study was performed in patients with severe 
refractory asthma who were on more than 750        μ g fl uticasone 
propionate per day in addition to long-acting bronchodilators 
 [39] . A signifi cant proportion of patients were also on main-
tenance of oral steroids. In this study, 15 patients were rand-
omized to bronchial thermoplasty and there were 17 controlled 
subjects. Th e study design was to randomize the patients to 
treatment or control followed by a 6-week stabilization period. 
Th e patients were maintained on their regular treatment for 
the following 14 weeks, and then the patients entered a steroid 
weaning phase where the dose of oral steroids or inhaled ster-
oids was reduced by 20–25% in 2-week steps. Following the 
14-week steroid-wean phase, patients were maintained on a 
reduced dose for a further 16 weeks and assessments performed 
over the two study periods. Overall, bronchial thermoplasty 
was well tolerated although there was an increase in adverse 
events over the treatment period. During this treatment period 
there were seven hospitalizations for adverse events in four 
subjects in the bronchial thermoplasty group and none in the 
control group. In the posttreatment period the number of hos-
pitalizations and adverse events were similar in both treatment 
groups. Th ere were signifi cant improvements in a number of 
parameters including lung function and quality of life scores in 
the treatment group compared to the control group both prior 
to reduction in steroids and also following the steroid-wean 
phase. Four of the eight patients in the bronchial thermoplasty 
group were completely weaned off  their oral steroids in con-
trast to only one of the seven patients in the control group who 
was weaned off  oral steroids. Prebronchodilator FEV 1  was 
improved by around 15% in the treatment group compared to 
the control group, and there was an over 26% reduction in res-
cue medication use in the treatment group. Th ere were signifi -
cant improvements in asthma control scores and quality of life 
both during the steroid weaning phase and following steroid 
reduction in the bronchial thermoplasty group compared to 
the control group. 

   Th e clinical studies thus far have demonstrated that 
bronchial thermoplasty is safe and appears to have signifi cant 
improvements in quality of life, peak fl ow measurements, 
and the number of symptom-free days in asthma patients. 
FEV 1  only appears to improve in the severe refractory 

group. Th e clinical studies that have thus far been published 
are open-label randomized studies but a pivotal double-
blind sham controlled study is nearing completion with the 
results due in late 2008. Th is is a uniquely designed inter-
ventional study which attempts to reduce the obvious biases 
of an open-label study and will more critically evaluate the 
safety and effi  cacy of bronchial thermoplasty in moder-
ate and severe asthma patients; until this study is formally 
reported it seems appropriate to reserve thermoplasty for a 
research setting.   
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C H A P T E R           Other Therapies 

    VACCINES AND ANTIVIRAL AGENTS 

    Infl uenza vaccines 

    Effi  cacy 

   A recent systematic review of trials undertaken 
to assess the effi  cacy of infl uenza vaccination in 
chronic obstructive pulmonary disease (COPD) 
patients concluded that inactivated vaccine reduces 
the rate of exacerbations  [1] . In asthma the benefi ts 
of inactivated vaccination has not been proven  [2] .
Administration of live-attenuated infl uenza vac-
cine by intranasal spray is eff ective and safe in 
both healthy adults and in children with asthma. 
Th e cold adapted live vaccine produces supe-
rior protection compared to the inactive vaccine 
in children with asthma        [3, 4] . Th e addition of 
the live-attenuated vaccine to inactivated vaccine 
off ers no additional protection in COPD  [1] .  

    Adverse eff ects 

   Vaccination is contraindicated in those individuals 
hypersensitive to eggs, although the risk of reac-
tions is low. Th e inactivated infl uenza vaccines can 
be safely administered to adults and children with 
asthma and to patients with COPD without any 
increase in exacerbation rates in either condition 
         [2, 4, 5] . Th e live-attenuated infl uenza vaccine can 
be safely used in children with asthma  [4] .  

    Recommendations 

   Health authorities in the United States and in 
many European countries recommend annual 
inactivated infl uenza vaccination for adults and 
children with chronic pulmonary disease includ-
ing asthma  [6] . Th e Global Initiative for Asthma 
(GINA) guidelines recommend that patients 
with moderate to severe asthma should receive 

infl uenza vaccination every year  [7] . Th e Global 
Initiative for Chronic Obstructive Lung Disease 
(GOLD) guidelines emphasize the importance 
of targeting elderly individuals with COPD  [8] . 
Th e live-attenuated infl uenza vaccine has been 
licensed recently in the United States for use in 
healthy persons aged 5–49 years and it has been 
advocated as the preferred vaccine for use in chil-
dren with asthma  [4] .   

    Antiviral agents against infl uenza 

   Neuraminidase inhibitors are a class of antiviral 
agents that are active against both infl uenza A 
and infl uenza B. Th e neuraminidase inhibitors, 
inhaled zanamivir (Relenza) and oral oseltamivir 
(Tamifl u) have received regulatory approval in 
some countries for the treatment of acute infl u-
enza and for chemoprophylaxis  [6] . If these agents 
are started within the fi rst 2 days after the onset 
of illness, then treatment will shorten the duration 
of symptoms by 1 to 1 1/2 days and in some stud-
ies the need for antibiotics is reduced. Oseltamivir 
administered to infl uenza-infected children with 
asthma aged 6–12 years is well tolerated and pro-
duces improvements in pulmonary function and 
fewer exacerbation of asthma up to day 7  [9] . 
Antiviral drugs amantadine and rimantadine are 
not now recommended for treating the infl uenza 
A because of concerns about drug resistance  [6] . 
Antiviral drugs should be considered for patients 
with asthma and COPD, if started within 2 days 
of infection, particularly in those who have not 
been vaccinated. It has also been recommended 
that chemoprophylaxis should be considered in 
vaccinated members of high-risk groups, includ-
ing patients with asthma and COPD, because 
the combination of vaccination and antiviral drug 
increases protection against infl uenza.  
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    Pneumococcal vaccines 

    Effi  cacy 

   In elderly individuals with chronic lung disease including 
COPD, pneumococcal vaccination has been reported to result 
in fewer outpatient visits, fewer hospitalizations, and fewer 
deaths  [10] . A Cochrane review of four studies of patients 
with COPD, however, found no evidence for a reduction in 
exacerbation rates, morbidity, or mortality following pneu-
mococcal vaccination  [11] . Routine revaccination is not gen-
erally recommended because of the increased incidence of 
adverse reactions. A Cochrane review found limited evidence 
of eff ectiveness in children and adults with asthma  [12] .  

    Adverse eff ects 

   Transient erythema at the site of injection is common. 
Hypersensitivity reactions may occur.  

    Recommendations 

   Health authorities in some European countries and the 
United States recommend polyvalent pneumococcal vacci-
nation for all patients with chronic lung disease  [13] . Th e 
GOLD guidelines recommend vaccination for patients aged 
65 years and older with COPD  [8] .   

     Haemophilus infl uenza  vaccine 

   A systematic review of six small studies of oral immunization 
with monobacterial whole-cell, killed, nontypeable  H. infuenzae
 vaccine in patients with recurrent acute exacerbations of chronic 
bronchitis in the autumn found that vaccination reduced 
the number and severity of exacerbations over the following 
winter  [14] . Th e authors suggested that one episode of bronchi-
tis may be prevented for every fi ve individuals vaccinated. Th e 
review concluded however that a large clinical trial into the long-
term eff ects of  H. infuenzae  vaccine was needed. Its routine use is 
not recommended in the management of asthma or COPD.  

    Multi-component oral bacterial vaccines 

   OM-85 BV (Broncho–Vaxom) is a mixture of eight bacterial 
products thought to be important in respiratory infections. It 
is administered orally and is thought to act as a nonspecifi c 
immunostimulant. A randomized controlled study in 381 
patients with COPD treated with OM-85 BV did not reduce 
the risk of having at least one episode of an acute exacerbation 
(primary outcome) over a 6-month period compared with pla-
cebo. Treatment with OM-85, however, reduced the risk and 
total number of days of hospitalization for a respiratory prob-
lem by 30% and 55% respectively  [15] . A systematic review of 
13 studies, most of which were assessed to be of low quality, 
found that oral purifi ed bacterial extracts improve symptoms 
in patients with chronic bronchitis and COPD, but that there 
was insuffi  cient evidence to suggest that they prevent exacerba-
tions  [16] . Skin and urological adverse eff ects were commonly 
reported. Further studies are required before oral vaccines are 
considered for use in COPD.   

    ANTIOXIDANTS 

   Antioxidant enzymes form the fi rst line of defense in the 
lungs. Antioxidants may reduce chronic airway infl amma-
tion by neutralizing the damage produced by reactive oxy-
gen species and also possibly by preserving the inhibitory 
action of antiproteases. Antioxidant genes, however, may be 
upregulated by oxidative stress  [17]  and the dose of admin-
istered exogenous antioxidant may need to be titrated to 
avoid suppression of endogenous antioxidant activity. 

    Asthma 

    Dietary antioxidants 

   Dietary antioxidants such as vitamin C, vitamin E, caraten-
oids, and selenium are derived mainly from fruit and vegeta-
bles. Reduced circulating levels of dietary antioxidants have 
been found in asthma        [18, 19]  raising the hope that clinical 
benefi ts would result from dietary supplementation with these 
compounds. However, clinical trials of dietary supplementation 
with vitamin C, vitamin E, or selenium have shown no benefi t 
in adults with mild-to-moderate asthma          [20–22] .  

    Inhaled glutathione 

   Th e antioxidant glutathione administered to adults with 
mild asthma-induced bronchoconstriction  [23] .   

    COPD 

   Oxidative stress is increased in smokers and reactive oxygen 
species may be involved in the pathogenesis of COPD  [24] . 
Th ere is evidence that endogenous antioxidant capacity is 
reduced in COPD and so antioxidants may be useful in the 
treatment of COPD. 

    Dietary antioxidants 

   Th ere is some evidence linking dietary defi ciency of antioxi-
dants and COPD. Th ere are no controlled studies of vita-
mins C or E supplementation in COPD. β-Carotene and 
 α -tocopherol supplements had no benefi t on the symptoms 
of COPD  [25] .  

     N -Acetylcysteine 

    N -Acetylcysteine, which is a mucolytic, may also act as an 
antioxidant by providing cysteine intracellularly for increased 
production of glutathione  [26]  . In vitro N -acetylcysteine 
reduces neutrophil chemotaxis and in smokers it reduces 
the number and activity of bronchoalveolar neutrophils and 
alveolar macrophages.  N -acetylcysteine preserves the inhib-
itory action of antiproteases from oxidative inactivation. 
It has not been established, however, whether any clinical 
benefi ts of  N -acetylcysteine and other mucolytics can be 
attributed to the antioxidant properties of these drugs (see 
 “ Mucolytic Drugs ” ).    
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    MUCOLYTIC DRUGS 

   Mucolytic drugs such as  N -acetylcysteine, ambroxol, 
erdosteine, iodinated glycerol, methylcysteine, and carbo-
cysteine reduce the viscosity of mucous  in vitro  and have 
been assessed in several clinical trials in COPD. Th ese drugs 
have not been tested in asthma. 

    COPD 

    Effi  cacy 

   A Cochrane systematic review of 26 randomized control-
led trials of mucolytic drugs including  N -acetylcysteine in 
the treatment of chronic bronchitis or COPD found that 
these drugs produced a small reduction in the frequency of 
acute exacerbations and the total days of disability compared 
with placebo  [27] . Th e effi  cacy and side-eff ect profi le was sim-
ilar between  N -acetylcysteine and the other mucolytic drugs. 

   A further systematic review of 11 randomized trials 
comparing oral  N -acetylcysteine with placebo administered 
from 12 to 24 weeks in patients with chronic bronchitis con-
cluded that active treatment reduced the risk of exacerba-
tions and improved symptoms without an increased risk of 
side eff ects  [28] . Stey and colleagues  [28]  estimated that of 
100 patients with chronic bronchitis taking  N -acetylcysteine 
for 12–24 weeks, 17 would be prevented from having an 
exacerbation and 26 would note an improvement in symp-
toms compared with placebo. However, a recent large multi-
centre Bronchitis Randomized on NAC Cost-Utility Study 
(BRONCUS) in which patients with COPD were followed 
for 3 years found that  N -acetylcysteine 600       mg daily was inef-
fective at preventing exacerbations and rate of decline in lung 
function  [29] . Subgroup analysis suggested that exacerba-
tion rates were reduced in patients not treated with inhaled 
corticosteroids.  

    Adverse eff ects 

   Th e main side eff ects of mucolytic drugs are gastrointestinal 
in nature.  

    Recommendations 

   Th e GOLD guidelines do not recommend the use of muco-
lytic drugs in the management of COPD  [8] .    

    CROMONES 

    Mechanism of action 

   Th e cromones, sodium cromoglycate and nedocromil sodium, 
were fi rst introduced as prophylactic drugs for asthma over 40 
and 25 years ago respectively. Th e mechanism of action of the 
cromones has not been clearly established. Both drugs act as 
nonspecifi c chloride channel blockers in a large range of cell 
types and through this action, these compounds may reduce 

alterations in cell volume and function  [30] .  In vitro  studies 
of human infl ammatory cells and  in vivo  studies in experi-
mental animals have shown that both drugs inhibit func-
tions of a variety of infl ammatory cells including mast cells, 
eosinophils, neutrophils, platelets, and alveolar macrophages 
         [30–32] . Nedocromil sodium has either similar or slightly 
greater potency to that of sodium cromoglycate. Both sodium 
cromoglycate and nedocromil sodium may also have inhibitory 
eff ects on sensory nerve endings in the lung, thus preventing 
the release of tachykinins.  

    Asthma 

    Anti-infl ammatory eff ects 

   Th ere is limited and confl icting evidence for an anti-
infl ammatory eff ect of cromones in asthma          [33–35] .  

    Clinical studies 

    Bronchial challenge 

   Sodium cromoglycate and nedocromil sodium are equally 
eff ective in attenuating exercise-induced asthma  [36] . Th e 
early and late response to allergen and the allergen-induced 
seasonal increase in nonallergic bronchial reactivity can be 
prevented by both drugs  [31] . Nedocromil sodium can also 
produce small reductions in nonseasonal bronchial reactivity.  

    Clinical asthma 

    Comparison with placebo : In both pediatric and adult asthma, 
treatment with inhaled sodium cromoglycate has been reported 
to improve asthma control. A systematic review of 24 rand-
omized controlled trials, however, questioned the effi  cacy of 
sodium cromoglycate in children with asthma and concluded 
that it was no longer justifi ed to recommend sodium cromo-
glycate as a fi rst-line prophylactic agent in chronic childhood 
asthma  [37] . Some studies comparing nedocromil sodium with 
placebo have demonstrated benefi t in both children and adults 
with asthma. However, effi  cacy was not confi rmed in a large 
randomized controlled trial of 1041 children with mild-to-
moderate asthma  [38] . A small number of clinical trials have 
compared the two cromones in adults with asthma and in most 
studies the therapeutic eff ects were found to be comparable. 

    Comparison with inhaled steroids : Th e results of most 
short-to-medium term studies suggest that the improve-
ment in asthma control produced by the cromones is com-
monly slightly less than that produced by 400        μ g of inhaled 
beclomethasone daily. A large long-term randomized 
controlled trial in children aged 5–12 years with mild-to-
moderate asthma found that inhaled budesonide 200        μ g 
daily provided better control of asthma and improved 
airway responsiveness when compared with placebo or 
nedocromil 8       mg daily  [38] . Neither drug was better than 
placebo in terms of improvements in lung function. 

    Add-on therapy : Th e addition of inhaled nedocromil 
sodium to asthmatic patients with symptoms poorly controlled 
by high-dose ( � 1000        μ g daily) inhaled corticosteroids produces 
small improvements in symptoms, peak fl ow readings, and bron-
chodilator use  [39] . Nedocromil sodium does not have a clini-
cally relevant oral corticosteroids sparing eff ect  [40] . 
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    Adverse eff ects : Sodium cromoglycate and nedocromil 
sodium are safe drugs and uncommonly cause adverse eff ects. 
Th e main side eff ects reported include a distinctive bitter taste, 
headache, and nausea.  

    Place in management 

   Th e cromones have a very limited role in the management of 
adults and children with chronic asthma. Th e GINA guide-
lines recommend that the cromones should be considered as 
an alternative to an inhaled short acting  β  2 -agonists to pre-
vent exercise-induced asthma but should not be normally 
used as controller therapies at step 2 because of their poor 
effi  cacy, but should be considered as third-line alternative 
options to inhaled corticosteroids, leukotriene modifi ers, or 
oral sustained release theophylline  [7] . Th ere is no role for 
the use of the cromones as additional therapy for patients 
already receiving inhaled or systemic corticosteroids.    

    COPD 

   A randomized controlled study in patients with COPD 
reported that nedocromil sodium treatment for 10 weeks 
reduced the number of dropouts because of exacerbations 
but had no eff ect on symptoms, lung function, or airway 
responsiveness to histamine and adenosine  [41] . A further 
clinical trial of 12-weeks duration noted limited clinical 
effi  cacy of nedocromil sodium in patients with obstructive 
airways disease and sputum production. Nedocromil sodium 
treatment was associated with a reduction of plasma protein 
exudation as measured in sputum sol phase suggesting some 
anti-infl ammatory properties in COPD  [42] . Th e GOLD 
guidelines do not recommend either sodium cromoglycate 
or nedocromil sodium for the treatment of COPD due to 
inadequate data  [8] .   

    BRONCHIAL THERMOPLASTY 

   Bronchial thermoplasty to the airways is a new treatment 
technique that involves the delivery of radio frequency energy 
to the airways with the aim of reducing airway responsiveness 
in asthma. Pre-clinical studies showed that bronchial thermo-
plasty reduces airway smooth muscle, increases airway size, 
and produces a long-lasting decrease in airway responsiveness 
to methacholine            [43–46] . In the canine model the reduction 
in airway smooth muscle is directly related to the decrease in 
airway responsiveness suggesting that the benifi cial eff ects of 
bronchial thermoplasty may be due to a decrease in airway 
smooth muscle although other mechanisms may be involved, 
for example altered contractility of airway smooth muscle or 
stiff ening of the airway wall  [43] . In an observational study 
to determine the safety of bronchial thermoplasty in sub-
jects with mild-to-moderate asthma ( n       	      16), there were no 
severe adverse events in the 2-year-study period  [47] . 
Although the study was not powered to evaluate effi  -
cacy, bronchial thermoplasty resulted in improvements in 
symptom-free days, morning peak expiratory fl ow (PEF) 
at 3 months, and a reduction in airway hyperresponsive-
ness to methacholine that lasted for at least 2 years  [47] . 
In randomized controlled study, the Asthma Intervention 
Research (AIR) Trial, the eff ects of bronchial thermoplasty 
were evaluated in subjects with moderate or severe asthma 
( n       	      112) over12 months  [48] . Treatment signifi cantly reduced 
the mean rate of mild exacerbations and use of rescue medi-
cation  [48]  ( Fig. 60.1   ). Bronchial thermoplasty also improved 
morning PEF, Asthma Quality of Life Questionnaire 
(AQLQ) scores, Asthma Control Questionnaire (ACQ) 
scores, and symptom scores compared with the control group. 
A  post hoc  analysis suggested that the benefi ts of treatment were 
particularly marked in subjects requiring high-maintenance 
doses of inhaled corticosteroids ( � 1000        μ g of beclomethasone 

 FIG. 60.1          Rates of mild and severe exacerbations per subject per week. Mean values are shown for all subjects receiving inhaled corticosteroids alone for 

whom data were available at the given time points. Asterisks indicate a statistically signifi cant diff erence in the mean change from baseline between the two 

groups, and I bars represent the standard errors.  p       	      0.03 for the comparison between subjects in the two groups treated with inhaled corticosteroids alone 

at 3 months and at 12 months. Reproduced with permission from Ref.  [48] .    
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equivalent daily)  [48] . Th e Research in Severe Asthma (RISA) 
Trial was designed to determine the safety and effi  cacy of bron-
chial thermoplasty in subjects with symptomatic, severe asthma 
( n       	      32)  [49] . Bronchial thermoplasty was associated with 
a short-term increase in asthma-related morbidity including 
increased hospitalizations for asthma. At 22 weeks, bronchial 
thermoplasty subjects had signifi cant improvements compared 
to control subjects in rescue medication use, pre-bronchodila-
tor FEV 1 % predicted and ACQ scores. Improvements in res-
cue medication use and ACQ scores remained signifi cantly 
improved compared to the control group at 52 weeks. Th e 
effi  cacy and safety of bronchial thermoplasty is currently being 
assessed in a placebo-controlled trial involving the use of sham 
bronchial thermoplasty. 

   Taken together, these fi nding suggest the potential 
clinical benefi ts of targeting airway smooth muscle in the 
treatment of asthma  [50] . Future studies need to determine 
the risk benefi t ratio of bronchial thermoplasty in diff erent 
severities of asthma, to identify factors that predict a ben-
efi cial clinical response to bronchial thermoplasty and to 
investigate whether other less invasive techniques can be 
used to target airway smooth muscle.  

    MANAGEMENT OF MALNUTRITION 

    COPD 

   Malnutrition (defi ned as  � 90% of ideal body weight) is found 
in 25% of outpatients with COPD and in over 50% of patients 
admitted to hospital because of COPD. Th e mechanisms 
of weight loss are unclear, although changes in energy bal-
ance and systemic infl ammation are likely to play a part. Th e 
mortality rate is increased in malnourished patients with 
COPD  [51] . Malnourished patients with COPD exhibit 
reduced exercise capacity and respiratory muscle function. No 
simple recommendation can be given regarding the  “ best ”  test 
for nutritional assessment. 

   Th ese patients are often unable to regain weight despite 
receiving nutritional support. High-carbohydrate diets should 
be avoided to prevent excess carbon dioxide production. 
A Cochrane review of fourteen nine randomized controlled tri-
als, of which two were double blind, concluded that nutritional 
support (caloric supplementation for at least 2 weeks) had no 
eff ect on improving anthropometric measures, lung function, 
or exercise capacity among patients with stable COPD  [52] . 
Th e GOLD guidelines recommend that increased calorie 
intake is best undertaken with an exercise program  [8] .   

    MANAGEMENT OF OBESITY 

    Asthma 

   An elevated body mass index has been associated with sev-
eral features of asthma including an increased prevalence and 
severity as well as an enhance airway infl ammatory response 

           [53–56] . Weight reduction has been shown to improve lung 
function, symptoms, and health status in obese people with 
asthma        [57, 58]  ( Fig. 60.2   ).  

    COPD 

   Obesity is also a common feature of COPD and is asso-
ciated with a poor prognosis, independent of FEV 1 . Th e 
infl uence of weight reduction on the morbidity and mortal-
ity from COPD has not been systematically studied.   

    COMPLEMENTARY THERAPIES 

   Complementary and alternative medicines are frequently 
used by adults and children with asthma        [59, 60] . Th e 
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therapies most frequently used are breathing techniques, 
homeopathy, herbal medicines, and acupuncture        [59, 60] . 
Complementary therapy use often refl ects patients and par-
ents wish to achieve greater self management of their con-
dition  [61] . Th irty percent of the general populations in the 
United States currently use complementary medicine and 
two-thirds had used at least one complementary and alter-
native therapy during their lifetime  [62] . 

    Asthma 

    Breathing techniques and inspiratory muscle 

training 

   Breathing techniques and inspiratory muscle training have 
been used to treat asthma. Th e Buteyko breathing technique 
is based on the hypothesis that all patients with asthma 
hyperventilate at rest and that rectifi es this problem, by 
reducing the rate of breathing, results in an improvement in 
asthma control. Th e Buteyko breathing technique was com-
pared with a placebo breathing technique in 39 adult asth-
matic patients over a 3-month period  [63] . At the end of 
the trial the Buteyko breathing technique group compared 
with the placebo breathing technique showed reduction 
in median β-agonist usage. Unfortunately the follow-up 
arrangements were not identical between the two groups 
and there was the possibility of greater patient contact in the 
Buteyko-treated group. Measurements of lung function and 
quality of life were unaltered in both groups. A larger rand-
omized clinical trial of the Buteyko technique for 6 months 
reported improved symptoms and reduced bronchodila-
tor use, but no change in bronchial responsiveness or lung 
function in patients with asthma  [64] . A systematic review 
of breathing exercises for asthma found that although 
there were trends of improvement in a number of out-
comes no fi rm conclusion can be drawn concerning the use 
of breathing exercises for asthma in clinical practice  [65] .
A Cochrane review concluded that there was insuffi  cient 
evidence to suggest that inspiratory muscle training pro-
vides any clinical benefi t to patients with asthma  [66] . 
A recent clinical study reported that an integrated breathing 
and relaxation technique known as the Papworth Method 
reduced respiratory symptoms, dysfunctional breathing, and 
adverse mood compared with usual care  [67] .  

    Manual therapies 

   Manual therapies such as massage, chiropractic, and oste-
opathic techniques are used to treat asthma, but there is 
insuffi  cient evidence of effi  cacy  [68] .  

    Homeopathy 

   Homeopathy involves identifying factors that precipitate 
asthma in an individual and then prescribing a specifi c 
homeopathic remedy for that person. In some cases, the 
remedy may include very small quantities of the allergen to 
which the patient is allergic, for example. house dust mite. 
A small randomized controlled parallel group study in 28 
patients with allergic asthma compared oral homeopathic 
immunotherapy to their principal allergen or identical pla-
cebo for a 4-week period  [69] . All patients continued their 
unaltered conventional therapy. A daily visual analog scale 

of overall symptom intensity showed improvements in favor 
of homeopathic immunotherapy within 1 week of starting 
treatment which persisted through the treatment period. 
Th ere were no signifi cant changes in measurement of base-
line lung function and bronchial reactivity. A systematic 
review of placebo-controlled trials of homeopathy have 
concluded that there is insuffi  cient evidence of effi  cacy  [70] .  

    Acupuncture 

   Acupuncture involves the insertion of needles at specifi c 
points of the body. Th e technique is based on Chinese theo-
ries of the bodies ’  balance of energies. Th e eff ects of acupunc-
ture were assessed in a randomized, double-blind controlled, 
cross-over study in 22 patients with asthma  [71] . Th ere was a 
statistically signifi cant improvement in assessments of quality 
of life and reductions in  β -agonist use after both the active 
and sham interventions, but no change in PEF recordings. 
A Cochrane review of acupuncture for asthma concluded 
that there was insuffi  cient evidence to make any recommen-
dations about its use, but highlighted the need for well-con-
trolled studies to assess its eff ectiveness in asthma  [72] .  

    Herbal medicines 

   A large range of herbal medicines including traditional 
Chinese medicine are used for the treatment of asthma. Th e 
effi  cacy and safety of some of these remedies are now being 
assessed in controlled trials  [73] .  

    Yoga 

   Yoga is an ancient Hindu discipline that promotes increased 
mental and physical control of the body. One of the eight 
steps of yoga, pranayama, deals with control of breathing to 
promote relaxation and improve fi tness. Th e eff ects of two 
pranayama yoga breathing exercises were assessed in a rand-
omized, controlled, cross-over trial in 18 patients with mild 
asthma  [74] . Th ere was a statistically signifi cant reduction 
in bronchial reactivity to histamine after the active inter-
vention compared with placebo, but no change in baseline 
lung function tests, symptom scores, or β-agonist use.   

    Safety of complementary medicine 

   Th e safety of complementary therapies is rarely assessed. 
Although patients often consider these treatments as harmless, 
this may not always be the case. Th e health of a patient starting 
a complementary therapy may be put at risk for several reasons. 
Th e patient may abruptly stop their conventional medicines for 
asthma. Some herbal remedies can cause severe toxic eff ects 
due to hepatotoxicity, heavy metal poisoning, or to microor-
ganisms. Herbal medicines may contain conventional phar-
maceutical drugs, for example, corticosteroids or nonsteroidal 
anti-infl ammatory drugs. Finally, it is known that acupuncture 
can cause pneumothoraces and transmit hepatitis.    
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      INTRODUCTION 

   As indicated in previous chapters, asthma and 
chronic obstructive pulmonary disease (COPD) 
are diff erent diseases that involve diff erent cells, 
mediators and infl ammatory eff ects so that dif-
ferent treatments are needed. However, it is 
increasingly recognized that there are any simi-
larities in the infl ammatory process between 
severe asthma and COPD  [1] . Many new classes 
of drugs are now in development for asthma and 
COPD and there are several new drugs that are 
being developed for both diseases          [2–4] .  

    THE NEED FOR NEW TREATMENTS 

    Asthma 

   Current asthma therapy is highly eff ective and 
majority of patients can be well controlled with 
inhaled corticosteroids and short- and long-
acting  β  2 -agonists. Th ese treatments are not 
only eff ective, but safe and relatively inexpen-
sive. Th is poses a challenge for the development 
of new treatments, since they will need to be 
safer or more eff ective than existing treatments, 
or off er some other advantage in long-term dis-
ease management. However, there are several 
problems with existing therapies. 

      ●      Existing therapies have side eff ects as they 
are non-specifi c. Inhaled  β  2 -agonists may 
have side eff ects and there is some evidence 
for the development of tolerance, especially 
to their bronchoprotective eff ects. Inhaled 
corticosteroids may also have local and 
systemic side eff ect at high doses and there 
is still a fear of using long-term steroid 

treatment in many patients. Other treatments, 
such as theophylline, anticholinergics and 
anti-leukotrienes are less eff ective and are 
largely used as add-on therapies.  

      ●      Th ere is still a major problem with poor 
compliance in the long-term management of 
asthma, particularly as symptoms come under 
control with eff ective therapies  [5] . It is likely 
that a once daily tablet or even an infrequent 
injection may give improved compliance. 
However, oral therapy is associated with a 
much greater risk of systemic side eff ects 
and therefore needs to be specifi c for the 
abnormality in asthma or COPD.  

      ●      Patients with severe asthma are often not 
controlled on maximal doses of inhaled 
therapies or may have serious side eff ects 
from therapy, especially oral corticosteroids. 
Th ese patients are relatively resistant to the 
anti-infl ammatory actions of corticosteroids 
and require some other class of therapy to 
control the asthmatic process. Corticosteroid 
resistance is also a major barrier to eff ective 
therapy in COPD.  

      ●      None of the existing treatments for asthma 
is disease modifying, which means that 
the disease recurs as soon as treatment is 
discontinued.  

      ●      None of the existing treatments is curative, 
although it is possible that therapies which 
prevent the immune aberration of allergy may 
have the prospects for a cure in the future.     

    COPD 

   In sharp contrast to asthma there are few 
eff ective therapies in COPD, despite the fact 
that it is a common disease that is increasing 
worldwide  [6] . 
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   Th e relative neglect of COPD by pharmaceutical 
companies is probably as a result of several factors: 

      ●      COPD is regarded as largely irreversible and is treated as 
poorly responsive asthma.  

      ●      COPD is self-infl icted and therefore does not deserve 
substantial investment.  

      ●      Animal models do not mimic many of the key aspects of 
the disease, such as small airway disease and exacerbations.  

      ●      Relatively little is understood about the cell and 
molecular biology of this disease or even about the 
relative role of small airways disease and parenchymal 
destruction.    

   None of the treatments currently available prevents 
the progression of the disease, and yet the disease is asso-
ciated with an active infl ammatory process that results in 
progressive obstruction of small airways and destruction of 
lung parenchyma. Increased understanding of COPD will 
identify novel targets for future therapy ( Fig. 61.1   )  [7] . 

   Th ere are also uncertainties about how to test drugs 
for COPD, which may require long-term studies (3 years) 
in relatively large numbers of patients at an enormous 
cost. For example, a recent study looking at the eff ects of 
drug intervention on mortality costs several hundred mil-
lion dollars  [8] . Many patients with COPD may have 
co-morbidities, such as ischaemic heart disease and diabetes, 

which may exclude them from clinical trials of new thera-
pies. Th ere is little information about surrogate markers, for 
example biomarkers in blood, sputum or breath, to monitor 
the short-term effi  cacy and predict the long-term potential 
of new treatments  [9] . Finally, it is diffi  cult to accurately 
measure small airway function in patients with COPD so 
there is a need to develop better tests of small airway func-
tion that are not aff ected by emphysema or abnormalities of 
large airway function  [10] . 

   Although asthma and COPD involve diff erent pat-
terns of infl ammation, there is increasing evidence that 
patients with severe asthma have infl ammatory features that 
are very similar to those seen in COPD  [1] . Th is suggests 
that drugs that are eff ective in suppressing the infl ammation 
of COPD might also be eff ective in treating severe asthma.   

    DEVELOPMENT OF NEW THERAPIES 

   Several strategies have been adopted in the search for new 
therapies: 

      ●       Improvement of an existing class of drug : Th is is well 
exemplifi ed by the increased duration of  β  2 -agonists with
salmeterol and formoterol and of anticholinergics 
with tiotropium bromide, and with the improved 
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 FIG. 61.1          Targets for COPD therapy based on current understanding of the infl ammatory mechanisms. Cigarette smoke (and other irritants) activate 

macrophages in the respiratory tract that release multiple chemotactic factors that attract neutrophils, monocytes, and T-lymphocytes (particularly CD8  �   

cells). Several cells also release proteases, such as neutrophil elastase (NE) and matrix metalloproteinase-9 (MMP-9) which the break down connective tissue 

in the lung parenchyma (emphysema) and also stimulate mucus hypersecretion (chronic bronchitis). CD8  �   may also be involved in alveolar wall destruction. 

This infl ammatory process may be inhibited at several stages (shown in the boxes). PDE: phosphodiesterase; IKK: inhibitor of nuclear factor- κ B kinase; MAPK: 

mitogen-activated protein kinase; PI3K: phosphoinositide-3-kinase; PPAR: peroxisome proliferator activated receptor; COB: chronic obstructive bronchitis; 

TGF: transforming growth factor; CB: cannabinoid; EGFR: epithelial growth factor receptor.    
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pharmacokinetic of the inhaled corticosteroids 
fl uticasone propionate, mometasone, ciclesonide 
and budesonide, with increased fi rst-pass (hepatic) 
metabolism and therefore reduced systemic absorption.  

      ●       Development of novel therapies through better understanding 
of the disease process : Examples are anti-interleukin(IL)-5 
as a potential treatment of asthma and phosphodiesterase 
(PDE)-4 inhibitors as an anti-infl ammatory therapy 
for COPD.  

      ●       Serendipitous observations, often made in other therapeutic 
areas : Examples are tumor necrosis factor- α  (TNF-
 α ) antagonists for airway diseases, derived from 
observations in other chronic infl ammatory diseases.  

      ●       Identifi cation of novel targets through gene and protein 
profi ling : Th is approach will be increasingly used to 
identify the abnormal expression of genes (molecular 
genomics) and proteins (proteomics) from diseased 
cells, and through identifi cation of single nucleotide 
polymorphisms (SNPs) that contribute to the disease 
process  [11] . So far there have been no new drugs 
developed from this approach in any area of medicine.     

    NEW BRONCHODILATORS 

   Bronchodilators act predominantly by relaxation of air-
way smooth muscle cells, although additional eff ects, such 
as inhibition of bronchoconstrictor mediator and neuro-
transmitter release may contribute.  β  2 -Agonists are by far 
the most eff ective bronchodilators in asthma and act as 
functional antagonists, blocking the eff ect of all bronchoc-
onstrictors. Th e increased bronchodilator duration of long-
acting inhaled  β  2 -agonists have been an important advance 
and there are now several once daily inhaled  β  2 -agonists 
in development. By contrast, in COPD anticholinergics 
appear to be the most eff ective bronchodilators and there 
has been a search for selective anticholinergics and drugs 
with a longer duration. Novel classes of bronchodilator have 
also been developed ( Table 61.1.   ) 

    Ultra-LABAs 

   Several once daily inhaled  β  2 -agonists, such as indacaterol 
and carmoterol, are now in clinical development  [12] . 

Indacaterol is an eff ective once daily bronchodilator in 
asthma and appears to be well tolerated with no evidence 
for the development of tolerance  [13] . Indacaterol is a very 
eff ective dilator of small human airways measured by vid-
eomicroscopy in a precision-cut lung slice preparation, indi-
cating that it will be useful in severe asthma and COPD 
where small airway obstruction is a problem  [14] .  

    New anticholinergics 

   Th e once daily inhaled anticholinergic tiotropium bromide 
has been an important advancement in therapy of COPD 
and several other long-acting inhaled muscarinic antago-
nists (LAMA), such as aclidinium bromide and glycopyrro-
late are now in development        [15, 16] . Combination inhalers 
with a long-acting  β  2 -agonist (LABA) with a LAMA are 
also in development as there is an additive eff ect between 
these two bronchodilator classes  [17] . Single molecules that 
link a muscarinic antagonist to a  β  2 -agonist (MABA) are 
also in development. 

    New classes of bronchodilator 

   It has proved diffi  cult to discover novel classes of bron-
chodilator drug. Potassium channel openers, while eff ective 
in human airways  in vitro , were not eff ective in asthma as 
they were more potent as vasodilators and this limited the 
dose that could be administered. Th ere has been interest in 
developing drugs that inhibit the contractile machinery in
airway smooth muscle, including Rho kinase inhibitors, 
inhibitors of myosin light chain kinase and direct smooth 
muscle myosin inhibitors. As these agents also cause 
vasodilatation it will be necessary to administer them by 
inhalation.    

    MEDIATOR ANTAGONISTS 

   Blocking the receptors or synthesis of infl ammatory media-
tors is a logical approach to the development of new treat-
ments for asthma and COPD. Several mediator antagonists 
have now been tested in asthma and COPD (see Chapter 
52)  . However, in both diseases many diff erent media-
tors are involved and therefore blocking a single mediator 
may not be very eff ective, unless it plays a key role in the 
disease process        [18, 19] . Several specifi c mediator antago-
nists have been found to be ineff ective in asthma, including 
antagonists/inhibitors of histamine, thromboxane, platelet-
activating factor, bradykinin and tachykinins. Th ere is now 
increasing evidence that this approach is equally ineff ective 
in COPD, with no clinical evidence of benefi t for inhibi-
tors of TNF- α , IL-8 or leukotriene B 4 . However, it is pos-
sible that there may be an upstream mediator that is playing 
a disproportionate role in the pathogenesis of asthma and 
COPD so that targeting this mediator may give greater 
than expected clinical benefi ts, as is the case for antihis-
tamines in rhinitis and TNF- α  inhibitors in rheumatoid 

 TABLE 61.1          New bronchodilators.  

   Drug class  Examples 

   Ultra-long acting β 2 -agonists  Indacaterol, carmoterol 

   Long-acting muscarinic antagonists  Glycopyrrolate, aclidinium 

   Combination inhalers  LABA  �  LAMA, MABA 

   Rho kinase inhibitors  In development 

   Myosin light chain kinase inhibitors  In development 
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arthritis. In asthma there is hope for blocking IL-13 as this 
cytokine appears to mimic many of the pathophysiologi-
cal features of asthma. A mutated protein that blocks the 
common receptor for IL-4 and IL-13 pitrakinra has shown 
some inhibitory eff ects on the late response to allergen 
challenge in patients with mild asthma  [20] . Th e cytokine 
thymic stomal lymphoietin (TSLP), which is secreted by 
epithelial cells and mast cells in asthmatic patients, appears 
to play a critical role in the programing of dendritic cells to 
orchestrate Th 2 cells and allergic infl ammation and appears 
to be a promising target for inhibition in asthma  [21] . 

   Chemokines play a key role in attracting infl am-
matory cells into the lung and act on G-protein-coupled 
receptors expressed on these cells. Small molecule inhibi-
tors of chemokines receptors are a promising approach in 
asthma and COPD        [22, 23] . Front-runners for asthma 
are CCR3 expressed predominantly on eosinophils and 
CCR4 expressed on Th 2 cells and for COPD are CXCR2 
expressed on neutrophils and monocytes and CXCR3 
expressed on T-lymphocytes. Chemokine antagonists have 
the advantage of oral administration but so far there have 
been unexpected toxicological problems with many of the 
small molecule antagonists developed. A dual CXCR1/2 
antagonist given orally has been shown to reduce neutrophil 
and macrophage infl ux into sputum after endotoxin chal-
lenge in normal patients after oral administration  [24] . A 
CCR5 antagonist maraviroc has been approved for use in 
HIV/AIDS but may also be useful in COPD and these 
receptors are expressed in T-cells and their agonist CCL5 
(RANTES) is increased in COPD sputum  [25]  ( Fig. 61.2   ). 

    Anti-oxidants 

   Oxidative stress is important in severe asthma and 
COPD, particularly during exacerbations  [26] . Oxidative 
stress activates the proinfl ammatory transcription factors 
NF-κB and activator protein-1 (AP-1), resulting in 
enhanced infl ammation. Oxidative stress is increased in 
patients with COPD, particularly during exacerbations, 
and reactive oxygen species contribute to its pathophysiol-
ogy. Oxidative stress reduces steroid responsiveness via a 
reduction in histone deacetylase-2 (HDAC2) activity and 
expression  [27] . Th is suggests that antioxidants may reverse 

corticosteroid resistance and also reduce infl ammation. 
Unfortunately currently available antioxidants based on 
glutathione are relatively weak and are inactivated by oxida-
tive stress, so new more potent and stable antioxidants are 
needed, such as superoxide dismutase mimics and NADPH 
oxidase inhibitors  [28] .   

    PROTEASE INHIBITORS 

   Proteases are involved in the pathophysiology of asthma 
and COPD and are therefore a logical target for inhibi-
tion. However, it has proved very diffi  cult to fi nd drugs that 
eff ectively block specifi c proteases without side eff ects. 

    Tryptase inhibitors 

   Mast cell tryptase has several eff ects on airways, including 
increasing responsiveness of airway smooth muscle to con-
strictors, increasing plasma exudation, potentiating eosi-
nophil recruitment, and stimulating fi broblast proliferation 
 [29] . Some of these eff ects are mediated by activation of the 
proteinase-activated receptor PAR2. A tryptase inhibitor 
APC366 was eff ective in a sheep model of allergen-induced 
asthma  [30] , but was only poorly eff ective in asthmatic 
patients in a preliminary study  [31]  and ineff ective in aller-
gic infl ammation  [32] . More potent tryptase inhibitors and 
PAR2 antagonists are in development.  

    Neutrophil elastase inhibitors 

   Neutrophil elastase (NE), a neutral serine protease, is a 
major constituent of lung elastolytic activity. In addition it 
potently stimulates mucus secretion and induces CXCL8 
release from epithelial cells and may therefore perpetu-
ate the infl ammatory state. Th is has lead to a search for 
NE inhibitors. Peptide NE inhibitors, such as ICI 200355, 
and non-peptide inhibitors, such as ONO-5046, have been 
developed for use in COPD, but so far all of these drugs 
have been withdrawn due to toxicological problems or side 
eff ects. Th e NE inhibitor MR889 administered for 4 weeks 
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showed no overall eff ect on plasma elastic-derived peptides 
or urinary desmosine (markers of elastolytic activity)  [33] . 
Although NE is likely to be the major mechanism medi-
ating elastolysis in patients with  α  1 -antitrypsin ( α  1 -AT) 
defi ciency, it may well not be the major elastolytic enzyme 
in smoking-related COPD, and it is important to consider 
other enzymes as targets for inhibition.  

    Matrix metalloproteinase inhibitors 

   Matrix metalloproteinases (MMPs) with elastolytic activity 
appear to play a more important role in the pathogenesis of 
emphysema than NE so has become a target for drug devel-
opment. MMP-9 appears to be the predominant enzyme, 
which is released from macrophages, neutrophils and epi-
thelial cells. Non-selective MMP inhibitors, such as marim-
astat, appear to have major side eff ects  [34] , suggesting that 
isoenzyme-selective inhibitors or inhaled delivery may be 
needed. A dual MMP9/MMP12 inhibitor, AZ11557272, 
has been shown to prevent emphysema and small airway 
thickening in guinea pigs exposed to cigarette smoke over 
6 months, but the clinical development of this inhibitor has 
been stopped for toxicological reasons  [35] . Several other 
selective MMP inhibitors are now in development  [34] .   

    NEW ANTI-INFLAMMATORY DRUGS 

   Inhaled corticosteroids are by far the most eff ective therapy 
for asthma, yet are ineff ective in COPD. Th us for asthma, 
one strategy has been to develop safer inhaled corticoster-
oids or drugs that mimic their eff ects, whereas in COPD 
new non-steroidal anti-infl ammatory treatments are needed 
( Table 61.2   ). Several novel anti-infl ammatory treatments 
inhibit enzymes that are involved in the signal transduction 
pathways involved in transcription of multiple infl amma-
tory genes and therefore may act in a similar way to corti-
costeroids ( Fig. 61.3   ). 

    New corticosteroids 

   Inhaled corticosteroids are by far the most eff ective anti-
infl ammatory therapy for asthma and work in almost every 
patient  [36] . However, all currently available inhaled corti-
costeroids are absorbed from the lungs and therefore have 
the potential for systemic eff ects. Th is has led to a concerted 
eff ort to fi nd safer corticosteroids, with reduced oral bio-
availability, reduced absorption from the lungs or inacti-
vation in the circulation. Ciclesonide, a newly introduced 
steroid, is a prodrug that becomes activated to the active 
des-ciclesonide by esterases in the lung. Th is corticosteroid 
appears to have less systemic eff ects than currently available 
corticosteroids and this may be due to long-term reten-
tion in the lung, no oral bioavailability, and a high degree 
of binding to circulating proteins  [37] . Another approach is 
to develop dissociated steroids that separate the side eff ect 
mechanisms from the anti-infl ammatory mechanisms. Th is 
is theoretically possible as side eff ects are largely mediated 
via genomic eff ects and the binding of glucocorticoid recep-
tors to DNA, whereas anti-infl ammatory eff ects are largely 

 TABLE 61.2          New anti-infl ammatory drugs for asthma and COPD.  

   Drug class  Example 

   Phosphodiesterase-4 inhibitors  Rofl umilast 

   NF- κ B inhibitors  PS1145 

   p38 MAP kinase inhibitors  SB203580, SD-208 

   Phosphoinositide 3-kinase-γ/-δ 

inhibitors 

 In development 

   PPAR-γ agonists  Rosiglitazone, pioglitazone 

    Syk  kinase inhibitors  R112 

   Adhesion molecule inhibitors   anti-ICAM-1, E-selectin inhibitors, 

VLA-4  inhibitors

↓ cyclic AMP NF-κB MAPKAPK2

Inflammatory gene expression

Inflammatory stimuli

p38 MAP kinaseIKK2PDE4 Inhibitors�

 FIG. 61.3          Inhibition of signal transduction pathways. 

Selective inhibitors have been developed for 

phosphodieatease-4 (PDE4), which degrades cyclic 

adenosine monophosphate (AMP), inhibitor of inhibitor 

of NF- κ B kinase (IKK2), which activates NF- κ B, and p39 

mitogen-activated protein (MAP) kinase, which activates 

MAP kinase activated protein kinase 2 (MAPKAPK2). 

Selective inhibitors have now been developed for these 

enzyme targets.    
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mediated via inhibition of transcription factors through a 
non-genomic eff ect  [38] . Some novel corticosteroids have 
a greater eff ect on the non-genomic than genomic eff ect 
(dissociated steroids) and thus may have a better therapeu-
tic ratio and might even be suitable for oral administration 
 [39] . Non-steroidal glucocorticoid receptor activators, such 
as AL-438, have now been discovered and are in clinical 
development  [40] . Corticosteroids switch off  infl amma-
tory genes by recruiting the nuclear enzyme HDAC2 to the 
activated infl ammatory gene initiation site so that activators 
of this enzyme may also have anti-infl ammatory eff ects or 
may enhance the anti-infl ammatory eff ects of corticoster-
oids  [38] . Th ere may be additional mechanisms for the anti-
infl ammatory eff ects of corticosteroids which may also be 
targeted in the future.  

    Phosphodiesterase inhibitors 

   Th e most advanced of the new anti-infl ammatory thera-
pies are phosphodiesterase(PDE)-4 inhibitors which have 
been in development for asthma and COPD as they have 
a broad spectrum of anti-infl ammatory eff ects. PDE4 
inhibitors inhibit T-lymphocytes (CD4  �   and CD8  �   cells), 
neutrophils, eosinophils, mast cells, airway smooth muscle, 
epithelial cells and airway nerves and have been shown to 
be highly eff ective in animal models of asthma and COPD 
       [41, 42] . An oral PDE4 inhibitor, rofl umilast, has an inhibi-
tory eff ect on allergen-induced responses in asthma and 
also reduces symptoms and lung function in a compara-
ble way to low doses of inhaled steroids  [43] . In COPD 
patients oral rofl umilast given over 4 weeks signifi cantly 
reduces the numbers of neutrophils (by 36%) and CXCL8 
concentrations in sputum  [44] . In clinical trials rofl umilast 
given over 6 months or 12 months improves lung function 
in COPD patients to a small extent but has no signifi cant 
eff ect in reducing exacerbations or improving quality of life 
 [45] . Th ese disappointing results are likely to refl ect the fact 
that side eff ects, particularly nausea, diarrhea and headaches, 
limit the dose that can be tolerated. Th is indicates that it 
may not be possible to reach an oral dose that is eff ective 
and acceptable to patients. 

   Th is could be overcome by inhaled delivery, but to 
date two inhaled PDE4 inhibitors have been found to be 
ineff ective, although well tolerated. Another approach is 
to develop isoenzyme-selective inhibitors. PDE4D inhibi-
tion appears to account for nausea and vomiting, whereas 
PDE4B inhibition may account for the anti-infl ammatory 
eff ects, so that PDE4B selective inhibitors may be better 
tolerated. However, PDE4D inhibition may also have some 
anti-infl ammatory eff ects, for example in T-lymphocytes, so 
that PDE4B selective inhibitors may not be as eff ective as 
pan-PDE4 inhibitors  [46] . PDE7A is also expressed in the 
same infl ammatory cells as PDE4 so inhibition of PDE7 
may be benefi cial. However, a selective PDE7 inhibitor had 
only a small anti-infl ammatory eff ect, but potentiated anti-
infl ammatory eff ects of a PDE4 inhibitor, suggesting that a 
combined inhibitor may be useful as it should not increase 
side eff ects  [47] .  

    NF- κ B inhibitors 

   NF- κ B regulates the expression of CXCL8 and other 
chemokines, TNF- α  and other infl ammatory cytokines, as 
well as MMP9. NF- κ B is activated in macrophages and 
epithelial cells of asthma and COPD patients, particu-
larly during exacerbations. Although there are several pos-
sible approaches to inhibition of NF- κ B, small molecule 
inhibitors of NF- κ B kinase (IKK)2 are the most promising 
approach. An IKK2 inhibitor is eff ective in some animal 
models of COPD (LPS exposure) but not in others (neu-
trophil elastase instillation), indicating that the eff ects may 
be complex  [48] . Although several IKK2 inhibitors are now 
in development, so far none have been tested in asthma or 
COPD patients. IKK2 inhibitors not only block the activa-
tion of NF- κ B-activated genes, but also have some unex-
pected benefi cial eff ects such as inhibition of CXCR3 
chemokines, indicating complex interactions between sig-
nal transduction pathways  [49] . Th e hope is that IKK2 
inhibitors will be eff ective in suppressing the corticosteroid-
resistance infl ammation of COPD and severe asthma. One 
concern about long-term inhibition of NF- κ B is that eff ec-
tive inhibitors may result in immune suppression and impair 
host defenses, since mice which lack NF- κ B genes succumb 
to septicemia. As it is highly likely that there will be sys-
temic toxicity inhaled delivery is likely to be necessary.  

    MAPK inhibitors 

   Mitogen-activated protein kinases (MAPK) play a key role 
in chronic infl ammation and several complex enzyme cas-
cades have now been defi ned. One of these, the p38 MAPK 
pathway, is activated by cellular stress and regulates the 
expression of infl ammatory cytokines, including CXCL8, 
TNF- α  and MMPs. p38 MAPK (measured by phospho-
rylated p38 MAPK) is activated in alveolar macrophages 
of COPD lungs indicating the activation of this pathway 
in COPD  [50] . Th ere is also evidence that this pathway is 
also activated in severe asthma. p38 MAPK is involved in 
the activation of GATA3 and allergic infl ammation  [51] . 
Furthermore, p38 MAPK inhibitors have also been shown 
to decrease eosinophil survival by activating apoptotic path-
ways  [52]  and an antisense oligonucleotide that blocks 
p38 MAP kinase demonstrated marked effi  cacy in inhib-
iting eosinophilic infl ammation in mice  [53] . p38 MAPK 
is also involved in corticosteroid-resistance through phos-
phorylation of the glucocorticoid receptor in response to 
lymphokines  [54] . Several small molecule inhibitors of the 
 α - and  β -isoforms of p38 MAPK (but not the  γ - and  δ -
isoforms) have now been developed. A potent inhibitor of 
p38- α  isoform, SD-282, is eff ective in inhibiting TNF- α  
release from human lung macrophages in vitro  [55]  and the 
same inhibitor is also eff ective in suppressing infl ammation 
in a smoking model of COPD in mice in which corticos-
teroids are ineff ective  [56] . Several p38 MAPK inhibitors 
have now entered clinical trials, but there have been major 
problems of side eff ects and toxicity, indicating that it will 
probably be necessary to deliver these drugs by inhalation 
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to reduce systemic exposure. All of these p38 MAPK inhib-
itors target p38- α  and/or - β  isoforms of the enzyme. Little 
is known about the function of the - γ  and  δ  isoforms of the 
enzymes as there are no selective inhibitors currently avail-
able. In human alveolar macrophages there is a high level of 
expression of the p38- δ  isoform, but its function is currently 
unknown  [55] . 

   Recent studies indicate that other MAPK pathways, 
particularly extracellular signal-regulated kinase (ERK1/2) 
may also play an important role in regulating the expression 
of proinfl ammatory cytokines in alveolar macrophages, in 
contrast to its lack of eff ect in blood monocytes  [57] .  

    Phosphoinositide 3-kinase inhibitors 

   PI3Ks are a family of enzymes that lead to the generation 
of lipid second messengers that regulate a number of cellu-
lar events, including innate and adaptive immune responses. 
A particular isoform, PI3K- γ , is involved in neutrophil 
recruitment and activation  [58] . Knock-out of the PI-3K- γ  
gene results in inhibition of neutrophil migration and acti-
vation, as well as impaired T-lymphocyte and macrophage 
function, so PI3K-γ inhibitors may be potential anti-
infl ammatory therapy for COPD  [59] . PI3K- δ  is also 
involved in expression of infl ammatory genes and several 
PI3K- δ  or mixed PI3K-γ/- δ  inhibitors are now in devel-
opment  [60] . Pan-isoform inhibitors of PI3K are likely to 
be associated with side eff ects as these enzymes appear to 
serve a number of key cell function, but the - γ  and - δ  iso-
forms have a more restricted distribution of leukocytes and 
may therefore be better tolerated, especially if delivered by 
inhalation.  

    PPAR activators 

   Peroxisome proliferator-activated receptors (PPARs) 
are a family of ligand-activated nuclear hormone recep-
tors belonging to the steroid receptor superfamily, and the 
three recognized subtypes PPAR- α , - γ , and - δ  are widely 
expressed. Th ere is evidence that activation of PPAR- α  and 
PPAR- δ  may have anti-infl ammatory and immunomodu-
latory eff ects  [61] . For example PPAR- γ  agonists, such as 
troglitazone and rosiglitazone, inhibit the release of infl am-
matory cytokines from monocytes and induce apoptosis of
T-lymphocytes, suggesting that they may have anti-
infl ammatory eff ects in COPD and severe asthma  [62].  
Th ere is a reduction in PPAR- α  expression in skeletal muscle 
of COPD patients that correlates with muscular weakness, 
indicating that PPAR- α  agonists, such as clofi brate, may be 
useful in treating muscle weakness in severe disease  [63] .  

    Tyrosine kinase inhibitors 

    Syk  kinase (spleen tyrosine kinase) is a protein tyrosine 
kinase that plays a pivotal role in signaling of the high affi  n-
ity IgE receptor (Fc ε RI) in mast cells and in  syk -defi cient 
mice mast cell degranulation is inhibited, suggesting that 

this might be an important potential target for the develop-
ment of mast cell stabilizing drugs  [64] .  Syk  is also involved 
in antigen receptor signaling of B- and T-lymphocytes and 
in eosinophil survival in response to IL-5 and GM-CSF 
 [65] , so that  Syk  inhibitors might have several useful ben-
efi cial eff ects in atopic diseases. Inhibitors of the enzyme 
 Syk  kinase are currently in development for asthma  [66] . 
An antisense inhibitor of  Syk  kinase is eff ective in an ani-
mal model of asthma  [67]  and a  Syk  inhibitor reduces mast 
cell activation and airway hyperresponsiveness in an aller-
gic murine model  [68] . Th e small molecule inhibitor R112 
given nasally reduces nasal symptoms in hay fever patients 
 [69] . As with other kinase inhibitors there may be side 
eff ects with systemic administration so that inhalation may 
be the preferred route of delivery. Another tyrosine kinase 
 Lyn  is upstream of  Syk  and an inhibitor of  lyn  kinase, PP1,
has an inhibitory eff ect on infl ammatory and mast cell 
activation  [70] .  

    Cell adhesion blockers 

   Infi ltration of infl ammatory cells into pulmonary tissues is 
dependent on adhesion of blood borne infl ammatory cells 
to endothelial cells prior to migration to the infl ammatory 
site  [71] . Th is depends upon specifi c glycoprotein adhesion 
molecules, including integrins and selectins, on both leuko-
cytes and on endothelial cells, which may be up-regulated 
or show increased binding affi  nity in response to various 
infl ammatory stimuli, such as cytokines or lipid mediators. 
Drugs which inhibit these adhesion molecules therefore 
may prevent infl ammatory cell infi ltration. Th us a mono-
clonal antibody to ICAM-1 on endothelial cells prevents 
the eosinophil infi ltration into airways and the increase in 
bronchial reactivity after allergen exposure in sensitized pri-
mates  [72] . Th e interaction between VLA-4 and VCAM-1 
is important for eosinophil infl ammation and humanized 
antibodies to VLA-4 ( α  4  β  1 ) have been developed  [73] . 
Small molecule peptide inhibitors of VLA-4 have subse-
quently been developed which are eff ective in inhibiting 
allergen-induced responses in sensitized sheep and in vari-
ous models of eosinophilic infl ammation        [74, 75] . Several 
orally active VLA-4 inhibitors have now been tested in 
asthma without any clear clinical benefi t, although these 
negative studies so far remain unpublished. 

   Inhibitors of selectins, particularly L-selectin and 
E-selectin, based on the structure of sialyl-Lewis x  inhibit 
the infl ux of infl ammatory cells in response to inhaled 
allergen in sensitized sheep  [76] . Th ese glycoprotein inhibi-
tors, which may inhibit neutrophilic and eosinophilic 
infl ammation, are now under investigation for asthma and 
COPD  [77] .   

    IMMUNOSUPPRESSANTS 

   T-lymphocytes may play a critical role in initiating and 
maintaining the infl ammatory process in asthma via the 
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release of cytokines that result in eosinophilic infl amma-
tion, suggesting that T-cell inhibitors may be useful in 
controlling asthmatic infl ammation. Th e non-specifi c cal-
cineurin inhibitor cyclosporin A reduces the dose of oral 
steroids needed to control asthma in patients with severe 
asthma  [78] , but its effi  cacy is limited. Side eff ects, particu-
larly nephrotoxicity, also limit its clinical use. Th e possibil-
ity of using inhaled cyclosporin A has been explored, since 
in animal studies the inhaled drug is eff ective in inhibit-
ing the infl ammatory response in experimental asthma 
 [79] . Immunomodulators, such as tacrolimus (FK506) and 
rapamycin ,  appear to be more potent but are also toxic 
and may off er no real advantage. Aerosolized tacrolimus is 
eff ective against allergen challenge in guinea pigs  [80]  and 
topical tacrolimus is eff ective against atopic dermatitis, but 
the eff ects of inhaled tacrolimus have not been reported in 
asthmatic patients. Novel immunomodulators that inhibit 
purine or pyrimidine pathways, such as mycophenolate 
mofetil, lefl unomide and brequinar sodium ,  may be less 
toxic and therefore of greater potential value in asthma 
therapy. One problem with these non-specifi c immu-
nomodulators is that they inhibit both Th 1 and Th 2 cells, 
and therefore do not restore the imbalance between these 
Th 1 and Th 2 cells in atopy. Th ey also inhibit suppresser 
T-cells (Tc) that may modulate the infl ammatory response. 
Selective inhibition of Th 2 cells may be more eff ective and 
better tolerated and there is now a search for such drugs. 

   Th e role of immunomodulators in COPD is even less 
certain. Th ere is an increase in Tc1 and Th 1 cells in patients 
with COPD  [81] , but the role of these cells is uncertain and 
the usefulness of immunomodulators in COPD has not yet 
been assessed. 

    JAK-3 inhibitors 

   Th e Janus-kinase ( JAK)-3 appears to be important in signal 
transduction pathways in T-cells and mediates the secre-
tion of IL-2, IL-4 and IL-9, all of which have been impli-
cated in allergic infl ammation. A small molecule inhibitor 
of JAK-3 CP-690550 is eff ective in inhibiting eosinophilic 
infl ammation in a murine model  [82] .  

    Costimulatory receptor inhibitors 

   Costimulatory molecules may play a critical role in aug-
menting the interaction between antigen presenting cells 
and CD4  �   T-lymphocytes. Th e interaction between B7 
and CD28 may determine whether a Th 2 type cell response 
develops, and there is some evidence that B7-2 (CD86) 
skews towards a Th 2 response. Blocking antibodies to B7-2
inhibit the development of specifi c IgE, pulmonary eosi-
nophilia, and AHR in mice, whereas antibodies to B7-1 
(CD80) are ineff ective  [83] .  A molecule on activated T-cells 
CTL4 appears to act as an endogenous inhibitor of T-cell 
activation and a soluble fusion protein construct CTLA4-
Ig is also eff ective in blocking AHR in a murine model of 
asthma  [84] . Anti-CD28, anti-B7-2 and CTLA4-Ig also 
block the proliferative response of T-cells to allergen  [85] , 
indicating that these are potential targets for novel thera-
pies that should be eff ective in all atopic diseases.  

    Th2 cell inhibitors 

   Non-selective T-cell suppressants, such as cyclosporin 
A and tacrolimus, may be relatively ineff ective in asthma 
as they inhibit all types of T-cell. CD4  �   T-cells have been 
implicated in asthma and a chimeric antibody directed 
against CD4  �   (keliximab) which reduces circulating CD4  �   
cells appears to have some benefi cial eff ect in asthma  [86] , 
although long term safety of such a treatment might be a 
problem. Furthermore, there is increasing evidence that 
CD8  �   cells (Tc2 cells), through release of IL-5 and other 
cytokines, might also be involved in atopic diseases, par-
ticularly in response to infections with certain viruses  [87] . 
Th ere has been a search for selective inhibitors of Th 2 cells 
by identifying features that diff erentiate Th 1 and Th 2 cells. 
It is claimed that suplatast tosylate selectively inhibits Th 2 
cells and is in clinical use in the treatment of asthma in 
Japan  [88] . However, its mechanism of action is uncertain 
and it does not appear to be very eff ective in controlling 
asthma. Th e transcription factor GATA-3, which regulates 
Th 2 cell diff erentiation and the expression of Th 2 specifi c 
cytokines, may be targeted by antisense oligonuleotides, but 
more easily by p38 MAPK inhibitors, as discussed earlier 
 [51] . Th e calcium antagonist nicardipine appears to selec-
tively inhibit Th 2 cells in mice suggesting that dihydropyrri-
dines may act as immunomodulators in asthma but this has 
not yet been demonstrated in humans  [89] . Indoleamine-
2,3-dioxygenase (IDO), a tryptophan-degrading enzyme, 
plays a key role in the regulation of T-lymphocyte 
function. IDO inhibits eosinophilic infl ammation in a 
murine asthma model, and concentrations of IDO are 
reduced in asthmatic patients and restored by corticoster-
oids  [90] . Other drugs which restore IDO activity may 
therefore be of value in suppressing eosinophilic infl amma-
tion in asthma.  

    Regulatory T-cell activators 

   Regulatory T-cells (Tregs) play a key role in orchestrating 
immunity and there is evidence for a defect in Treg func-
tion in patients with asthma and COPD that may be linked 
to increased numbers of T-cells        [91, 92] . Th ere is convinc-
ing evidence that specifi c immunotherapy increased IL-10 
production from Tregs (Tr-1 cells)  [93] . Vaccines which 
enhance Tr-1 cell function and increase IL-10 release are 
now in development for asthma. T-cell peptides are also in 
development as a safer form of immunotherapy  [94] .  

    B-lymphocyte depletion 

   An anti-CD20 blocking monoclonal antibody (rituxi-
mab) selectively depletes B-cells and has been found to be 
very eff ective in controlling resistant rheumatoid arthri-
tis and other autoimmune diseases  [95] . As there is an 
increase in B-cells in COPD and as B-cells produce IgE in 
asthma, this approach may also be useful in severe asthma 
and COPD. However, the potential disadvantages are 
an increased risk of pulmonary infections, particularly in 
patients with COPD.  
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    Anti-IgE 

   Blocking IgE with a chimeric antibody omalizumab is useful 
in controlling asthma in some patients with severe asthma, 
although there are no clinical indicators to show how 
responders can be predicted, so a prolonged trial of therapy 
is needed  [96] . Omalizumab is very expensive as a mainte-
nance therapy, especially in patients with high titers of IgE 
who require high doses. Th ere is a quest for antibodies with 
higher affi  nity, so that patients with high IgE can also be 
treated. Th ere is also a search for small molecule inhibitors 
of the IgE response through targeting the signal transduc-
tion pathways initiated by IgE interaction with its receptors. 

   Allergens bind to a low-affi  nity IgE receptor (FcεRII 
or CD23) as well as the high affi  nity receptor FcεRI on 
several immune cells, including T- and B-lymphocytes 
 [97] . An anti-CD23 antibody (lumiliximab) was well toler-
ated and reduced IgE concentrations in patients with mild 
asthma, but did not appear to have clinical effi  cacy  [97].    

    PREVENTIVE STRATEGIES 

   Th e obvious preventive strategy for preventing COPD 
is stopping smoking, which is covered in Chapter 47  . 
Preventive strategies for asthma are targeted to preventing 
the Th 2 cell preponderance in atopy. 

    Vaccination 

   None of the currently available treatments for asthma have 
long-term eff ects on airway infl ammation or remodeling and 
therefore are not disease-modifying or curative. Inhaled corti-
costeroids are usually very eff ective in controlling asthma, but 
symptoms usually rapidly return when they are discontinued. 
Th e prospects for a cure are remote until the molecular and 
genetic causes of asthma are better understood, but there is 
a possibility that vaccination approaches may reverse the 
abnormal immune regulation found in asthma, restoring Th 1 
predominance or restoring Treg function        [93, 98] . Various 
approaches, including non-pathogenic bacterial products, 
such as CpG oligodeoxynucleotides, which target toll-like 
receptor (TLR)-9, are currently being explored as potential 
therapies for asthma  [99] .  A CpG vaccine has been tested in 
asthma, and despite evidence for an increase in interferons, 
there was no eff ect on the response to allergen, in contrast to 
several positive studies in rodent models  [100] .  However, the 
long-term consequences of these approaches need to be care-
fully evaluated, particularly as they would probably need to be 
applied in children at the onset of disease. Th e role of other 
TLRs in asthma is uncertain, with benefi cial and detrimental 
eff ects reported in diff erent animal models  [101] .   

    REVERSAL OF CORTICOSTEROID RESISTANCE 

   Even high doses of corticosteroids have minimal eff ects on 
the progression of COPD and no eff ects on mortality  [102]  

and are poorly eff ective in severe asthma. Th is may refl ect 
the resistance of infl ammation in severe asthma and COPD 
to the anti-infl ammatory eff ects of corticosteroids. Th ere 
is increasing evidence that this may be due to a reduction 
in HDAC2 as a result of oxidative and nitrative stress        [27, 
103] . Th is results in increased acetylation of the glucocor-
ticoid receptor which prevents it inhibiting NF- κ B driven 
infl ammation  [104] . A novel therapeutic strategy is there-
fore reversal of this corticosteroid resistance by increasing 
the expression and activity of HDAC2 and this may be 
achieved in several ways. 

    Theophylline-like drugs 

   Low doses of oral theophylline increase HDAC2 expression 
in alveolar macrophages from COPD patients and thereby 
restore steroid responsiveness        [105, 106] . Th is has also been 
demonstrated in mice exposed to cigarette smoke, which 
develop a steroid-resistant infl ammation in the lungs with 
increased neutrophils and macrophages. Th is infl ammation 
is not reversed by high doses of corticosteroids or by theo-
phylline alone but is reversed by low dose oral or inhaled 
theophylline combined with a corticosteroid via an increase 
in HDAC2 activity  [107] . Understanding the molecular 
mechanisms of action of theophylline, which appear to be 
independent of PDE inhibition, may lead to novel thera-
peutic approaches to restoration of corticosteroid respon-
siveness which avoid the side eff ects and drug interaction 
problems of theophylline itself.  

    Antioxidants 

   As discussed above, antioxidants may be valuable in revers-
ing corticosteroid resistance since increased oxidative stress 
appears to be the mechanisms by which severe infl amma-
tion and cigarette smoke lead to reduced HDAC2 activity 
and corticosteroid resistance. Several more potent and sta-
ble antioxidants are needed, such as superoxide dismutase 
mimics and NADPH oxidase inhibitors  [28] .  

    Macrolides 

   It has long been recognised that macrolides have anti-
infl ammatory eff ects that may be independent of their 
antibiotic eff ects  [108] . Macrolides appear to inhibit 
infl ammation by inhibiting NF- κ B and other transcrip-
tion factors. Recently it has been shown that a non-antibi-
otic macrolide (EM-703) reverses corticosteroid resistance 
due to oxidative stress by increasing HDAC2 activity  [109] . 
Several non-antibiotic macrolides are now in development 
as anti-infl ammatory therapies.   

    REVERSAL OF STRUCTURAL CHANGES 

   In both asthma and COPD structural changes in the 
airways may lead to reversible narrowing as a result of 
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structural changes. Th ese may be a consequence of persist-
ent infl ammation and the generation of growth factors that 
cause cell proliferation and fi brosis. However, it is possible 
that the structural changes may become independent of 
infl ammation and may progress in the absence of infl am-
mation. Th erapeutic strategies to prevent these structural 
changes or ideally to reverse them in order to restore lung 
function are therefore of future interest. In COPR there is 
also destruction of connective tissue as a result of elastolysis 
and apoptosis of alveolar epithelial and endothelial cells. 

    Fibrosis inhibitors 

   Transforming growth factor- β  (TGF- β ) appears to play 
a key role in the fi brosis of asthma and COPD and small 
molecule inhibitors of TGF- β  tyrosine kinase have been 
developed  [110] . However, TGF- β  plays a critical role in 
wound healing and in Treg function, so its inhibition may 
have deleterious eff ects. It may be safer to inhibit a down-
stream cytokine connective tissue growth factor (CTGF), 
which appears to mediate many of the fi brotic responses 
to TGF- β .  

    Reversal of emphysema 

   Retinoic acid increases alveolar septation during lung 
development and in adult rats and mice reverses the his-
tological and physiological changes induced by elastase 
treatment  [111] . Th is has not been seen in several other 
species and there are doubts whether emphysema is revers-
ible in humans as alveolar formation ceases about the age 
of 6 years. A clinical trial of all- trans -retinoic and 9- cis -
retinoic acid in patients with emphysema failed to show any 
improvement in clinical parameters, health status or CT 
density after 6 months of therapy  [112] . 

   Another possible approach to repairing damaged 
lung in emphysema is the use of stem cells to seed the lung 
combined with drugs that stimulate their homing and pro-
liferation in the lung. Human embryonic stem cells have 
been transformed into alveolar type II pneumocytes which 
have the capacity to repair alveolar damage  [113] . Adult 
bone marrow-derived stem cells may also be suitable for 
populating the lung, particularly if enhanced by retinoic 
acid or granulocyte-macrophage colony stimulating factor. 
However, there are several concerns about the use of stem 
cells for lung repair as there may be a problem engrafting 
these cells in the alveoli and there is always a risk of can-
cer or teratoma development  [114] . Th e lung is a complex 
organ and it would probably be necessary to grow both 
endothelial and alveolar cells to repair emphysema.   

    GENE THERAPY 

   Since asthma and COPD are polygenic, it is unlikely that 
gene therapy will be of value in long-term therapy.  However,
understanding the genes involved in asthma and COPD 

and in disease severity may identify new molecular tar-
gets  [115]  and may also predict the response to diff erent 
therapies  [116] . Transfer of anti-infl ammatory genes may 
provide specifi c anti-infl ammatory or inhibitory proteins 
in a convenient manner and gene transfer has been shown 
to be feasible in animals using viral vectors  [117] . Anti-
infl ammatory proteins relevant to asthma and COPD 
include IL-10 and I κ B. Anti-sense oligonucleotides may 
switch off  specifi c genes, but there are considerable prob-
lems in getting these molecules into cells. An inhaled 
antisense oligonucleotide directed against the adenosine A 1 -
receptor has been shown to reduce AHR in a rabbit model 
of asthma, demonstrating the potential of this approach in 
treating asthma  [118] . Suitable target genes may be IL-
4 or IL-5 in asthma and MMP-9 in COPD. Considering 
the practical problems encountered by gene therapy this 
approach is unlikely in the foreseeable future, other than for 
proof of concept studies.  

    FUTURE DIRECTIONS 

   New drugs for the treatment of severe asthma and COPD 
are greatly needed and there has been an enormous eff ort 
now invested by the pharmaceutical industry to fi nd 
such treatments. Both diseases are highly complex so it is 
unlikely that therapies that target a single cell or mediator 
will be very eff ective. While preventing and quitting smok-
ing is the obvious preferred approach, this has proved to be 
very diffi  cult in the majority of patients. It may be impor-
tant to more carefully phenotype patients with asthma and 
COPD in clinical trials. For example, it may also be import-
ant to more accurately defi ne the presence of emphysema 
versus small airway obstruction in COPD patients by using 
CT scans, as some drugs may be more useful for preventing 
emphysema, whereas others may be more eff ective against 
the small airway infl ammatory-fi brotic process. More 
research on the basic cellular and molecular mechanisms of 
severe asthma and COPD and on more useful animal mod-
els is urgently needed to aid the logical development of new 
therapies these important diseases, for which no eff ective 
preventative drugs currently exist. 

   Of the drugs currently in development PDE4 inhibi-
tors, p38 MAP kinase inhibitors, and IKK-2 inhibitors 
appear to be promising for severe asthma and COPD, but 
there are concerns about side eff ects so that inhaled admin-
istration is likely to be needed. Th ere are also concerns about 
their long-term safety in increasing lung infection and can-
cer, particularly in COPD patients. For these reasons alter-
native strategies, such as reversal of corticosteroid-resistance 
may be more successful and there have been important 
advances in understanding the molecular mechanisms of 
corticosteroid resistance that will identify novel targets for 
therapy. 

   Drug delivery is an important issue. Most of the 
eff ective therapies used now are given by inhalation in 
both diseases, but inhaled therapies are more diffi  cult to 
develop as there is only a poor understanding of inhalation 
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pharmacokinetics and toxicology studies are more dif-
fi cult to conduct. In addition, the inhaled route may not 
deliver suffi  cient drug to peripheral airways, particularly in 
COPD and severe asthma. Oral administration has the 
advantage of easier drug development and the treatment 
of concomitant allergic diseases in the case of asthma and 
treating systemic complications in the case of COPD. 
However, oral administration has a high risk of side eff ects 
which may outweigh these advantages. Another approach 
is targeting of drugs to specifi c cell types, for example to 
macrophages which take up particles, as this may allow an 
enhanced therapeutic ratio.   
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    Health Economics in Asthma and COPD 

    INTRODUCTION   

   Th e aim of this chapter is to introduce the fun-
damental concepts underlying the use of health 
economic evaluation methods, with particular 
reference to treatments for asthma and COPD. 
Th e chapter begins with a section that introduces 
the general framework of cost-eff ectiveness and 
cost-utility analyses, the predominant forms of 
health economic evaluation that have been used 
to assess value for money in the respiratory fi eld, 
and indeed in health care evaluation more gen-
erally. As part of this background, a distinction 
is drawn between cost-of-illness studies, which 
examine only the fi nancial burden that a dis-
ease places a health system or society, and full 
economic evaluations that assess the change in 
both fi nancial burden and health outcomes that 
can be expected from implementing a treat-
ment intervention.   Th e following two sections 
then review the published literature on cost-
of-illness studies and health economic evaluations 
for asthma and COPD treatments separately. 
A fi nal section summarizes the chapter.  

    HEALTH ECONOMIC EVALUATION 

   Health economic evaluations are used to assist 
decision-makers in allocating scarce resources. 
Twenty three countries around the world cur-
rently have some form of guidelines on phar-
macoeconomics, primarily European countries 
but there are also others, including Australia, 
Canada, and the United States  [1] . 

   In England and Wales, the relevant 
decision-making agency is the National Institute for 
Health and Clinical Excellence (NICE), an organ-
ization who are independent from Government 
and responsible for providing guidance on the use 
of health technologies and the implementation of 
public health programs. In the process of develop-
ing guidance on use of technologies, NICE brings 
together all available clinical and economic evi-
dence in order to decide whether the adoption of 
the technology (drug, device or treatment) repre-
sents good value for the NHS (National Institute of 
Health and Clinical Excellence. A guide to NICE.  
London: National Institute of Health and Clinical 
Excellence, 2005)  . Th e National Institute for Health 
and Clinical Excellence (NICE) also produces clini-
cal guidelines and published their own guidelines for 
the management of COPD in 2004  [2] . 

   Within this chapter, two diff erent types of 
economic evaluations are presented. Th e fi rst is 
cost-eff ectiveness analysis and the second, cost-
utility analysis. Th e main diff erence between the 
two relates to how health outcomes are meas-
ured. Cost-eff ectiveness studies present results in 
terms of natural units such as the cost per exacer-
bation avoided and improvement in health status 
 [3] , whereas a cost-utility evaluation identifi es 
the cost per unit of utility (usually the Quality 
Adjusted Life Year, QALY). Utilities and the 
QALY concept are described in detail below. 

   Th e outcome measure(s) used should be 
based upon the aim and intended use of the 
evaluation. Th e use of natural units as outcome 
measures used within a cost-eff ectiveness anal-
ysis, constrains the end use of such a study. For 
example a study that investigates and reports 
the cost of an improvement in lung function 
can only be logically compared with another 
study where same outcome is also reported. 
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One of the problems found in both asthma and COPD is 
that there are a number of diff erent outcome measures that 
could easily be chosen to investigate, for example, cost per 
exacerbation avoided or cost per symptom-free day. As a 
result there are few studies that report the same outcome 
measure and so comparison is diffi  cult. Even if cost per 
exacerbation avoided was reported in every study, cost-eff ec-
tiveness studies can only inform the effi  cient use of resources 
within the disease itself (or closely linked conditions). It is 
not possible to directly compare an exacerbation avoided in 
COPD to an increase in survival time for cancer patients. 

   A more useful approach for the decision-maker is to 
use a generic measure that captures the eff ect of a disease 
and its treatment on both quantity and quality of life, and 
which can be compared across disease areas. NICE recom-
mends these cost-utility analyses as the appropriate way to 
make comparative assessments of value for money within 
a health system  [4] . Although not universally accepted, the 
QALY is nevertheless acknowledged as the most popu-
lar measure of utilities for making comparative assessment 
of the value for money of alternative treatment choices. 
Th e QALY is by far the most accepted health-related util-
ity measure and is the preferred outcome measure in many 
countries including Canada, New Zealand, Sweden, England 
and Wales, the Netherlands, and the United States  [1] . 

   Th e QALY quantifi es changes in utility over the life 
of the patient and has two components, quality and quantity 
of life. Th is concept can be visualized as shown in  Fig. 62.1   . 

   As has previously been described, the use of the 
QALY within an economic evaluation enables treatments 
to be compared to one another both across and within dis-
ease areas using a cost per QALY ratio. Th is ratio represses 
the incremental costs ( C ) and incremental benefi ts ( B ) of a 
new therapy ( x ) are compared to the main comparator ( y ). 
Th e ICER is worked out using the simple formula: 

  
ICER 	

�

�

Cx Cy

Bx By       

   Th e reimbursement of one treatment will displace 
health care resources spent on other treatments within the 
health system (so called opportunity cost). It is therefore 
important to ensure that the treatment reimbursed pro-
vides suffi  cient value for money. For this a  “ guide price ”  or 
a threshold from which it can be decided whether or not 
any one treatment should be reimbursed by the health 
care system is necessary. In the United Kingdom, NICE’s 
documented threshold is said to be between £20,000 and 
£30,000 per QALY  [5] , such that below £20,000 per QALY 
there is a high probability of the technology being accepted 
and that above £30,000 per QALY there is less chance of 
the technology being accepted. In theory, this threshold 
should refl ect the value of those treatments displaced at the 
margin of the health care budget  [6] . 

   Two main designs of economic evaluation exist: either 
based upon individual patient data from a clinical trial or 
observational study data, or aggregated using a decision 
analytic model. Model-based evaluations typically incorpo-
rate data from a wider range of sources than clinical trial 
based studies and can include data from: clinical and obser-
vational trials, burden of disease studies, epidemiology, and 
natural history studies. 

   Th e perspective that is adopted by the authors of the 
study depends upon the target audience  [7]  and can either 
be a specifi c provider/provider institution (i.e. the National 
Health Service, NHS), the patient/patient group, a third 
party payer (i.e. an insurer), or the perspective of society  [8] . 
Th e perspective used will determine the costs employed. For 
example, a health perspective will only include costs that fall 
directly within the health care budget, but a broader soci-
etal perspective can include cost to individual patients and 
carers as well as other sectors, such as public sector services 
or employers. 

   Particularly important is the choice of compara-
tor used. Th e use of an inappropriate comparator can bias 
an analysis and render little value for decision-making. 
Most published guidelines for economic evaluations assert 
that the comparator of interest is current treatment  [9] . 
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 FIG. 62.1          Quality Adjusted Life-Year profi les for a hypothetical patient 

with and without a treatment intervention.  Profi les weight length of life by 

quality of life on a zero-one scale where one represents perfect health and 

zero death.  In a chronic disease such as COPD, exacerbations might result in 

reduced quality of life for a period of time with incomplete recovery.    
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A potentially fundamental problem of conducting economic 
analyses alongside clinical trials,  [10]  is that many trials 
often only assess eff ectiveness relative to placebo. 

   Methods of handling uncertainty need to be explored, 
particularly if the study uses a decision analytical mod-
eling framework. Sensitivity analysis, preferably probabil-
istic should be employed  [11] ; as this allows the combined 
uncertainty of all the parameters in the model to be included 
 [12] , by using the full probability distributions of each input 
into the model, rather than just the point estimates. 

   An important distinction exists between  “ full health 
economic evaluations ”  that involve a comparison of the 
resource use costs and health outcome consequences of two 
or more alternative treatment interventions  [8]  and so called 
cost-of-illness studies. Cost-of-illness studies are descrip-
tive, providing information about the fi nancial burden 
of disease on the health service and on patients and soci-
ety more broadly. However, while a high fi nancial burden 
of disease may imply the  potential  for a given treatment to 
off er value for money (by reducing that burden and thereby 
off setting disease costs), value for money can only be proven 
in a full  incremental  cost-eff ectiveness analysis that compares 
the cost and health outcomes of the new treatment with the 
existing pattern of care. Th erefore, in the two sections that 
follow, the literature on cost-of-illness and cost-eff ectiveness 
of treatments in asthma and COPD are presented in sepa-
rate sections. More space is given to the cost-eff ectiveness 
of treatments, since this represents the ability of the health 
system to positively aff ect the burden of disease.  

    COST-OF-ILLNESS STUDIES 

    Asthma 

   Th e costs associated with the management of asthma in 
adults and in children, from both the health care payer 
and the societal perspective, are substantial worldwide. A 
number of cost-of-illness studies have attempted to esti-
mate the annual cost of asthma and had reported a wide 
range of estimates. Th is is, in part, due to the variations in 
study design (e.g. the individual cost components that were 
included), perspective, and population of interest. 

   In the United States, the total annual costs for pedi-
atric patients with mild to moderate persistent disease has 
been estimated to be US$564  [13] , while the costs for adult 
patients ranged from US$1250  [14]  to US$7106  [15] . In 
particular, one study estimated the total annual direct cost 
of asthma in the United States to be $1.48 billion  [16] , rep-
resenting the most costly occupational illness in the United 
States. In Europe, the estimated average cost for a child 
with asthma ranged from €883  [17]  to €2202  [18]  per year, 
and the estimated average cost for an adult with asthma 
ranged from €632  [17]  to €2745  [18]  per year. In Asia, 
despite a lower prevalence of asthma than in the West, the 
cost of disease management is a signifi cant and an increas-
ing economic burden. In Japan, the annual direct medical 
cost associated with managing asthma has been estimated 

to be US$8.2 billion. Th is accounted for 1.9%  [19]  of the 
annual cost of medical care and 18.9% of the annual cost of 
medical care for respiratory diseases. 

   Pharmaceutical expenditures represent an increasing 
share of total direct medical costs. In the United Kingdom, 
the estimated annual cost of asthma was £752.6 million, 
of which, 8% was hospital admissions, 13% general prac-
tice consultations, and 79% community prescriptions  [20] . 
Indirect costs represent 40–50% of total societal burden of 
asthma. Loss of school and working days for children with 
asthma and their parents are the largest component of indi-
rect costs. Th e overall cost to the family, health service, and 
society associated with caring for children aged 1–5 years 
in the United Kingdom in the 12 months following hos-
pitalization for wheeze or asthma has been estimated to be 
£14.53 million  [21] . 

   Studies that assessed the relationship between costs 
and disease severity have all showed that costs signifi cantly 
increase with increasing asthma severity. In particular, one 
Italian study showed that when stratifi ed by disease sever-
ity, the total annual cost-per-patient according to increasing 
severity of asthma was €720, €1046, €1535, and €3328 for 
patients with intermittent, mild persistent, moderate persist-
ent, and severe persistent asthma, respectively  [22] . Similarly, 
based on the data from the TENOR database, the health 
care expenditures for an average uncontrolled patient in the 
United States, has been shown to be more than double that 
of an average control patient  [15] .  

    COPD 

   Th e World Health Organisation (2000) reported that deaths 
attributable to COPD are the fi fth largest killer globally; 
accounting for 4.5% of deaths worldwide  [23] . Th e propor-
tion of deaths for COPD varies signifi cantly between regions 
of the world. Of particular concern is the Western Pacifi c 
region where COPD accounts for 13.8% of all deaths and 
where COPD is ranked as the second leading cause of death. 

   Data from both the United States and the United 
Kingdom show that the prevalence of COPD is compara-
tively small among the under 45s but increases markedly 
throughout later years  [24] : approximately 1% of the UK 
general population and increasing with age to around 5% of 
men between 65 and 74, rising to 10% in men over 75  [25] . 

   Th e true rate of COPD within the general popula-
tion is likely to be greater than that recorded. Th ere is much 
evidence that suggests COPD is heavily under diagnosed 
worldwide          [25–27] , and this is likely to be the situation, 
particularly among mild cases of COPD. 

   Total costs to the UK NHS for COPD have been 
estimated somewhere between £486 million        [28, 29]  and 
£848 million        [30, 31]  per year. Th e major drivers of this cost 
are disease severity and exacerbations. 

   Costs increase most as disease severity moves from 
moderate to severe (with a much smaller increase between 
mild and moderate)                  [32–38] . As FEV 1  deteriorates, a gen-
eral shift from outpatient care to hospitalization, an increase 
in the use of oxygen therapy and a subsequent increase in 
total costs occurs, especially in the most advanced stages of 
the disease  [39] . 
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   Exacerbations are the leading drivers of cost in 
COPD. A serious exacerbation will lead to hospitalization; 
indeed an exacerbation is the main reason why a COPD 
patient would attend hospital. COPD patients take up 
around 1 million bed days per year in the United Kingdom 
alone. 

   Reducing or preventing disease progression and/or an 
exacerbation, (particularly severe exacerbations), will have a 
direct eff ect on the total cost of COPD. In England and 
Wales, McGuire calculated that for every exacerbation-
related hospital admission avoided, a total saving of approx-
imately £1200 would be made  [40] .   

    REVIEW OF ECONOMIC EVALUATIONS 

    Asthma 

   Several cost-eff ectiveness analyses have been undertaken, 
alongside small and short-term clinical trials. Th ese studies 
evaluated the cost-eff ectiveness of fl uticasone propionate–
salmeterol compared with fl uticasone propionate alone, 
montelukast, or a combination of the two. In two of these 
studies FSC was found to dominate its comparators. One 
study evaluated the cost-eff ectiveness between three treat-
ments: fl uticasone propionate–salmeterol 100/50        μ g BID, 
fl uticasone propionate 100        μ g BID, and montelukast 10       mg 
QID  [41] . Based on data from four clinical trials assessing 
patients with symptomatic asthma previously treated with 
inhaled SABA  , FSC showed signifi cantly greater increase 
in FEV 1  and proportion of symptom-free days and reduced 
the number of exacerbations. Although daily drug costs 
were higher for FSC, daily mean exacerbation costs were 
much lower, making it more eff ective and less costly. Th e 
mean daily costs per patient exacerbation for fl uticasone 
propionate–salmeterol, fl uticasone propionate and montelu-
kast were $29, $128, and $154, respectively. 

   In another study, the cost-eff ectiveness of fl uticasone 
propionate-salmeterol 100/50μg was compared to monte-
lukast as initial maintenance therapy in patients with per-
sistent asthma uncontrolled with a SABA alone  [42]   . Th e 
economic analysis used symptom-free days and 12% or 
greater improvement in FEV 1  from a 12-week randomized 
control trial along with direct medical costs to determine the 
incremental cost-eff ectiveness ratio. Considering the SFD 
endpoint the ICER for FSC versus montelukast was $2.87 
indicating that it cost on average an extra $2.87 per day 
for an additional SFD when FSC is used instead of mon-
telukast. Th e ICER for FEV 1  was $1.79, indicating that it 
costs on average an extra $1.79 per day for an additional 
patient to achieve a lung function improvement of 12% or 
greater. 

   Th e cost-eff ectiveness of fl uticasone propionate–
salmeterol 100/50        μ g BID was compared to fl uticasone pro-
pionate 100        μ g BID plus montelukast 10       mg QID, based 
on data from a 12-week randomized control trial        [41, 43].  
FP/salmeterol was associated with a higher proportion 
of patients with a 12% improvement in FEV 1  and similar 
effi  cacy in terms of symptom-free days at a lower cost than 
FP plus montelukast. Th e mean daily cost per successfully 

treated patient was signifi cantly lower with FP/salmeterol 
($6.77) than with FP      �      montelukast ($14.59). Th e cost per 
symptom-free day for FP/salmeterol was $11.96 and $17.10 
for FP plus montelukast  . 

   Retrospective database analyses have increased in the 
past few years. Single treatment regimes (fl uticasone pro-
pionate, montelukast, and salmeterol) have been shown to 
incur similar total costs over 1 year  [44] . Based on retro-
spective data from the North Carolina Medicaid program, 
asthmatic patients starting either fl uticasone propionate 
44        μ g were compared with those using montelukast 5 and 
10       mg in a cost-minimization study. No signifi cant diff er-
ences were found in the adjusted asthma-related health 
care costs following 1 year. A secondary analysis compar-
ing montelukast to salmeterol also showed no diff erence 
between health care service use and costs. 

   Brüggenjürgen  et al .  [45]  evaluated the cost-eff ectiveness 
of adjustable maintenance dosing with budesonide 160        μ g/
formoterol 4.5        μ g twice daily in a single inhaler ( n       	      1679) 
compared with fi xed dosing ( n       	      1618) alongside a 12-week 
randomized-controlled trial  [46] . In general the results of 
the trial showed no signifi cant diff erences in the primary 
effi  cacy outcome – health-related quality of life between 
the two groups. Despite the diff erences in fewer daily study 
drug inhalations (mean inhalations: 2.63 adjustable dosing 
versus 3.82 fi xed dosing;  p       �      0.001) a cost-minimization 
analysis was conducted. Th e direct asthma-related cost 
associated with adjustable dosing was signifi cantly lower 
than that with fi xed dosing (mean costs: €221 versus €292; 
 p       �      0.001).  

   Pieters et al [47] suggested greater cost eff ectiveness 
when adding salmeterol to fl uticasone propionate compared 
with montelukast/fl uticasone in patients with asthma uncon-
trolled with inhaled corticosteroid alone  . In the Netherlands 
salmeterol 50        μ g/fl uticasone 100        μ g twice daily ( n       	      356) 
was compared with fl uticasone 100        μ g twice daily plus oral 
montelukast 10       mg daily ( n       	      369) in a 12-week randomized-
controlled trial  [48]  that measured the proportion of suc-
cessfully treated weeks (based on mean morning PEF); in 
addition, episode-free days and symptom-free days and nights 
were also recorded. Incremental cost-eff ectiveness ratios were 
calculated and sensitivity analysis was carried out. Salmeterol/
fl uticasone combination was associated with signifi cantly bet-
ter outcomes compared with fl uticasone plus montelukast 
(median diff erence 25%;  p       �      0.001). Th e mean total direct 
health service costs per patient in the fl uticasone plus mon-
telukast group was 16% greater than that in the salmeterol/
fl uticasone group (€1.98 versus €2.25). Salmeterol/fl uticasone 
showed dominance – clinically more eff ective in all outcome 
measures and less costly than fl uticasone plus montelukast. 

   Jönsson  et al .  [49]  assessed the cost-eff ectiveness of 
increasing the dose of inhaled corticosteroid, the addition 
of a long-acting  β  2 -agonist, and both strategies in combina-
tion, in patients with mild to moderate persistent asthma. 
In Sweden four treatment scenarios were compared in a 
randomized-controlled trial: budesonide 100        μ g ( n       	      313); 
budesonide 200        μ g ( n       	      302); budesonide 100        μ g plus for-
moterol 4.5        μ g ( n       	      310); and budesonide 200        μ g plus for-
moterol 4.5        μ g ( n       	      308)  [50] . Th e primary clinical outcome 
evaluated was the number of symptom-free days per year. 
In addition, the number of severe exacerbations per patient 
per year was also recorded. Health care resource data and 
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medication use were recorded during the trial. Sensitivity 
analysis was carried out by applying UK and Spanish 
costs to the analysis. Budesonide 100        μ g plus formoterol 
4.5        μ g was shown to be dominated. Th e incremental cost-
eff ectiveness ratio for budesonide 200        μ g plus formoterol 
4.5        μ g compared with budesonide 200        μ g alone was SEK 21 
per symptom-free day gained. 

   Lindgren  et al .  [51]  evaluated the cost-eff ectiveness for 
formoterol 4.5        μ g ( n       	      57) and salbutamol 200        μ g ( n       	      58) 
as reliever medication in Sweden and Spain, based on data 
from a 6-month trial. Resource use was recorded in the 
trial. Costs associated with resource use were calculated and 
eff ectiveness was expressed as exacerbations rate per year; 
the percentage of symptom-free days was also recorded. 
For Sweden, the total health care cost per severe exacerba-
tion avoided was €504 per year (95%CI 95–2239) and the 
health care cost per any exacerbation avoided was €140 per 
year (95%CI 40–573). For Spain, the total health care cost 
per severe exacerbation avoided was €1088 per year (95%CI 
537–3559) and the health care cost per any exacerbation 
avoided was €489 per year (95%CI 281–924). 

   Price  et al .  [52]  compared the cost-eff ectiveness of 
adjustable dosing of budesonide 80–160        μ g/formoterol 4.5        μ g 
( n       	      782) with fi xed maintenance dosing ( n       	      771), along-
side a pragmatic randomized-controlled trial  [53] . From 
the UK perspective the primary outcome measure was the 
net proportion of patients experiencing clinically signifi cant 
improvement in quality of life, assessed by the mini-Asthma 
Quality of Life Questionnaire (AQLQ); symptom-free 
days without the use of rescue medication was used as a 
secondary outcome measure. Data on resource use were col-
lected prospectively during the trial. Th e trial reported no 

signifi cant diff erence in eff ectiveness between the two groups; 
therefore, a cost-minimization analysis was carried out. Th e 
total per patient daily cost was £1.13 (95%CI £1.08–£1.18) 
in the adjustable dosing group compared with £1.31 (95%CI 
£1.27–£1.34) in the fi xed dosing group ( p       �      0.001).  

    COPD 

   Th e aim of current treatment for COPD, in the absence of 
a disease cure, is to prevent and control symptoms, reduce 
the frequency and severity of exacerbations, improve health 
status, and improve exercise tolerance  [54] . 

    “ Smoking cessation is the single most  …  cost eff ective 
way to reduce exposure to COPD risk factors ”   [54] . 

   Smoking cessation is recommended at all stages of the 
disease. Interventions to assist individuals in quitting smok-
ing include: counseling; nicotine replacement products: gum, 
patches, spray, lozenges; and the drug therapies: Bupropion, 
Nortriptyline and Varenicline. 

   A review of smoking cessation on interventions (e.g. 
advice and nicotine gum) for diff erent subgroups of the US 
population  [55]  found that societal cost per life year ranged 
from $0 to $13,000 (1993 prices) (€0–8944). A more recent 
review of the literature  [56] , carried out from a UK societal 
perspective, found cost-eff ectiveness estimates of between 
£212 (€304) for advice and £873 (€1253) for advice, self help, 
nicotine replacement therapy, and a specialist cessation serv-
ice, per life year saved. Given this evidence, smoking cessation 
interventions seems to represent good value for money. 

   Th ere are numerous options available for treating 
COPD. Th ese are set out in  Table 62.1   , along with the most 

 TABLE 62.1          Treatment guidelines for COPD by disease severity  [47] .  

   Disease stage  Mild  Moderate  Severe  Very severe 

   Classifi cation  FEV 1 /FVC      �      0.70  FEV 1 /FVC      �      0.70  FEV 1 /FVC      �      0.70  FEV 1 /FVC      �      0.70 

     FEV 1       �      80% predicted  50%      �      FEV 1       �      80% predicted  30%      �      FEV 1       �      50% predicted  FEV 1       �      30% predicted or 

           FEV 1       �      50% predicted plus

  chronic respiratory failure 

   Treatment  Infl uenza vaccination 

Short-acting

  broncholdilator added

  when necessary: short-

  acting   β  2 -agonists/short

  acting anticholinergic       

       Add rehabilitation     
 Add regular treatment with

  one or more long-acting

  broncholdilators if needed:

  long-acting

  β  2 -agonists/long acting

  anticholinergic     

         Add inhaled corticosteroids if

  exacerbations are repeated   

           Add long-term oxygen if

  chronic respiratory failure. 

 Consider surgical treatments. 
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established and up to date treatment guidelines for the man-
agement of the disease. Treatment is dependent upon disease 
severity; classifi ed here in terms of the GOLD guidelines, 
with four states from mild through to very severe. 

   Disease management is additive; as the disease 
progresses through the four stages, more treatments are added. 
In respect of this, this section has four parts: mild, moderate, 
severe, and very severe. Under each and where available, the 
economic evidence for each treatment is presented at the 
stage where this treatment is fi rst recommended. 

    Mild COPD 

    Infl uenza vaccination 

   Infl uenza vaccines are recommended to treat all COPD 
patients, regardless of severity. Th e cost for the vaccine 
for high risk people was found to be $570 (€392) per life 
year saved. Th e Pnuemococcol vaccine is recommended for 
patients aged 65 years or over. For this subgroup, the cost-
eff ectiveness ratio has been found to be between $1800 to 
$2200 (€1238–1513) per life year  [55] . Both vaccines repre-
sent good value for money.  

    Use a short-acting bronchodilator, short-acting 

anticholinergic when necessary 

   One study modeled the costs and cost-eff ectiveness of the-
ophylline compared to ipratropium in moderate to severe 
COPD. In this case no Incremental Cost-Eff ectiveness 
Ratio (ICER) was calculated since ipratropium was found 
to be both less costly and more cost-eff ective than theo-
phylline  [57] . 

   Sometimes these products are combined and evidence 
exists to support one such combination. One study exam-
ined the effi  cacy of ipratropium combined with albuterol, 
compared to each monocomponent in moderate to severe 
COPD patients. Th e ICER for the combination product was 
not calculated: combining ipratropium with albuterol com-
pared to albuterol alone was found to strictly dominate  [58] .   

    Moderate COPD 

    Add rehabilitation 

   Rehabilitation is a multifaceted approach which incorpo-
rates a wide range of programs to improve quality of life 
and functional independence and to reduce symptoms and 
disability for the patient. Areas within the rehabilitation 
program can include exercise and physical training, psy-
chological, social interactions, education around the disease, 
and about nutrition  [59] . 

   A recent US study found a marked reduction in cost 
following a rehabilitation program in terms of a reduction 
in health care utilization after 1 year of treatment compared 
to the previous year of no treatment  [60] . A 2001 UK paper 
reports that the cost-eff ectiveness of a rehabilitation pro-
gram leads to overall gains in utility in the patients receiving 
rehabilitation and also a drop in total costs, compared to 
the control group  [61] . Th e probability that rehabilitation 
was cost-eff ective was 90% at £10,000 and 95% at £17,000 
(€      	      24,405)  [62] . Given the data, rehabilitation seems to 
represent a cost-eff ective treatment.  

    Add regular treatment with one or more long-acting 

bronchodilators/anticholinergic 

   One clinical trial based study compared formoterol to the 
short-acting anticholinergic, ipratropium and also to pla-
cebo in moderate to severe patients. In terms of the ICER 
for HRQoL, formoterol dominated ipratropium. Th e ICER 
for formoterol compared to placebo was found to be $25.20 
over the 12 weeks  [63] . 

   A UK study that examined salmeterol compared to 
placebo in moderate patients found that hospital costs and 
costs for GP contracts and COPD-related medications 
were lower in the salmeterol arm of the trial compared to 
placebo. In addition signifi cant benefi ts were observed in 
the measures of health outcome that were used, including 
improved health status (as measured by the St George’s 
Respiratory Questionnaire, SGRQ). Th ese improvements 
were found to be made at a moderate cost that is for a four 
point increase in SGRQ score, was found to have an ICER 
of £4.44 per patient per day (£1622 per year)  [64] . 

   In 2002, the long-acting anticholinergic, tiotropium 
was launched onto the UK market and later, in 2004 to the 
United States. Several related economic evaluations have 
centered on tiotropium. 

   Th e earliest cost-eff ectiveness analysis for tiotro-
pium was carried out for the Netherlands and Belgium and 
compared tiotropium to ipratropium. Th e study found that 
tiotropium led to improved health outcomes, including an 
improvement in SGRQ score and an improvement in FEV 1  
at a small additional cost  [65] . 

   Oostenbrink  et al . then designed a 1-year Markov 
model around disease severity states (moderate, severe and 
very severe) and exacerbations (severe) in order to examine 
the cost-eff ectiveness of ipratropium, salmeterol, and tiotro-
pium in the Netherlands and in Canada. In the Netherlands 
and in Canada, tiotropium was found to be associated with 
maximum expected net benefi t for plausible values of the 
ceiling ratio  [66] . 

   Two additional models, adapted from Ref.  [66] , and 
applied to diff erent countries have recently been published. 
Th e fi rst, to a Greek setting, examined the cost-eff ectiveness 
of tiotropium compared to salmeterol, from the perspective 
of the Greek NHS  [67] . Tiotropium was concluded to be 
cost-eff ective, but there was no statistically signifi cant dif-
ference found between the treatments. 

   Th e second study applied the original model to a 
Spanish setting and sought to compare the cost-eff ectiveness 
of tiotropium, salmeterol, ipratropium, and placebo. Th e ICER 
per QALY for tiotropium compared to salmeterol was found 
to be €4118 and for salmeterol compared to ipratropium, 
€38,931. At low values of the ceiling ratio (below €11,000 per 
QALY) ipratropium was found to have the highest probabil-
ity of being cost-eff ective. Above €11,000, tiotropium had the 
highest probability of being cost-eff ective  [68] .   

    Severe COPD 

    Add inhaled corticosteroids if exacerbations are repeated 

   An economic model examined the eff ects of adding inhaled 
corticosteroids to treatment for three groups; all COPD 
patients, patients with stage 2 or 3 disease, and stage 3 disease. 
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Th e model was 3 years in duration with 12 cycles; each cycle 
being 3 months in length. Th e model was split into three 
states according to disease severity, one being least severe and 
three most severe. Treatment was found to be cost-eff ective 
when given to patients with stage 2 or 3 disease  [69] . 

   Th ree clinical trial based studies have compared fl u-
ticasone to placebo in COPD patients. Th e fi rst was by van 
den Boom  et al . in a group of patients who, prior to the 
study, were undiagnosed but had signs of obstructive airway 
disease. Th e incremental cost-eff ectiveness for early treat-
ment was found to be $13,016 per QALY  [70] . 

   Th e second study looked at moderate to severe COPD 
patients and found that fl uticasone produced signifi cant 
improvements in a range of clinical outcomes including 
improvement in FEV 1  and in the proportion of patients 
remaining exacerbation free compared to placebo. Fluticasone 
was found to be cost-eff ective in the study population  [71] . 

   Th e third study investigated QALY’s over 3 years and 
also life expectancy between the treatment arms in moderate 
and severe COPD patients. Cost per QALY was found to be 
£9500 for treatment with fl uticasone compared to placebo 
and a life expectancy increase was found of 23 days  [72] . 

   Th e combination product Salmeterol and Fluticasone 
(Seretide) was introduced into the EU market in 2000. 
Since then it has experienced substantial growth in patient 
market share. Spencer and colleagues ’  model  [73]  employ a 
Markov model in order to compare the cost-eff ectiveness 
of this combination product in relation to usual care. Th e 
model has four mutually exclusive states: mild, moderate, 
severe, and death. Each cycle of the model was 3 months 
in duration over a time horizon of 25 years. Baseline val-
ues for the model were sourced from GSK clinical trial data 
(TRISTAN), published medical literature, and from expert 
opinion. Th e paper concludes that adding a long-acting  
β  2 -agonist to an inhaled corticosteroid may represent a cost-
eff ective treatment in those patients who have a history of 
frequent exacerbations and poorly reversible COPD. 

   Th e combination drug, Budesonide and Formoterol 
 ( Symbicort) was introduced into the EU market in 2001. 
Th is product has also obtained a signifi cant foothold in the 
market. Lofdahl  et al . investigated the cost-eff ectiveness of 
combining budesonide with formoterol compared to either 
monocomponent alone or placebo in severe and very severe 
patients. Improvements were observed in the combination 
arm compared to the other arms in terms of fewer accident 
and emergency admissions, hospitalizations, and special-
ist visits. Th e combination was found to be cost-eff ective if 
the decision-maker is willing to pay about €2 per day per 
avoided exacerbation  [74] . 

   Two studies have investigated the cost-eff ectiveness 
of combining a  β  2 -agonist with an inhaled corticosteroid. 
Th e fi rst examines three treatments arms to one another. Th e 
fi rst arm was a combined  β  2 -agonist and corticosteroid, the 
second, a  β  2 -agonist with an anticholinergic, and the third, 
a  β  2 -agonist with a placebo. Th e study was conducted along 
the side of a two and a half year clinical trial of moderate 
and severe patients. Th e addition of an inhaled corticoster-
oid to a  β 2 agonist led to signifi cant benefi ts in respiratory 
function and reduced the number of restricted activity days. 
On the other hand, the addition of an anticholinergic was 
found to be both expensive and of no long-term value. Th e 

ICER of the corticosteroid versus the placebo was found 
to be $200 per 10% improvement in FEV 1  and $5.35 per 
symptom-free day gained  [75] . 

   Th e second study by Gagnon  et al . was an observa-
tional study and compared four treatment arms. Th e fi rst, 
a combination of a long-acting  β  2 -agonist and an inhaled 
corticosteroid, the second, just the inhaled corticosteroid, 
the third, just the long-acting  β  2 -agonist, and the fourth, 
placebo. Both the placebo and the inhaled corticosteroid 
arms were dominated by the long-acting  β  2 -agonist and the 
combination. Th e ICER between the inhaled corticoster-
oid/long-acting  β  2 -agonist and the long-acting  β  2 -agonist 
was found to be $91,430  [76] .   

    Very severe COPD 

    Add long-term oxygen if chronic respiratory failure 

   Oxygen therapy is recommended for use in some very 
severe patients in order to increase the partial pressure of 
oxygen in the arterial blood (PaO 2 ) and has three diff erent 
uses: to relieve dyspnea, to aid oxygen intake during exercise 
and for long term, continuous treatment  [54] . Whilst it is 
clear that oxygen therapy forms a high proportion of out-
patient costs for COPD patients  [77] , little is known about 
the cost-eff ectiveness of this treatment, outside of fi ndings 
that concentrators for the delivery of oxygen therapy may 
be more cost-eff ective than cylinders        [78, 79] .  

    Consider surgical treatments 

   Lung volume reduction surgery (LVRS) involves cutting 
away around 30% of the diseased lung tissue in order to 
increase the eff ectiveness and effi  ciency of the remaining 
lung and surrounding muscle. It is only suitable for some 
patients with very severe COPD. 

   Estimates of cost-eff ectiveness ratios for LVRS, from 
a societal perspective, compared to medical therapy were 
found to be $190,000 (€      	      1386) per QALY for 3 years 
and $53,000 (€      	      36,459) per QALY for 10 years  [80] . 
Because this procedure is very expensive, patients undergo-
ing LVRS must be carefully selected  [54]  in order to select 
those patients who are most likely to benefi t and least likely 
to have associated complications. Th e National Emphysema 
treatment trial identifi ed the profi le of this subset of 
patients: those with an upper lobe emphysema and a low 
exercise capacity. Th e cost-eff ectiveness ratio for this sub-
group, showed a more favorable ICER than for the study 
average at $98,000 (€      	      67,414) per QALY for 3 years and 
$21,000 (€      	      14,446) per QALY for 10 years  [80] . 

   Th e cost of surgery, coupled with lifetime follow-up 
costs, makes lung transplantation very expensive. In addi-
tion the supply of suitable organs is very limited. Like with 
LVRS, lung transplantation is a viable option for some 
patients who are in the most severe COPD stratifi cation, 
however it is important to identify those patients who are 
most likely to benefi t and least likely to have adverse reac-
tions to the surgery. 

   A small observational study yielded a lifetime incre-
mental cost of $176,817 (€      	      121,635) per QALY compared 
to those not receiving surgery  [81] . A larger study which 
used a simulation model to calculate a cost-eff ectiveness ratio 
over 40 years yielded a cost of 167,000 Netherlands Guilders 
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per QALY (€      	      75,781) compared to non surgery  [82] . A 
UK study, extrapolated to 15 years found that the costs per 
QALY gained were $48,241 (€      	      33,186) for single lung 
transplantation and $32,803 (€      	      22,566) for double lung 
transplantation  [83] . All three of these studies found sub-
stantial gains in quality of life following lung transplantation; 
however evidence of an eff ect on survival was mixed. 

   Bullectomy may be an option when a large air fi lled 
bulla exists that fi lls half of the thoracic volume and com-
presses the relatively normal adjacent parenchyma  [84] . Th ere 
is no cost-eff ectiveness information on this surgery option.     

    SUMMARY 

   Treatment patterns have changed remarkably in both asthma 
and COPD in recent years. In both disease areas, the use of 
pharmacotherapy as part of the armamentarium of treatment 
options for patient management has increased, with a trend 
toward using alternative products in combination, especially 
for the most severe patients. In general terms, the value for 
money of treatments, including pharmacotherapies, in both 
disease areas has been demonstrated. Nevertheless, in look-
ing to the future, the challenges of demonstrating value for 
money of increasingly novel approaches to patient treat-
ment and management in both disease areas are likely to 
increase. In asthma, the potential for biologic treatments, at 
high levels of cost-per-patient year, are likely to bring issues 
of cost-eff ectiveness to the fore in any regions of the world. 
Similarly, in COPD, the increasing use of combination ther-
apy (inhaled corticosteroid and long-acting  β -agonist) and 
triple therapy (ICS/LABA combination plus anticholiner-
gic) are likely to put pressure on pharmaceutical budgets in 
this patient group. Consequently, issues of cost-eff ectiveness 
and value for money are likely to become ever more impor-
tant as all health systems grapple with providing the maxi-
mum health gain possible for their population from limited 
resources.  
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C H A P T E R

              Management of Chronic 

Asthma: In Adults 

        INTRODUCTION 

   Knowledge gained from research into the patho-
genesis of asthma combined with numerous 
randomized clinical trials (RCTs) has revolution-
ized our understanding of this prevalent disease 
and its treatment. However, although mortality 
from asthma appears to be declining in devel-
oped nations, the World Health Organization 
estimates that asthma mortality worldwide will 
increase in the next 10 years. Th e reduction in 
asthma mortality in developed nations appears 
to coincide with the development of manage-
ment guidelines        [1, 2]  that emphasize disease 
control using anti-infl ammatory medications. 
Unfortunately, asthma morbidity in developed 
nations remains a signifi cant problem. A recent 
survey assessing asthma control in the United 
States demonstrated that the majority of patients 
surveyed (55%) characterized their asthma as 
being  “ uncontrolled. ”  Th is was despite the fact 
that for the most part these patients were receiv-
ing care in accordance with widely accepted 
asthma guidelines. Th ese authors also found that 
most patients do not utilize asthma action plans 
 [3] . Additionally, patients with poorly control-
led asthma use a disproportionate amount of 
healthcare resources. Despite the recognition 
that patient education strategies and the use of 
management guidelines improve asthma out-
comes, these tools remain underutilized by prac-
titioners, patients often remain ignorant about 
their asthma and outcomes achieved in the 
real world fall short of what can be achieved in 
clinical studies. 

   Th us, one key overarching theme is that 
to improve outcomes for individual patients one 
must improve the process of care. Even though, 
where guidelines are rigorously implemented, 

in some patients asthma continues to remain 
poorly controlled, it has been shown that con-
trol can be achieved in a majority of patients 
 [4] . Asthma management is a complex proc-
ess for a number of reasons. First, asthma is 
best characterized as a syndrome that exhibits 
heterogeneity with respect to its etiology, clini-
cal presentation, severity, natural history, and 
response to therapy. As such, asthma has been 
termed a complex genetic disorder in that mul-
tiple genes and gene–environment interactions 
lead to the characteristic symptoms and signs 
in a given patient. One might say that there 
are many asthma phenotypes so that a single-
management approach will not work for all 
patients, and therapy must be tailored to the 
individual patient. Second, within each patient, 
the severity of symptoms and lung function 
varies over time. Some patients experience pro-
longed remissions of symptoms whereas others 
rarely achieve adequate symptom relief. Asthma 
is also characterized by the occurrence of exac-
erbations, events where an environmental fac-
tor triggers increased airway infl ammation, 
bronchial hyperresponsiveness, and resultant 
increased symptoms. Such exacerbations may be 
brief, lasting for minutes and readily ablated by 
bronchodilators or prolonged lasting days-to-
weeks and requiring intensive pharmacotherapy. 
In earlier studies assessing the effi  cacy of drugs 
used to treat asthma changes in lung function is 
the major outcome of interest; however, more 
recent studies assess for more patient-centric 
outcomes like reductions in exacerbations or 
symptoms and improvements in quality of life. 
Th ird, unlike many other diseases where treat-
ment decisions are made predominantly by the 
healthcare provider during a scheduled encoun-
ter, the minute-to-minute variability of asthma 
requires that the patient frequently makes 
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treatment decisions. Th e quality of this decision-making 
is dependent on the patient’s understanding of their dis-
ease and the tools provided to the patient for their disease 
assessment.  

    MANAGING ASTHMA NOT IN EXACERBATION 

   Once the diagnosis of asthma has been established and 
co-morbidities identifi ed, a management process should 
be implemented ( Fig. 63.1   ). Th ough as stated previously 
the management of asthma should be individualized, 
guidelines are quite useful in that they outline a proc-
ess of care. First, the initial severity should be determined; 
it is especially important to identify those subjects with 
severe disease. Because patients with severe asthma have 
a disproportionate morbidity, mortality, and healthcare 
utilization compared to nonsevere patients, hence fac-
ing a higher risk from their disease, it is important to tar-
get them for intensive treatment and frequent follow-up. 
Previous intubation for asthma, ICU care for asthma, hos-
pitalization for asthma, excessive use of asthma medica-
tions, psychiatric disease, and low lung function are risk 
factors for future life-threatening episodes of asthma. 

Another variable that is not accounted for by merely 
assessing medication use, symptoms, and lung function is 
the exacerbation history. Recent severe asthma exacerba-
tions (in the prior 3 months) or the recent use of a ster-
oid burst appear to be powerful indicators of future severe 
asthma exacerbations  [5] . Th us, we recommend that the 
recent exacerbation history and history of life-threatening 
episodes be included as part of the assessment of initial 
asthma severity and subsequently as a measure of asthma 
control on reassessment. It is our opinion that this initial 
step of determining severity be performed in any patient 
with asthma who is new to a practitioner even if the diag-
nosis had been previously established by another healthcare 
provider, because asthma frequently is not appropriately 
treated or misdiagnosed. As shown in  Fig. 63.1  and  Table 
63.1    and consistent with the latest guidelines        [1, 2] , 
the assessment of severity integrates the impairment 
domain that includes frequency of daytime and nocturnal 
symptoms, the amount of medication used, and lung func-
tion with the risk domain that accounts for exacerbation 
history, medication side eff ects, and potential loss of lung 
function. Impairment as it applies to daily activities, exer-
cise, and the performance of job-specifi c tasks should 
also be determined. Second, initial therapy should be 
selected based on severity using increasingly intensive anti-
infl ammatory regimens for increasingly severe disease as 
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 FIG. 63.1          Managing asthma. Once the diagnosis is established, 

symptoms, medication use, exacerbation history, and spirometry 

are used to assess initial asthma severity. After treatment is 

initiated, the patient then undergoes reassessment at an 

appropriate interval based on severity. From that point on, the 

emphasis is placed on disease control and control is constantly 

reassessed at an interval dictated by the degree of recent asthma 

control. Importantly, the same set of disease measurement tools 

such as symptoms, medication use, recent exacerbation history, 

and spirometry are also used to subsequently assess asthma 

control  .    
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 TABLE 63.1          Initial asthma severity *  and treatment steps in adults. *   

   Components of severity     

   Persistent 

 Intermittent  Mild  Moderate  Severe 

   Impairment 

domain                 
 Symptoms   � 2 days/week   � 2 days/week, 

but not daily 

 Daily  Throughout the 

day 

 Nocturnal symptoms   � 2      �     /month  3–4      �     /month   � 1      �     /week but

not every night 

 Often every night 

 Short-acting  β -agonist 

use for rescue 

  � 2 days/week   � 2 days/week, 

but less than daily 

 Daily  Several times 

per day 

 Interference with 

normal activity 

 None  Minor  Some  Extreme 

 Lung function when 

not in exacerbation 

 FEV 1        �      80% 

predicted 

 FEV 1        �      80% 

predicted 

 FEV 1  60–79% 

predicted 

 FEV 1       �      60% 

predicted 

   Risk domain  Exacerbations 

requiring systemic 

corticosteroids 

 0–1/year   � 2/year 

   Treatment step  Step 1  Step 2  Step 3 or 4  Step 5 or 6 

  Adapted from Figures 3–4c in Ref.  [1] .  

  *  Severity is determined by the most severe component of each domain.  

shown in  Table 63.2.    Th ird, reassessment should be per-
formed at return visits scheduled at an interval commen-
surate with either initial asthma severity or later, current 
asthma control. As shown in  Table 63.3   , medications are 
then adjusted in a stepwise manner based on current control 
and drug-related side eff ects. When control is achieved for a 
reasonable period of time, consideration is given to stepping 
down therapy but if the patient remains uncontrolled, ther-
apy is intensifi ed. In a new patient, a less adherent patient, 
or in a patient with recent poor asthma control, more fre-
quent reassessment is indicated. Asthma management is 
thus a dynamic process requiring fl exibility from both the 
patient and the healthcare provider. 

    Implementing initial therapy 

   As noted in  Table 63.2 , inhaled corticosteroids (ICSs) should 
be used as the initial controller in all patients with persistent 
asthma of any severity. Of all pharmacological agents ICS 
have most consistently been shown to improve lung function, 
quality of life and prevent exacerbations while having a good 
side eff ect profi le. For  initial  therapy in severe asthma we 
additionally recommend a short course of oral corticosteroids 
(0.25–0.5       mg/kg daily). Lung function and asthma control 
should then be reassessed after 2–4 weeks. Systemic ster-
oid therapy serves two purposes as it improves the chances 
of quickly achieving asthma control in those patients who 
will be responsive while at the same time identifying those 
patients who may be steroid-resistant. In the steroid-phobic 

patient with mild persistent asthma (Step 2), a leukotriene 
receptor antagonist (LTRA) can be used as an alternative to 
ICS, however, it should be understood that for a signifi cant 
majority of patients, ICS are superior to LTRAs for all rel-
evant asthma treatment outcomes        [6, 7] . Th e benefi ts of ICS 
have been known for over two decades        [8, 9] , and the regular 
daily use of ICS for asthma control has been the standard of 
care for persistent asthma. However, it is known that many 
patients do not use these agents on a regular basis, some 
studies suggesting that patients refi ll medications less than 
half of the time that they are prescribed. Importantly, the use 
of combination inhalers improves adherence when compared 
to the use of multiple single-drug devices        [10, 11] . Patients 
with only occasional symptoms (cough, wheezing, dyspnea), 
no more than one nocturnal awakening/month and normal 
lung function (Step 1), do not need controller therapy and 
may be given a reliever to be used as needed. Additionally, 
such patients that do not need a controller and suff er from 
exercise-induced bronchospasm can be advised to take a 
 β -agonist with a rapid onset of action whether it be short- 
or long-acting in duration  [12] , or an inhaled cromone  [13] , 
about 30       min prior to exercise, or a daily LTRA in a pro-
phylactic manner  [14] . Patients already taking controller 
therapy with otherwise well-controlled asthma may also uti-
lize an additional agent ( β -agonist, inhaled cromone) which 
they are not using as a controller, as an add-on for exercise 
prophylaxis if they experience bothersome symptoms with 
exercise. 

   Interestingly, several recent studies of novel treat-
ment protocols using ICS have perhaps emulated the 
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 de facto  use of these agents by many patients. Since ICS have 
side eff ects and as discussed previously adherence to daily 
use appears to be poor, one obvious question is whether 
controller agents can be used as needed rather than a regu-
lar basis. In one such study, the level of asthma control was 
examined in patients with mild asthma randomized to an 
intermittent treatment plan, which instituted the use of ICS 
or oral steroids only when indicated using a protocol simi-
lar to many asthma action plans, or randomized to regular 
use of ICS, or randomized to regular use of a leukotriene-
receptor antagonist. Intermittent treatment appeared to be 
equivalent to regular use of controllers for rates of asthma 
exacerbation, even though the overall steroid consumption 
by the intermittent group was quite low  [15] . In another 
study with a diff erent design, symptom-driven use of an 
inhaler continuing both an ICS and a short-acting  β -agonist 
was as eff ective as regular use of ICS and as-needed use of 
the short-acting  β -agonist; steroid consumption again was 
lower in the group using the controller agent as needed 
 [16] . In yet another trial with a similar theme a long-acting 
bronchodilator that happens to have an onset of action 
similar to many relief inhalers was combined with ICS and 
used as both a regularly taken controller and an as-needed 
relief inhaler. Th is strategy proved to be superior in terms of 
preventing asthma exacerbations when compared to regular 
use of the ICS/long-acting  β -agonist (LABA) combination 
inhaler as a controller with a short-acting  β -agonist used as-
needed as a reliever. Total steroid use was actually reduced 
when the ICS/LABA was used as both a controller and a 
reliever  [17] . 

   All patients should be provided with and instructed 
on the proper usage of a quick relief medication, preferably 
a short-acting inhaled  β -agonist. Regular use of short-acting 
bronchodilators is clinically not better than as-needed 
use, and regular use leads to more medication use and side 
eff ects, so short-acting bronchodilators should only be used 
as-needed for relief of symptoms. 

   Unfortunately, the proper use of inhaled medication 
is often not straightforward. Th e patient should be showed 
the proper technique for using a device when it is pre-
scribed, and this technique should be reinforced frequently 
especially if there are excessive side eff ects or a poor thera-
peutic response. Quick relief medications should be used 
as-needed whereas controller medications should be used 
on a scheduled basis, and this concept should be reinforced 
frequently with the patient. 

    Asthma self-management education 

   Studies suggest that patient education and environmental 
control programs are eff ective in reducing asthma morbid-
ity. Asthma self-management education reduces hospitali-
zations, emergency room visits, unscheduled physician visits, 
days-off  from work or school, and nocturnal asthma symp-
toms and improves quality of life            [18–21] . Th e goals of 
asthma education are to improve patient understanding of 
their disease, medication adherence, self-management and 
effi  ciency of healthcare utilization. Educated patients are 
more likely to recognize and modify environmental factors 
and avoid triggers that worsen asthma control. In many 
patients as a prolonged exacerbation is developing, peak 

 TABLE 63.2          Treatment for asthma in adults  .  

           Treatment 

step 

   Persistent 

 Intermittent  Mild  Moderate  Severe 

 Step 1  Step 2  Step 3  Step 4  Step 5  Step 6 

   Preferred 

controller 

 SABA prn  Low-dose 

ICS 

 Low-dose 

ICS      �      LABA

or

Medium dose ICS 

 Medium-dose 

ICS      �       LABA 

 High-dose ICS  � 

LABA

and

Consider 

Omalizumab

Consider other 

additional 

controllers   

 High-dose ICS 

 �  LABA      �      

low-dose oral 

corticosteroids

and

Consider 

Omalizumab

Consider other

additional 

controllers   

   Alternative 

controller 

   Cromolyn, 

LTRA, 

Nedocromil, or 

Theophylline 

 Low-dose ICS  �  

LTRA, 

Theophylline, 

or Zileuton 

 Medium-dose 

ICS  �  

LTRA, 

Theophylline, 

or Zileuton 

   Allergen 

immunotherapy 

   Consider  Consider  Consider  No  No 

   Written action 

plan and 

self-monitoring 

   Consider  Yes  Yes  Yes  Yes 

   Return visit  Annual  6 months  3–4 months  3–4 months  1–2 months  2–4 weeks 

  Partially adapted from Figures 4–5 in Ref.  [1] .  

For treatment step see  Table 63.1  (initial severity) or  Table 63.3  (current control).  

ICS, inhaled corticosteroid; SABA, short-acting  β  2 -agonist; LTRA, leukotriene receptor antagonist; sustained-release theophylline is preferred.  
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expiratory fl ow (PEF) will begin to deteriorate prior to 
symptom worsening. Moreover, there appears to be a sub-
set of asthma patients that do not sense worsening airfl ow 
obstruction. So we recommend that the action plan include 
elements of symptom monitoring and PEF measurements 
and that it be introduced to the patient at the earliest 
opportunity. An example of an asthma action plan is pro-
vided in  Fig. 63.2   . 

   Environmental control is an important, often over-
looked part of the management plan for all asthmat-
ics, especially those with severe asthma and it consists of 
measures to control environmental triggers. Avoidance of 
aeroallergens, viral respiratory pathogens, air pollution, and 
certain drugs can prevent exacerbations, reduce the need for 
drug treatment, and decrease utilization of emergency facili-
ties. Th e relative importance of diff erent indoor allergens may 
vary among populations, and there is substantial variability 
among patients. For moderate-to-severe asthma, we recom-
mend an assessment for allergy performed by a subspecialty 

trained allergist. For mild disease a simpler assessment for 
other atopic disease (rhinitis, eczema), triggers, seasonal pat-
terns, and home and work environment is often suffi  cient. 
Th e possibility of occupational asthma should be determined 
during the initial assessment and is discussed in Chapter 36  .
Most patients with chronic asthma have numerous triggers, 
and avoidance strategies should be discussed at every oppor-
tunity. Allergen immunotherapy can benefi t highly selected 
patients with defi ned allergic triggers  [22] . Th ough seri-
ous complications from immunotherapy are rare they occur 
more frequently in patients with asthma  [23] , so immuno-
therapy should not be used in patients with severe asthma 
and should only be administered by physicians specifi cally 
trained in it use. 

   Strategies to avoid respiratory infections particularly 
viral upper respiratory tract infections should be discussed. 
Inactivated infl uenza vaccine may be safely administered to 
patients with asthma  [24] . Th ough it has not conclusively 
been shown that infl uenza vaccination decreases the incidence 

 TABLE 63.3          Assessing asthma control in adults.  

   Components of control  Well controlled (good) 

 Not well controlled 

(partial) 

 Very poorly controlled 

(poor) 

   Impairment                      Symptoms   � 2 days/week   � 2 days/week  Throughout the day 

 Nighttime 

awakenings 

  � 2      �     /month  1–3      � /week   � 4      �     /week 

 Interference with 

normal activity 

 None  Some limitation  Extremely limited 

 SABA use for rescue   � 2 days/week   � 2 days/week  Several times per day 

  a Lung function   � 80% personal 

best/predicted 

 60–80% personal 

best/predicted 

  � 60% personal 

best/predicted 

 Asthma control 

questionnaires

ATAQ

ACQ

ACT 

 0      

�      0.75  

    �      20 

 1–2   

   �      1.5

16–19 

 

3–4

N/A      

�      15 

   Risk          Exacerbations 

requiring systemic 

steroids 

 0–1/year   � 2/year 

  a Progressive loss of 

lung function 

  

  b Treatment-related 

adverse eff ects 

  

   Recommended 

action for 

treatment 

        1.     Maintain current step  

    2.     Regular follow-up  

    3.      Consider step down if well 

controlled at least 3 months    

      1.     Step up one step  

    2.      Reevaluate in 

2–6 weeks    

      1.     Step up 1–2 steps  

    2.     Reevaluate in 2 weeks  

    3.      Consider short 

course of systemic 

corticosteroids    

  Adapted from Figures 4–7 in Ref.  [1] .  

Personal best or predicted FEV 1  or PEF values may be used but the authors recommend using personal best values.

  ACQ, Asthma Control Questionnaire©; ACT, Asthma Control Test™; ATAQ, Asthma Therapy Assessment Questionnaire©.  

  a  Loss of lung function can be determined by serial measurement during follow-up care.  

  b  Treatment-related adverse eff ects should be considered when assessing risk and making changes in therapy.  
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of exacerbations of asthma  [25] , patients with asthma should 
receive inactivated infl uenza vaccine if there are no other con-
traindications and especially if they have other conditions that 
increase the risk of death from infl uenza infection  [26] .  

    Pharmacologic therapy 

   Th e categorization of asthma by clinical severity is a key 
tenet of the major clinical guidelines. Th e severity indi-
ces use symptoms, lung function, and rescue medica-
tion use as variables        [27, 2] . Asthma drugs currently 
available are classifi ed as long-term control medications 

or  “ controllers ”  and quick-relief medications or  “ reliev-
ers ”  based on their principle pharmacodynamic and clini-
cal eff ects. Short-acting agents that primarily work by 
inducing rapid bronchodilation such as inhaled  β -ago-
nists or anticholinergics are considered quick-relief medi-
cations; they should be taken on an as-needed basis. 
Corticosteroids, long-acting  β -agonists, leukotriene path-
way inhibitors, cromolyn sodium, nedocromil sodium, 
sustained-release theophylline, and omalizumab act by pro-
moting sustained bronchodilation, have anti-infl ammatory
eff ects or both and are considered as long-term con-
trol medications; they should be taken on a scheduled 

Asthma Action Plan for ________________________  Last Reviewed:______________________ 

Instructions:
Measure your PEF both upon awakening and at 4 PM each day. 
Each morning answer the following questions: Did you wake up last night? How many times did you use albuterol in 
the last 24 hours? Did you have any trouble with exercise or any activities? 
Based on both items #1 and #2 above find your asthma zone. 
Follow the instructions in the action box for your current asthma zone 
If you experience severe or frightening symptoms call EMS (dial 911) 
If you do not need immediate care but have concerns call our office at___________, if you do not get through proceed
to the nearest emergency room.

Green Zone

Your PEF is �_____ (80% personal best) 

You are not waking up at night because of 
your asthma

You use your albuterol inhaler less than     
once daily

Action

Continue to monitor PEF twice daily

Continue usual asthma medications

ICS_____________ ______μg two puffs
twice a day

Albuterol MDI 2 puffs every six hours as
needed

Yellow Zone 

Your PEF �_____ but �______ for more 
than 12 hours (50–80% of personal best) 

OR
You woke up last night because of your

asthma
OR

You are using your albuterol inhaler more
than twice a day

OR
You are more short of breath with exertion

or exercise

Action

 Increase __________ to 4 puffs twice a day
AND 

Monitor your PEF, and if it does not improve 
to greater than ______within 24 hours take 

Prednisone 30 mg daily for 4 days 
AND USE 

Albuterol MDI 2 puffs every four hours
as needed 

AND 
Contact your physician at ___________ 

Red Zone 

Your PEF is �_____ (50% of personal
best) at any time 

OR 
You are using your albuterol inhaler more

than 4 times a day 
OR 

Relief from albuterol lasts less than 4 hours 
OR 

You are so short of breath that daily
activities are difficult

Action 

Immediately go to the emergency room or
call EMS (dial 911)

AND
Take prednisone 60 mg once

AND USE
Albuterol MDI 4 puffs up to every twenty

minutes until you obtain medical attention

1.
2.

3.
4.
5.
6.

 FIG. 63.2          Asthma action plan. Action plans should be simple, empowering the patient to self-monitor their asthma while providing clear, specifi c 

instructions to deal with exacerbations. A combination of symptoms, medication use, and lung function is used by the patient to assess the current control 

of their asthma. It is important to emphasize that patients should not attempt to manage severe exacerbations without medical assistance.    
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basis. Th ough the controller versus reliever concept is 
straightforward to the healthcare provider, it is often not 
grasped by patients who sometimes will not take controllers 
when they are symptom-free or may take relief medications 
on a regular basis. It is important to provide patients with 
clear instructions regarding the proper use of all of their 
asthma medications. 

   Inhaled  β  2 -adrenergic agonists are the drugs of choice 
for relief of symptoms due to acute airway obstruction. 
Short-acting  β -agonists have a rapid onset of action and 
3–6       h duration of activity. At recommended doses, inhaled  β -
agonists have few adverse eff ects. Since regular use of short-
acting  β -agonists has not been shown to be superior to as 
needed use of these agents and several studies have associated 
excessive use of short-acting  β -agonists with asthma-related 
morbidity and mortality, we recommend that these agents be 
used only as needed. Inhaled anticholinergic drugs that are 
also eff ective bronchodilators, though generally less so than 
 β -agonists in asthma, are also indicated for the relief of acute 
bronchospasm. 

   Glucocorticoid steroids are the most eff ective con-
troller agents for treating asthma. Inhaled steroids improve 
lung function when compared to placebo and reduce exac-
erbation rates. Patients with asthma stabilized on inhaled 
steroids experience more exacerbations when the steroids 
are withdrawn  [28] . Unique to this drug class, retrospec-
tive data suggests that the consistent use of inhaled steroids 
reduces asthma mortality        [29, 30] . However, as a drug class, 
the inhaled glucocorticoids suff er from important limita-
tions. First, the dose–response curve of inhaled steroids is 
relatively fl at-higher doses are only incrementally better 
than low-medium doses  . Second, there appears to be sub-
stantial variability in both acute  [31] , and chronic effi  cacy 
of glucocorticoids particularly with respect to improvements 
in bronchial hyperresponsiveness and FEV 1 . Finally, some 
patients appear to be relatively insensitive to the eff ects of 
glucocorticoids, some being so insensitive that their asthma 
may be termed steroid-resistant. Th e steroid-insensitive 
phenotype is associated with severe asthma, persistent 
symptoms, frequent nocturnal symptoms, low and par-
tially irreversible lung function, need for systemic steroids 
at a young age, higher maintenance doses of oral steroids 
and African-American race  [32] . Fortunately, additional 
effi  cacy can often be obtained, using combinations of ster-
oids and other controllers rather than just increasing the 
inhaled steroid dose. Combinations of ICS with long-acting 
 β -agonists            [4, 33–35] , LTRAs  [36] , or theophylline  [37] , 
have been shown to provide superior bronchodilation and 
improve other outcomes when compared to single controller 
agents alone. 

   LABAs have at least 12-h duration of action and are 
not currently recommended for the short-term relief of 
acute symptoms. When used alone LABAs are clearly infe-
rior to ICS with regards to exacerbations and  there is cur-
rent consensus that LABAs should not be used as monotherapy 
for the control of asthma of any severity.  As discussed previ-
ously LABA and ICS combinations provide clinical synergy 
and promote better adherence; the combination of formot-
erol and budesonide was shown to be eff ective when used 
as both a controller, and relief agent and thus provides the 
advantage of a single device used for both purposes  [17] . 

   Th eophylline now is primarily used as an adjunct and 
has steroid sparing eff ects. Th eophylline has a narrow thera-
peutic index, interacts with many drugs and its use requires 
monitoring of serum drug levels. Th e steroid sparing eff ects 
of theophylline seem to occur at levels below the traditional 
therapeutic range of 10-20       mg/l  [37] . We recommend that 
sustained release preparations of theophylline be used and 
titrated to steady state serum concentrations of 5–10       mg/l 
or peak concentrations of no higher than 15       mg/l. 

   Anticholinergic agents by blocking muscarinic recep-
tors induce airway smooth-muscle relaxation. In general, 
the short-acting anticholinergic agent ipratropium is not so 
eff ective as  β -agonists as a bronchodilator in asthma. Th e use 
of anticholinergic agents in asthma has been reviewed  [38] . 
Inhaled ipratropium can be used as a reliever in chronic 
asthma; the utility of ipratropium in an individual patient 
should be determined empirically. Ipratropium, when com-
bined with  β -agonists appears to provide faster and greater 
bronchodilation in acute severe asthma when compared to 
 β -agonists alone and can be added to  β -agonists for this 
purpose when the response to  β -agonists is insuffi  cient 
 [2] . One small study showed that the long-acting, inhaled 
anticholinergic drug tiotropium can provide modest bron-
chodilation and as would be expected provided prolonged 
protection against methacholine-induced bronchoconstric-
tion in subjects with asthma  [39] . Clinical trials are under-
way to determine the utility of tiotropium in asthma. 

   Cromolyn sodium and nedocromil sodium (cromones) 
are classifi ed as controller agents, and inhibit both antigen-
mediated and nonimmunologically (i.e. exercise)-mediated 
bronchoconstriction in asthmatics. Nedocromil generally 
has displayed greater potency in protecting patients against 
exercise-induced bronchospasm  [40] . Th ese agents are safe, 
are considered fi rst-line agents in the treatment of children 
with asthma but are inferior to inhaled steroids with respect 
to most relevant asthma outcomes        [41, 42] . 

   Leukotriene pathway inhibitors are a group of drugs 
that mitigate the eff ects of leukotrienes derived from the 
5-lipoxygenation of arachidonic acid. Th ere are two classes 
of agents: 5-lipoxygenase (5-LO) enzyme inhibitors and 
cysteinyl-leukotriene receptor type 1 antagonists. When 
compared head-to-head corticosteroids are superior asthma 
controllers.          [6, 7, 43]  Leukotriene pathway inhibitors may 
be substituted for ICS in selected patients with mild disease 
and are especially useful when steroids are poorly tolerated, 
when steroid use is not desired by the patient, or when there 
is signifi cant, concomitant rhinosinusitis. LTRAs have been 
shown to prevent exercise-induced bronchospasm  [44]  and 
can be used as monotherapy for this indication in selected 
patients with mild asthma. Finally, leukotriene pathway 
inhibitors are quite useful as add-on therapy to inhaled ster-
oids in moderate-to-severe asthma and have steroid sparing 
eff ects              [36, 41, 45–47].    

    Reassessment 

   Since asthma is characterized by substantial variability in 
disease severity over time and response to therapy, reas-
sessment and adjustment of therapy is the cornerstone of 
management. More severe disease is associated with more 
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frequent exacerbations, more risk of severe events like 
hospitalization and death and probably with more rapid 
loss of lung function over time, hence, more severe disease 
requires frequent reassessment (every few weeks to every 
few months). On the other hand some patients with mild 
asthma may be stable clinically for long periods of time and 
annual reassessment can be appropriate. 

    Disease monitoring tools 

   When one is reassessing asthma the key parameter to be 
ascertained is disease control. When asthma is well control-
led, lung function is stable or not declining faster than usual, 
there is minimal rescue medication use, sleep is not dis-
turbed by asthma symptoms, daytime symptoms are absent 
or minimal, and there is no limitation to activity. Moreover, 
there is little day-to-day variability in these clinical param-
eters; well-controlled asthma has little to no impact on 
quality of life. In contrast, poorly controlled disease is 
characterized by frequent symptoms, exacerbations, res-
cue medication usage and accelerated loss of lung function 
over time; these patients suff er signifi cant disability. Th ough 
well-controlled asthma can be achieved in a majority of 
patients at least over short periods of time, unfortunately, a 
signifi cant minority of patients do not achieve good control 
 [4] . If symptoms are not adequately addressed, quality of life 
is not improved and patient satisfaction is likely to be poor. 
Additionally, a subset of patients may have few symptoms 
but poor lung function. Still other patients have controlled 
symptoms and good lung function but at the cost of heavy 
medication usage. Generally, such patients are considered 
to have more severe disease than those otherwise clinically 
similar patients, but maintained on less medication. For this 
reason many validated instruments like the Asthma Control 
Test™ (ACT) ( www.asthmacontrol.com ) integrate an 
assessment of symptoms and medication use. We encourage 
the use of this and similar instruments along with the use of 
offi  ce spirometry to assess for asthma control. Th ese instru-
ments often have important limitations, for example the 
ACT™ only assesses short-term control using a 1-month 
recall; though this is valid given the fact that longer periods 
of recall are associated with diminished accuracy. We sug-
gest that one ask additional questions especially probing for 
exacerbations that have occurred since the last assessment 
like asthma-related unscheduled physician visits, emergency 
department visits, or the use of systemic glucocorticoids. 
Medication side eff ects should be noted and when therapy 
has changed spirometry should be measured. Th us, we rec-
ommend the use of a combination of objective tools and 
subjective assessment to reach an integrated determination 
as to whether asthma is well controlled, partially controlled, 
or poorly controlled. 

   As shown in  Fig. 63.1  asthma control can be put into 
one of three categories: poorly controlled, partially (not 
well) controlled, or well controlled. Well-controlled asthma 
is straightforward and one can either keep the medication 
regimen the same or consider a step down in intensity. In 
any case the patient should be reminded that control can 
be lost if adherence to medications or environmental con-
trol lapses as many studies have shown that withdrawal of 

controllers leads to increased rates of exacerbation        [28, 34] . 
Before one considers removing a medication it is impor-
tant to consider if current control will be lost, that is if that 
medication was the one that helped to achieve control. 
When there is only partial control or poor control, generally 
another agent needs to be added or substituted for one cur-
rently in use but that is not working. Unfortunately, there 
is a tendency to add medications sequentially until con-
trol is achieved rather than assessing if an added medica-
tion had been helpful. Th e heterogeneity of response to a 
given medication is likely due to a combination of genetic 
and environmental factors. Pharmacogenomics is a grow-
ing fi eld investigating the genetic factors responsible for 
the between-patient variability of response to medica-
tions. Unfortunately, we do not currently have the tools to 
identify ahead of time which drug is most likely to yield a 
good response in a given patient, so therapeutic challenge 
is needed. For example, a newly diagnosed moderate asth-
matic is started on a low-dose ICS/LABA combination 
inhaler and asthma is then reassessed and felt to be only 
partially controlled so a LTRA is added and the patient 
is then reassessed after a short interval. Th e LTRA has no 
eff ect on control, so SR theophylline is added and then con-
trol is achieved. Th e common error at this point would be to 
continue the patient on three medications rather than stop-
ping the add-on controller that had no eff ect. 

   If asthma is not well controlled, environmental con-
trol needs to be reassessed. Th e patient should be reminded 
to control those factors known to worsen their asthma and 
questioned about potential new exacerbating factors or trig-
gers. At this point one also needs to evaluate for co-morbid 
conditions like sinusitis, gastroesophageal refl ux disease 
(GERD), or other cardiopulmonary disease. If identifi ed 
and felt to be contributing to poor control these should 
be treated but this should be done in concert with asthma 
medication escalation, because one cannot know with cer-
tainty if modifying a suspected environmental factor or 
condition by itself will yield a good therapeutic response. 
Depending on the disease severity and prior history of 
severe exacerbations, one should consider using systemic 
glucocorticoids judiciously to achieve control. Despite the 
side eff ects, there should be a low threshold to use systemic 
steroids in a poorly controlled patient with severe disease 
especially if there have been previous life-threatening exac-
erbations. Th e poorly controlled patient should be reassessed 
frequently until control improves.  

    Treatment of Associated Conditions 

   A clinical assessment for these conditions consisting of 
focused questions and physical examination should be per-
formed as part of the initial assessment. If treatment for 
asthma does not easily yield good control a more careful 
search for these conditions may be indicated. 

   Cough, breathlessness, and wheeze, also classic asthma 
symptoms, have been associated with GERD for more 
than 40 years  [48] . Until recently, evidence that GERD 
can aggravate asthma had been largely based on empiric 
observations that anti-refl ux therapy sometimes improves 
asthma control. Moreover, GERD has been identifi ed as 

http://www.asthmacontrol.com
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a risk factor in patients with frequent exacerbations  [49] , 
and in asthma patients, esophageal acid perfusion increases 
bronchial hyperresponsiveness  [50] . Interestingly, oral ster-
oids, often used in severe asthma increase esophageal acid 
contact time in patients with asthma  [51] . Studies exam-
ining the eff ect of medical or surgical therapy for GERD 
on asthma-related outcomes typically have been small and 
have suff ered from poor study design. A recent study  [52]  
showing that surgical anti-refl ux therapy but not intensive 
medical therapy using an H 2 -antagonist improved asthma 
outcomes provides further evidence that treating refl ux may 
be helpful, but this result is tempered by the fact that anti-
refl ux surgery has been associated with increased mortality 
when compared to medical therapy for GERD  [53] . In a 
recent RCT in which a high dose proton-pump inhibitor 
was compared to placebo in moderate-to-severe asthma, 
effi  cacy was not universal, patients with nocturnal asthma 
symptoms and GERD seemed to benefi t whereas patients 
without nocturnal symptoms did not benefi t. Moreover, the 
primary outcome was only a modest improvement in morn-
ing peak fl ow, and there was no eff ect on symptoms or qual-
ity of life making the results of doubtful clinical relevance 
 [54].  If GERD-specifi c symptoms or nocturnal asthma 
symptoms are prominent, we recommend ambulatory 
intraesophageal pH monitoring as a sensitive and specifi c 
diagnostic test to verify the diagnosis of GERD. A negative 
study is valuable in excluding GERD as a cause of asthma 
symptoms, but a positive study does not prove that GERD 
is the cause of asthma symptoms; a symptom diary should 
be used with the study. Empiric treatment without objective 
confi rmation should especially be avoided when patients 
do not have classic refl ux complaints and because chronic 
GERD may have serious consequences, we suggest spe-
cialty consultation. If the study supports a role for GERD 
in asthma in a patient, we suggest an empiric course of high 
dose proton-pump inhibitor treatment that should only be 
continued if it signifi cantly relieves asthma symptoms or 
is otherwise indicated for GERD itself. We also fi nd that 
weight loss when appropriate, elevation of the head of the 
bed, and avoidance of large meals can be helpful. 

   Th e relationship between asthma and chronic sinusi-
tis is well established  [55] , although the underlying mecha-
nisms are not clear. In general, there is a better association 
between asthma and chronic sinusitis when there is exten-
sive sinus disease. Th ere is little published supportive evi-
dence to support the assertion that aggressive treatment 
of chronic sinusitis improves asthma control. Th erapy for 
sinusitis includes antibiotics, decongestants, and intrana-
sal topical glucocorticoids. Patients who fail to respond to 
medical therapy may benefi t from endoscopic sphenoeth-
moidectomy, but the results of endoscopic sinus surgery 
tend to be poorest in patients with asthma, especially those 
with aspirin sensitivity and polyposis. Specifi c allergen 
immunotherapy is particularly useful in asthmatics with 
concomitant allergic rhinitis and sinusitis  [22] . 

   Th ere is epidemiological evidence that obesity is 
associated with asthma  [56] . Prospective studies showing 
an association between the body mass index (BMI) and 
the subsequent development of asthma are generally lim-
ited by the fact that they rely on patient-reported asthma. 

For example, in NHANES III, obese patients reported more 
asthma, wheezing, and bronchodilator use but were less 
likely to demonstrate airfl ow obstruction than non-obese 
patients  [57] . Hence, though obesity may be associated with 
asthma, obese patients are more likely to be misdiagnosed 
with asthma and to be incorrectly treated. In one prospective 
study of physician-diagnosed asthma, a BMI      �      28 was asso-
ciated with asthma largely driven by obese female subjects 
 [58] . Finally, intervention studies have shown that weight 
loss can favorably aff ect asthma outcomes        [59, 60] , so it is 
prudent to aggressively treat obesity in the asthmatic patient.  

    Add-on pharmacological therapy 

   A monoclonal antibody to IgE (omalizumab) reduces 
serum IgE and should be considered as a controller for 
atopic asthmatic patients dependent on oral corticosteroids 
or for use in patients with poorly controlled disease despite 
high dose ICS also using multiple controllers. Studies in 
patients with moderate-to-severe corticosteroid-dependent
asthma have shown a signifi cant steroid-sparing eff ect of 
omalizumab and a reduction in exacerbation frequency 
           [61–64] . Omalizumab is most useful when patients require 
 � 800        μ g (medium doses) of inhaled steroids daily, take 
daily oral steroids, have an FEV 1 ;      �      65% predicted, or have 
required emergency room treatment within the prior year 
 [65] . Post-marketing data reported to the Food and Drug 
Administration suggests that omalizumab may cause ana-
phylaxis with an estimated incidence  � 0.1%; anaphylaxis 
after omalizumab administration usually occurs within 2       h 
but can occur even after 24       h, and omalizumab-associated 
anaphylaxis can occur even after several treatments ( www.
fda.gov ). Th e Providers administering this agent should be 
prepared to deal promptly with this infrequent but impor-
tant complication. 

   If the patient remains poorly controlled despite tri-
als of the fi rst-line agents, ICS, LABAs, LTRA, SR theo-
phylline, and omalizumab, there are few therapeutic options 
besides for further escalation of oral steroids. Studies using 
macrolide antibiotics in asthma have yielded discordant 
results  [66] . In one clinical trial, the administration of clari-
thromycin to subjects with asthma resulted in improvements 
in lung function but  post hoc  analysis showed that improve-
ment only occurred in patients with demonstrable evidence 
of  mycoplasma  or  chlamydia  infection  [67] . Why macrolides 
may be eff ective remains under study; macrolides may treat 
chronic, subclinical airway infection from  mycoplasma  and 
 chlamydia  bacteria or may have other anti-infl ammatory 
eff ects  [68] . More studies of the utility of macrolide antibi-
otics in asthma are currently underway. 

   Several other targeted and nontargeted drugs have 
been tested in clinical trials and others are under develop-
ment. Non-targeted drugs useful in other conditions such as 
gold salts, methotrexate, colchicine, and cyclosporine have 
been studied in asthma with disappointing results              [69–73] . 
Targeted agents like those designed to inhibit the eff ects of 
cytokine products, such as IL-4, and IL-5  [74]  and TNF-
 α   [75–77] , have been studied in clinical trials with disap-
pointing results to date. Because of the specifi city of newer 
agents, it is likely that some agents will prove more eff ective 

http://www.fda.gov
http://www.fda.gov
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in certain patients than others, and this will be likely related 
to pharmacogenomic and environmental factors.    

    MANAGING ASTHMA IN EXACERBATION 

   Asthma is characterized by disease exacerbations that result 
in substantial morbidity, occasional mortality and consider-
able medical and economic costs. Most asthma exacerba-
tions occur in a minority of asthma patients. When deaths 
from asthma have been analyzed, most decedents had expe-
rienced worsening symptoms over a period of several hours 
to several days highlighting the importance of identifying 
and educating the at-risk patient. Life-threatening episodes 
can develop in patients whose asthma appears to be mild at 
baseline, but patients who have at baseline, severe or poorly 
controlled disease, are those who frequently access the ER, 
are frequently hospitalized, and are at the highest risk  [78] . 
Th ese patients should be identifi ed and targeted for inten-
sive disease management. Th ere is a spectrum of exacerba-
tion severity, and it is important that a proper action plan 
based on severity be in place to be rapidly utilized. Patients 
need to be instructed to promptly seek medical attention for 
serious symptoms. Less serious exacerbations can be man-
aged in the outpatient setting and are discussed later. 

   Th e management of acute severe asthma that requires 
hospitalization is discussed in Chapter 64  . 

   Th e cornerstone of therapy for an exacerbation of 
asthma involves the escalation of both glucocorticoids and 
quick-relief medications, usually inhaled  β  2 -adrenergic 
agonists, with frequent reassessment of symptoms and the 
degree of airfl ow obstruction. Initial management in the 
emergency department or in an urgent care setting involves 
assessment for hypoxia, severity of symptoms, severity 
of airfl ow obstruction, and rapid triage coupled with the 
administration of intensive glucocorticoid therapy and bron-
chodilators. Patients who do not immediately need criti-
cal care or hospital admission are reassessed after intensive 
therapy. Th ose with a good response to treatment are candi-
dates for discharge and continuing outpatient treatment. 

   Surprising little is known about the optimal dosing of 
systemic glucocorticoids in acute asthma. It is generally held 
that infl ammation in acute asthma is relatively resistant to 
glucocorticoids, so relatively high doses of daily oral steroids 
(0.25–1       mg/kg) are initially used and the steroids tapered 
at a rate determined by the patient’s response. Sometimes 
a few days of therapy are required before a noticeable 
improvement in lung function occurs. Steroids may be 
tapered once there is a response but it is the authors ’  opin-
ion that systemic steroids should be tapered over a 7–14 day 
period in cases of severe asthma exacerbation. Th e patient’s 
prior history of response to steroids often informs that deci-
sion. Mild exacerbations in asthmatics with mild persistent 
disease may be managed in some cases by escalating the 
dose of or initiating inhaled steroids in cases where patients 
are taking low dose steroids or no steroids respectively. 

   More than the usual dose of bronchodilators is 
often needed to relieve symptoms during an exacerbation: 
 Exacerbations of asthma should never be treated by escalating 

bronchodilators alone.  Fatalities from asthma typically occur
when patients fail to promptly seek medical attention; 
instead self-medicating with escalating doses of quick-
relief medications or long-acting bronchodilators. Inhaled 
 β  2 -adrenergic agonists are safer and equally effi  cacious 
to oral preparations. Inhaled  β  2 -adrenergic agonists may 
be used safely in quite high doses with close monitoring. 
Inhaled ipratropium appears to provide further bronchodi-
lation in acute severe asthma.        [79, 80]  Patients suff ering 
from an exacerbation that do not get relief from reason-
able doses of bronchodilators for example 4 puff s from an 
MDI or one wet nebulizer treatment every 3       h should be 
hospitalized. Antibiotics are not indicated for acute asthma 
exacerbations unless there is objective evidence of bacterial 
pneumonia or co-existing bacterial sinusitis.   
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                Asthma Exacerbations 

    INTRODUCTION 

   Asthma is a global health problem of particular 
importance in developed nations. In the United 
States, for example, approximately 32 million 
people have been told by a health professional 
that they have asthma, while approximately 22 
million  currently  have asthma  [1] . Children ages 
5–17 years have the highest prevalence rates for 
ever asthma and current asthma, with both rates 
decreasing with age. Asthma currently aff ects 
approximately 8.9% of US children and 7.2% of 
US adults. 

   A defi ning characteristic of asthma is the 
episodic worsening of the disease, with a more 
severe episode described as an  “ asthma attack ”  or 
 “ asthma exacerbation ” . Th ese episodes also are 
referred to as  “ acute asthma ” , a term that empha-
sizes the distinction between an acute fl are-up of 
asthma and the day-to-day fl uctuations of this 
chronic, infl ammatory disease. In the United 
States, approximately 12 million Americans 
have an asthma attack each year  [1] . Th is repre-
sents just over half of the 22 million individual 
with current asthma. As with the prevalence of 
current (or lifetime) asthma, the highest attack 
prevalence is among children ages 5–17 years. 

   Although most exacerbations are mild and 
can be managed without diffi  culty outside the 
acute health care system, or through an urgent 
(unscheduled) offi  ce visit, more severe exacerba-
tions prompt emergency department (ED) visits, 
and overnight hospital stays. ED visits and hos-
pitalizations together account for approximately 
25–50% of the US $14.7 billion in direct asthma-
related health care costs        [1, 2] . Indirect costs (lost 
productivity) add another $5 billion for a grand 
total of $19.7 billion. Asthma  exacerbations 
obviously contribute to these indirect costs as 

well. For example, fatal exacerbations accounts 
for $1.9 billion of the $5 billion of indirect costs. 

   As suggested by these fi nancial data, pres-
entations with acute asthma to the ED or other 
acute care settings are common. In the United 
States, acute asthma accounts for approximately 
1.8 million ED visits each year and approxi-
mately 488,000 hospitalizations  [1] . Th ese acute 
presentations are precipitated by many possible 
factors, but the most common are an associated 
upper respiratory tract infection or environ-
mental allergies. For individuals without regu-
lar asthma care, an undefi ned portion of ED 
visits is likely due to poor control of chronic 
asthma with or without associated common 
asthma triggers such as upper respiratory tract 
infection. 

   ED visits are important events for asth-
matic individuals and their families, as they rep-
resent a vulnerable point in the illness and are 
associated with signifi cant morbidity and occa-
sional mortality. Moreover, in spite of adequate 
care, patients who experience an exacerbation 
may suff er from that episode for many days and 
they remain at risk of subsequent relapses for 
weeks after the initial ED visit        [3, 4] . 

   For all of these reasons, the management 
of acute asthma has been the focus of an increas-
ing number of studies worldwide. Th e Cochrane 
Collaboration has played a vital role in organiz-
ing the results of published and non-published 
randomized trials, and this chapter is based 
heavily (and appropriately) on these systematic 
reviews. Moreover, this growing evidence base 
has led to much greater focus on the manage-
ment of acute asthma in clinical practice guide-
lines, such as the recently released US guidelines, 
 Expert Panel Report 3 (EPR3): Guidelines for the 
Diagnosis and Management of Asthma  of the 
National Asthma Education and Prevention 

  64 
   Carlos A.   Camargo     Jr   1    
and     Brian H.   Rowe   2   

  1  Department of Emergency Medicine, 
Massachusetts General Hospital, 

Harvard Medical School, Boston, MA, 
USA  

  2  Department of Emergency Medicine, 
University of Alberta, and Capital 

Health, Edmonton, AB, Canada    



Asthma and COPD: Basic Mechanisms and Clinical Management

776

Program (NAEPP)  [5] . Th e new EPR3 guidelines provide 
an excellent foundation for this chapter. 

   Despite this growing evidence base, and the increas-
ing attempts to standardize and improve acute asthma care, 
there remain important gaps in diagnostic and therapeutic 
knowledge. We will address several of these controversial 
areas in this chapter. Th ere also remain wide gaps between 
what is known and what is practiced. Although data are 
lacking, we believe that most of the latter gap is related 
to physician variation in the emergency treatment and 
approach to the patient with acute asthma. Th ere are, how-
ever, encouraging signs that this asthma management gap is 
narrowing in emergency medicine  [6] .  

    EVALUATION 

   Th e emergency management of acute asthma requires the 
health care provider to perform a brief history and physi-
cal examination  [5] . Key elements in the history include the 
details of the current exacerbation (e.g. time of onset and 
any potential causes); severity of symptoms (especially com-
pared to previous exacerbations) and response to any treat-
ment given before presentation; all current medications and 
time of last dose (especially of asthma medications); the 
patient’s previous asthma history (e.g. number of previous 
unscheduled offi  ce visits, ED visits, and hospitalizations for 
asthma, particularly within the past year; history of intuba-
tion for asthma); and other co-morbid conditions (e.g. other 
pulmonary or cardiac diseases or disease that may be aggra-
vated by systemic corticosteroid therapy). 

   Th e key elements of the initial brief physical examina-
tion are the assessment of overall patient status (e.g. alert-
ness, fl uid status, respiratory distress); vital signs (including 
pulse oximetry); and chest fi ndings (e.g. use of accessory 
muscles, wheezing). Th e examination also should focus on 
the identifi cation of possible complications (e.g. pneumo-
nia, pneumothorax, or pneumomediastinum); although 
rare, these complications have the potential to aff ect patient 
management. Particularly in children, the examination also 
should try to rule out upper airway obstruction (e.g. upper 
airway foreign bodies). 

   As noted in the EPR3 guidelines,  “ Most patients 
who have an asthma exacerbation do not require any ini-
tial studies. If laboratory studies are ordered, they must not 
delay initiation of asthma treatment ”   [5] . Th e most impor-
tant objective of laboratory studies, such as arterial blood 
gas testing, is the detection of actual or impending respira-
tory failure. Another objective is to detect conditions that 
potentially complicate emergency asthma management 
(e.g. performing an EKG to rule out cardiac ischemia, or 
performing a chest fi lm to rule out pneumonia). As noted 
earlier, since most patients have an uncomplicated, single-
system disease presentation, they do not require  any  initial 
studies. Th us, low-yield tests should not be part of routine 
assessment; they should be reserved for patients that the 
health care provider believes are at increased risk of a spe-
cifi c complication or co-morbid disease. 

   By contrast, an important part of the initial assessment 
of most ED patients with acute asthma is an objective 
measure of pulmonary function. Although forced expiratory 
volume in one second (FEV 1 )   is preferred, serial peak expir-
atory fl ow (PEF) measurement can provide a rough, but still 
helpful, estimate of severity level and be used successfully 
to guide emergency management. All three editions of the 
NAEPP guidelines          [5, 7, 8]  have recommended that emer-
gency management of acute asthma should be based on the 
FEV 1  or PEF severity level. Th e 2007 EPR3 guidelines  [5]  
clarify that pulmonary function testing is not necessary in 
patients in extreme respiratory distress where the severity 
level is obvious. Th us, one should not use 100% initial PEF 
testing as a quality measure in the ED; for some patients, it 
would be highly inappropriate to perform such respiratory 
maneuvers at presentation or even in the fi rst hour of their 
ED treatment. Nevertheless, when feeling better, physi-
cians treating these same patients would likely benefi t from 
reviewing objective measurements to assess lung function 
and monitor improvement. 

   Th e severity of asthma exacerbation drives treatment, 
as outlined in the 2007 EPR3 algorithms for management 
at home   ( Fig. 64.1   ) and in the ED/hospital setting   ( Fig. 
64.2   )  [5] . An important change in the 2007 EPR3 guide-
lines, as compared to the 1997 EPR2 guideline  [7]  or 2002 
update  [9] , is that the 2007 guidelines have reinstated the 
FEV 1  or PEF cutoff s used in the original 1991 guidelines 
 [8] . Briefl y, the 1991 and 2007 percent predicted FEV 1  or 
PEF cutoff s for asthma exacerbation severity are 40% for 
severe and 70% for mild. Th e  “ new ”  cutoff  for severe exac-
erbations ( � 40% predicted FEV 1  or PEF) is useful because, 
as discussed later in this chapter, it is only at that severity 
level that several adjunct therapies have likely benefi t (e.g. 
continuous nebulization of a  β  2 - agonist, intravenous (IV) 
magnesium sulfate, heliox). Th e  “ new ”  cutoff  for mild exac-
erbations ( � 70% predicted FEV 1  or PEF) represents the 
goal for discharge from the urgent/emergent care setting. 
Although it is certainly possible (indeed common) to dis-
charge ED patients with lower PEF values  [10] , the 70% 
cutoff  provides an ideal to guide ED and inpatient care. 
Th ese cutoff s diff er from those used to determine long-term 
asthma control and treatments (50% and 80% predicted 
FEV1 or PEF)  , thus underscoring the distinction between 
acute and chronic asthma. Th ese revised cutoff s will likely 
be of greater use to ED clinicians than the 1997–2002 cut-
off  for  “ severe ”  exacerbations (i.e.  � 50% predicted FEV 1  
or PEF), or the even higher cutoff s used in other asthma 
guidelines (e.g.  � 60% predicted PEF  [11] ).  

    TREATMENT 

   Although currently available medications for acute asthma are 
not  always  eff ective, they have an impressive benefi cial impact 
in most patients. For example, in North American EDs, 
approximately 80–90% of acute asthma patients will improve 
enough to be discharged to home          [12] . Th e major thera-
peutic options are inhaled short-acting  β  2 -agonists (SABA), 
systemic (injected)  β  2 -agonists, anticholinergics, and systemic 
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corticosteroids. Although we provide some information about 
these key  “ rescue ”  medications, we devote disproportion-
ate space to more controversial aspects of emergency asthma 
management. Th is includes both pharmacological and non-
pharmacological approaches. In doing so, we rely heavily on 
systematic review evidence from the Cochrane Collaboration 
[13], and the 2007 EPR3 guidelines  [5] . As noted earlier, the 
Cochrane reviews use standardized and rigorous methods to 
summarize and combine the best evidence from individual 

randomized controlled trials on a specifi c topic area, and they 
were used in the development of the 2007 EPR3 guidelines. 

    In-ED care 

   Th e goals of in-ED are to assure adequate oxygenation, to 
safely and eff ectively reverse the acute obstruction to air-
fl ow that led to the presentation to the ED, and to initiate 

Assess severity

� Patients at high risk for a fatal attack require immediate medical attention 
    after initial treatment.

� Symptoms and signs suggestive of a more serious exacerbation such as marked breathlessness, 
    inability to speak more than short phrases, use of accessory muscles, or drowsiness should 
 result in initial treatment while immediately consulting with a clinician.

� Less severe signs and symptoms can be treated initially with assessment of response to therapy 
    and further steps as listed below.

� If available, measure PEF—values of 50–79% predicted or personal best indicate the need for 
    quick-relief mediation. Depending on the response to treatment, contact with a clinician may also 
    be indicated. Values below 50% indicate the need for immediate medical care.

Initial treatment

Inhaled SABA: Up to two treatments 20 min apart of 2–6 puffs 
by metered dose inhaler (MDI) or nebulizer treatments.

Note: Medication delivery is highly variable. Children and 
individuals who have exacerbations of lesser severity may need 
fewer puffs than suggested above.

Poor response

Marked wheezing and dyspnea.

PEF �50% predicted or 
personal best.

– Call your doctor and 
– proceed to ED;
– Consider calling 9–1–1
    (ambulance transport).

Add oral systemic
corticosteroid.

Repeat inhaled SABA
immediately.

If distress is severe and
non-responsive to initial
treatment:

Good response

No wheezing or dyspnea
(assess tachypnea in young
children).

PEF �80% predicted or
personal best.

Contact clinician for
follow-up instructions and
further management.

May continue inhaled
SABA every 3–4 h for
24–48 h.

Consider short course of
oral systemic
corticosteroids.

Incomplete response

Persistent wheezing and
dyspnea (tachypnea).

PEF 50–79% predicted or
personal best.

Add oral systemic 
corticosteroid.

Continue inhaled SABA.

Contact clinician urgently
(this day) for further
instruction.

To ED.

Key: ED: emergency department; MDI: metered dose inhaler; PEF: peak expiratory flow; SABA: short-acting 
β2-agonist (quick-relief inhaler).

 FIG. 64.1          Management of asthma exacerbations: Home treatment  [5] .    
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Key : FEV1: forced expiratory volume in 1 s; ICS: inhaled corticosteroid; MDI: metered dose inhaler; PCO2: partial pressure carbon dioxide;
PEF: peak expiratory flow; SABA: short-acting β2-agonist; SaO2: oxygen saturation.

Initial assessment 
Brief history, physical examination (auscultation, use of accessory muscles, heart rate, respiratory rate),
PEF or FEV1, oxygen saturation, and other tests as indicated.

Impending or actual
respiratory arrest

Intubation and mechanical
ventilation with 100%
oxygen.
Nebulized SABA and
ipratropium.
Intravenous corticosteroids.
Consider adjunct therapies.

Repeat assessment
Symptoms, physical examination, PEF, O2 saturation, other tests as needed

Admit to hospital intensive care
(see box below)

Severe exacerbation
FEV1 or PEF �40% predicted/personal best
Physical examination: severe symptoms at rest, accessory muscle use,
chest retraction
History: high-risk patient
No improvement after initial treatment

Oxygen
Nebulized SABA � ipratropium, hourly or continuous
Oral systemic corticosteroids
Consider adjunct therapies.

Incomplete response 
FEV1 or PEF 40–69%
Mild-to-moderate symptoms

Poor response
FEV1 or PEF �40%
PCO2 �42 mmHg
Physical examination:
symptoms severe,
drowsiness, confusion.Individualized decision re-

hospitalization (see text)

Discharge home
Continue treatment with inhaled SABA.
Continue course of oral systemic
corticosteroid.
Consider initiation of an ICS.
Patient education 

Review medications, including inhaler
technique.
Review/initiate action plan.
Recommend close medical follow-up.

Admit to hospital ward
Oxygen
Inhaled SABA
Systemic (oral or
intravenous) corticosteroid
Consider adjunct therapies
Monitor vital signs, FEV1 or
PEF, SaO2.

Admit to hospital intensive care
Oxygen
Inhaled SABA hourly or
continuously
Intravenous corticosteroid
Consider adjunct therapies
Possible intubation and
mechanical ventilation.

FEV1 or PEF �70%
Response sustained 60 min
after last treatment
No distress
Physical examination: normal

FEV1 or PEF �40% (Mild-to-moderate)
Oxygen to achieve SaO2 �90%.
Inhaled SABA by nebulizer or MDI with
valved holding chamber, up to 3 doses
in first hour.
Oral systemic corticosteroids if no
immediate response or if patient
recently took oral systemic
corticosteroids.

�
�

�

�

�

�
�

FEV1 or PEF �40% (Severe)
Oxygen to achieve SaO2
�90%.
High-dose inhaled SABA plus
ipratropium by nebulizer or
MDI plus valved holding
chamber, every 20 min or
continuously for 1 h.
Oral systemic corticosteroids.

�

�

�

Discharge home
Continue treatment with inhaled SABAs.
Continue course of oral systemic corticosteroid.
Continue on ICS. For those not on long-term control therapy, consider
initiation of an ICS.
Patient education (e.g. review medications, including inhaler technique and,
whenever possible, environmental control measures; review/initiate action
plan; recommend close medical follow-up).
Before discharge, schedule follow-up appointment with primary care provider
and/or asthma specialist in 1–4 weeks.

Improve Improve

�
�

�
�
�

�

�

�

�
�

�
�

�
�
� �

�

�
�
�

�
��

�
�
�
�

Good response 

Moderate exacerbation
FEV1 or PEF 40–69%
predicted/personal best
Physical examination: moderate symptoms

Inhaled SABA every 60 min
Oral systemic corticosteroid
Continue treatment 1–3 h,
provided there is improvement;
make admit decision in �4 h.

�
�
�

�

�
�

�
�
�

�
�

 FIG. 64.2          Management of asthma exacerbations: ED and hospital-based care  [5] .    
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anti-infl ammatory therapy to control the exacerbation and 
reduce the likelihood of subsequent relapse. Th e approaches 
used should reduce the need for hospitalization, and ensure 
that patients receive the appropriate therapy required to 
prevent or reduce the potential of an adverse outcome (e.g. 
intubation, death). 

    Oxygen 

   Supplemental oxygen is recommended for the initial treat-
ment of most patients with acute asthma in the ED or inpa-
tient setting  [5] . Th e oxygen can be administered by nasal 
cannulae or mask, whichever is better tolerated, to maintain 
an SaO 2       �      90% (or  � 95% in pregnant women or in patients 
with cardiac disease). SaO 2  should be monitored until the 
patient demonstrates a clear response to bronchodilator 
therapy. Although the evidence for this recommendation is 
weak, the risks of oxygen treatment are minimal.  

    Inhaled short-acting  β  2 -agonists 

   In addition to oxygen, early treatment of patients with acute 
asthma has generally focused on the use of inhaled SABAs 
because of their undisputed, generally rapid, eff ect on reliev-
ing bronchospasm, and associated breathlessness. Because 
of the risk of cardiotoxicity, especially in older asthmatic 
patients, EPR3 guidelines recommend that only selective 
SABAs (i.e. albuterol (salbutamol), levalbuterol, pirbuterol) 
be used in high doses  [5] . Whether the drug is most eff ec-
tive when delivered via a nebulizer or a metered dose 
inhaler (MDI) with holding/spacer device has been an area 
of intense research. A systematic review in the Cochrane 
Library by Cates  et al .  [14]  examined 25 trials from ED 
and community settings, with participation of 2,066 chil-
dren and 614 adults. Th e authors found that the use of 
either delivery method for inhaled SABAs produces similar 
outcomes  [14] . For example, the use of an MDI was asso-
ciated with identical admission rates among adults (odds 
ratio (OR) 0.97; 95% confi dence interval (CI), 0.63 to 1.49) 
and a non-signifi cant diff erence among children (OR 0.65; 
95%CI, 0.4 to 1.06). Th ere were no important diff erences in 
FEV 1  or PEF. In children, but not adults, MDI with hold-
ing chamber/spacer appeared to off er advantages in terms 
of ED length-of-stay and fewer adverse eff ects (e.g. tachy-
cardia). Although economic evaluations of these approaches 
also tend to favor the use of MDI with spacer over neb-
ulized treatments, these analyses are problematic  [15] . 

   Nebulizer therapy may still be preferred, however, 
for patients who are unable to cooperate eff ectively in 
using an MDI because of their age, agitation, or severity 
of acute asthma. Indeed, the clinical trial data have rarely 
included patients with severe asthma exacerbations, let alone 
those with the subset of life-threatening exacerbations. 
Accordingly, SABA delivery via MDI-spacer may be best 
confi ned to patients with mild to moderate asthma exacerba-
tions, which includes many patients in the ED setting (par-
ticularly now that severe is defi ned as  � 40% predicted). For 
patients with truly severe asthma exacerbations, the docu-
mented benefi ts of continuous nebulization (reduced admis-
sions, improved pulmonary function)  [16]  make nebulization 
a more attractive alternative. Future research will need to 

resolve the advantages and disadvantages of MDI-spacer 
versus nebulizer for SABA delivery in severe acute asthma. 

   Numerous attempts to identify optimal doses or 
treatment intervals to achieve maximal bronchodilation or 
symptom relief have not identifi ed a single  “ best ”  regimen. 
For example, several studies have found that higher doses 
appear to be equivalent to lower doses with regard to aff ect-
ing bronchodilation or clinical outcome          [17–20] . Th ere are 
a substantial number of patients who achieve a bronchodila-
tion  “ plateau ”  and additional  β  2 -agonist therapy only seems 
to cause more side eff ects. For that reason, some guidelines 
have recommended that  β -agonists be titrated to plateau 
using objective assessment of airway obstruction with pul-
monary function measures  [20] . Th e EPR3 recommenda-
tions are summarized in        Figs 64.1 and 64.2 .  

    Inhaled anticholinergic agents 

   Th ere is increasing support, particularly in children, for  add-
ing  the anticholinergic agent ipratropium bromide (IB) to 
 β  2 -agonist therapy in more severe asthma exacerbations        [21, 
22] . A systematic review involving children compared IB 
plus  β  2 -agonists to  β  2 -agonists alone  [22] . Although a single 
does of IB was not eff ective for the treatment of mild and 
moderate exacerbations, summary statistics indicate that 
 multiple  doses of IB result in a clinically signifi cant improve-
ment in FEV 1  at 60 (16%; 95%CI, 6 to 27%) and 120 (18%; 
95%CI, 4% to 31%) minutes. Combined therapy, with mul-
tiple doses, reduced the risk of hospital admission by 25% 
(relative risk (RR) 0.75; 95%CI, 0.62 to 0.89) in children 
with moderate and severe exacerbations. Th e number needed 
to treat (NNT) to prevent one admission was 12 (95%CI, 
8 to 32); the NNT decreased to 7 in severe cases. Neither 
therapy group was associated with signifi cant adverse eff ects. 

   A similar meta-analysis in adults also demonstrated a 
modest benefi cial eff ect of adding IB to inhaled  β  2 -agonists 
 [21] . Th e absolute increase in FEV 1  and PEF, respectively, 
was 7% (95%CI, 4 to 11%) and 22% (95%CI, 11 to 33%) 
over 45 to 90       min, respectively. Th e risk of admission was 
decreased by 27% (RR 0.73; 95%CI, 0.53 to 0.99). After 
publication of this systematic review, a large randomized 
controlled trial confi rmed these fi ndings  [23] . Th e trial 
observed a 21% (95%CI, 3 to 38%) improvement in PEF 
and a 48% (95%CI, 20 to 76%) improvement in FEV 1  over 
the control group. High doses of IB reduced the risk of hos-
pital admission by 49% (RR 0.51; 95%CI, 0.31 to 0.83); the 
NNT to prevent a single admission was 5 (95%CI, 3 to 17). 
Although questions still need to be resolved regarding IB 
therapy in the ED setting (such as the dose–response rela-
tionship), it seems prudent to use this agent with inhaled 
 β  2 -agonists for patients with severe exacerbations  [5] .  

    Systemic corticosteroids 

   Th e airway edema and secretions associated with acute 
asthma are most eff ectively treated with anti-infl ammatory 
agents such as corticosteroids. Th e early use of systemic cor-
ticosteroids (i.e. within 1       h of ED presentation) delivered by 
oral or intravenous (IV) routes continues to be a principal 
treatment choice in all evidence-based asthma guidelines        [5, 
11] . A Cochrane systematic review of this topic identifi ed 
12 trials, involving 863 patients  [24] . In brief, the early use 
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of corticosteroids for acute asthma in the ED signifi cantly 
reduced admission rates (OR 0.40; 95%CI, 0.21 to 0.78), 
with an NNT of 8 (95%CI, 5 to 21). Th is benefi t was more 
pronounced for those not already receiving systemic corticos-
teroids (OR 0.37; 95%CI, 0.19 to 0.70) and for those experi-
encing a severe exacerbation (OR 0.35; 95%CI, 0.21 to 0.59). 
Adverse eff ect profi les were similar between all systemic cor-
ticosteroids treatment routes (e.g. by mouth, IV) and placebo. 

   Th e debate about the use of IV versus oral corticoster-
oids in the ED is one that may never end; however, it now 
seems to be focused on identifying which patients require 
the IV route as opposed to the oral route. Th ere is no clear 
evidence from controlled trials or meta-analyses that sug-
gest the advantage off ered by corticosteroids in acute asthma 
is related to the route of administration. Further, systematic 
evidence on dosing suggests that high-dose corticosteroids, 
at least in hospitalized patients, are no more eff ective than 
moderate doses in the acute setting  [25] . 

   Applying this information to practice requires a 
clear understanding that not all levels of severity have been 
assessed with suffi  cient rigor to confi rm equivalency of sys-
temic routes in all situations. For this reason, IV corticos-
teroids should be reserved for those who are too dyspneic 
to swallow, obtunded or intubated, or unable to tolerate oral 
medications (e.g. vomiting). Until further evidence is avail-
able, it seems reasonable to select oral agents as the fi rst-line 
choice unless circumstances suggest otherwise.  

    Magnesium sulfate 

   Th e use of magnesium sulfate (MgSO 4 ) in unresponsive 
acute asthma has gained support recently. Th is agent has 

both immediate bronchodilator eff ects, as well as mild anti-
infl ammatory eff ects. Several systematic reviews have con-
cluded that IV magnesium is not only safe but eff ective in 
patients with severe exacerbations        [26, 27] . In the original 
Cochrane review, the  addition  of IV MgSO 4  to  β -agonist and 
IV systemic corticosteroid treatment among individuals with 
severe exacerbations reduced hospitalizations (OR 0.1; 95%CI, 
0.04 to 0.27) and improved pulmonary function (mean 
increase in PEF: 52       l/min; 95%CI, 27 to 77)  [27] . Overall, 
there were no changes in the systolic blood pressure with this 
treatment and adverse eff ects were rare or minor. It is impor-
tant to note that the  routine  use of MgSO 4  in all patients with 
asthma did not produce a statistically signifi cant benefi t (OR 
for admission: 0.31; 95%CI, 0.09 to 1.04). A recently updated 
analysis ( Fig. 64.3   ) yielded very similar results  [28] . 

   Although uncertainties remain, the 2007 EPR3 
guidelines recommend consideration of IV MgSO 4  in 
patients who have life-threatening exacerbations and in 
those whose exacerbations remains in the severe category 
after 1       h of intensive conventional therapy  [5] . Since this 
agent has been shown to be easy to use, extremely safe and 
inexpensive, we strongly support consideration of its early 
use in severe acute asthma. Currently, the recommended 
dose is 2       g IV over 20       min in adults and 25–100       mg/kg in 
children (total maximum dose of 2       g). 

   Given the evidence supporting the use of IV MgSO 4  
in severe exacerbations, and the rapid uptake of this treatment 
into emergency asthma management  [6] , it was not surpris-
ing that clinical researchers have tried to treat acute asthma 
with inhaled magnesium. A 2005 Cochrane review identifi ed 
six trials involving only 296 patients  [29] ; four of the trials 

Study
or subcategory

Treatment
n/N

Control
n/N

RR (random)
95%CI

RR (random)
95%CI

Skobeloff (1989)
Matusiewicz (1994)
Bloch (1995)
Ciarallo (1997)
Devi (1997)
Ciarallo (2000)
Scarfone (2000)
Porter (2001)
Silverman (2002)

Severe01

Subtotal (95%CI)
Total events: 142 (Treatment), 180 (Control)
Test for heterogeneity: Chi2 	 17.31, df 	 8 (p 	 0.03), I2 	 53.8%
Test for overall effect: z 	 2.77 (p 	 0.006)

Green (1992)
Bloch (1995)
Boonyavorakul (2000)

Mild – Moderate02
1.26 (0.62, 2.59)
1.26 (0.66, 2.41)
0.71 (0.19, 2.67)
1.18 (0.75, 1.86)Subtotal (95%CI)

Total events: 30 (Treatment), 28 (Control)
Test for heterogeneity: Chi2 	 0.65, df 	 2 (p 	 0.72), I2 	 0%
Test for overall effect: z 	 0.73 (p 	 0.47)

0.79 (0.64, 0.96)Total (95%CI)
Total events: 172 (Treatment), 208 (Control)
Test for heterogeneity: Chi2 	 20.99, df 	 11 (p 	 0.03), I2 	 47.6%
Test for overall effect: z 	 2.37 (p 	 0.02)

435

7/19

314

39/122
5/18

11/24
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3/17

14/46
13/58

8/16
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11/15
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45/64
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0.74 (0.59, 0.91)
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0.73 (0.54, 1.00)
0.42 (0.22, 0.82)
1.00 (0.80, 1.25)
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 FIG. 64.3          Cochrane review on the eff ect of IV magnesium sulfate versus placebo on risk of hospital admission in acute asthma  [28] .    
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compared nebulized MgSO 4  with  β  2 -agonist to  β  2 -agonist 
alone, and two studies compared MgSO4 alone to  β  2 -agonist 
alone. Overall, there was a lack of benefi t across studies; 
however, the heterogeneity of the trials precluded defi nitive 
conclusions. For example, in subjects with severe exacerba-
tions, the lung function diff erences were signifi cant. Th e area 
remains controversial        [30, 31]  and will require further inves-
tigation. Currently, there is no evidence to suggest  replacing  
inhaled SABAs with magnesium and insuffi  cient evidence to 
support  combining  inhaled SABAs with magnesium.  

    Heliox 

   Another controversial area in acute asthma is the role of 
heliox. Although this helium–oxygen mixture has been used 
sporadically since 1930s, there are relatively sparse data 
supporting its use. A recent Cochrane review identifi ed 10 
trials involving 544 patients        [30, 31] . Pooling of the eight 
trials with pulmonary function data yielded a borderline 
signifi cant group diff erence ( Fig. 64.4   ). Th e authors note 
that there was signifi cant heterogeneity among the stud-
ies but that heliox use did improve pulmonary function in 
the subgroup of patients with the most severe baseline pul-
monary function impairment. Th e heterogeneity may result 
from small sample sizes and distinct patient populations. 
More importantly, however, some studies have neglected 
to account for the diff erent eff ect of heliox versus oxygen 
(or room air) on the respirable mass of nebulized albuterol 
 [32] . Th e technical diff erences among studies greatly com-
plicate interpretation and synthesis of the literature. A large 
multicenter trial with optimal heliox delivery would help to 
resolve lingering concerns. Although uncertainties remain, 
the 2007 EPR3 guidelines recommend consideration of 
heliox in patients who have life-threatening exacerbations 
and in those whose exacerbations remains in the severe cat-
egory after 1       h of intensive conventional therapy  [5] .  

    Inhaled corticosteroids in the ED 

   Inhaled corticosteroids (ICS) are preferred therapy for chronic 
asthma, where benefi cial eff ects are seen over a prolonged 

period of use. In addition, there is now emerging evidence 
supporting their use in the ED setting for acute asthma. A 
Cochrane systematic review suggests that ICS may reduce 
admissions to hospital and improve pulmonary function when 
administered early in the ED protocol  [33] . In acute asthma, 
ICS reduced admissions ( Fig. 64.5   ; OR 0.33; 95%CI, 0.17 
to 0.64) and improved pulmonary function (mean diff erence 
PEF 8.0%; 95%CI, 3 to 13) compared to placebo. However, 
several of the studies included in this review did not admin-
ister systemic corticosteroids to either the treatment or con-
trol group, which limits the power of the review to determine 
the  additive  benefi t of ICS when systemic corticosteroids are 
being used. 

   A large study demonstrated that there may be 
drawbacks to  replacing  oral corticosteroids with ICS 
in the treatment of acute asthma  [37] . In this ran-
domized double-blind study, patients received ICS 
versus oral corticosteroids in addition to stand-
ard  β  2 -agonist therapy. Th e oral corticosteroid-
treated subjects performed better and were admitted less 
frequently than the ICS-treated subjects. Combined with 
the previous meta-analysis data, these results suggest that 
ICS may be useful as an adjunct to systemic corticoster-
oids, but not as a replacement choice        [33, 35] . Additional 
research is needed in this area to determine the optimal 
dose, frequency, and drug to be used, and to clarify the 
magnitude of the additional benefi t when oral corticos-
teroids are being administered concurrent with ICS. Until 
such time, the role of ICS in the treatment of acute asthma 
is not clear, but we support consideration of its early use in 
severe acute asthma.  

    Leukotriene modifi ers 

   Leukotriene modifi ers may provide another approach to the 
management of acute asthma. For example, a randomized 
trial of IV montelukast in moderate–severe exacerbations 
demonstrated signifi cant improvement in FEV 1  within 
10       min of administration        [36] . For rapid bronchodilation, 
the IV route is required since an oral formulation of monte-
lukast would not begin to provide benefi t until approximately 

Study Treatment
N Mean (SD) N Mean (SD)

Control Standardized mean difference (random)
95%CI

Standardized mean difference
(random) 95%CI

Weight
(%)

Dorfman (2000)

Henderson (1999)

11Carter (1996)

61.00 (15.00)

220.00. (69.00)

1.86 (0.25)

48.00 (13.00)

205.00 (63.00)

1.84 (0.23)

1.93 (0.84)

Kass (1999)

Lin Lee (2005a)

Rose (2002)

Xie (2003a)

Kress (2002)

40

18

13

220

40

18

11

224

20

84

11

11

19

91

12

50.00 (16.00)

68.00 (14.00)

302.00 (113.00)

33.70 (50.20)

23 1.49 (0.83)22

8.1

11.9

22.2

8.4

0.32 (�0.52, 1.16)

�0.26 (�0.89, 0.38)

0.07 (�0.23,  0.37)

0.18 (�0.64, 1.00)

0.52 (�0.08, 1.11)

0.92 (�0.46, 1.38)

0.22 (�0.43, 0.88)

0.08 (�0.72, 0.88)

0.28 (�0.01, 0.56)

12.8

16.5

11.4

8.7

100.0

56.00 (20.00)

63.00 (23.00)

310.00 (115.00)

41.50 (32.80)

Total (95%CI)
Test for heterogeneity chi-square 	 12.91 df 	 7 p 	 0.07 I2 

	 45.8%
Test for overall effect z 	 1.91 p 	 0.06

�4.0 �2.0 0 2.0 4.0

Favors control Favors treatment

 FIG. 64.4          Cochrane review on the eff ect of heliox therapy versus control on pulmonary function in acute asthma        [30, 31] .    
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90       min after administration  [37] . Nonetheless, the observed 
bronchodilation suggests another novel approach: to give an 
oral formulation to all patients with moderate-to-severe exac-
erbations at the time of ED presentation (e.g. as an adjunct to 
primary therapy with  β  2 -agonists, anticholinergic agents, and 
systemic corticosteroids). Early studies on the role of oral leu-
kotriene modifi ers in the ED suggest likely benefi ts        [38, 39]  
but this concept requires further study.  

    Other therapies 

   Th e therapeutic benefi ts of other agents, such as IV SABAs 
 [40]  and aminophylline  [41]  are limited. Th e cited Cochrane 
systematic reviews provide little, if any, support for their use 
in emergency asthma care; for both agents, the side eff ects 
clearly outweigh the benefi ts. It is important to note, how-
ever, that the SABA trials addressed a diff erent question than 
the one that we would raise today. For example, even if IV 
SABA provides no benefi t over inhaled SABAs in head-to-
head comparisons, what is the role of IV SABA in addition 
to inhaled SABA for severe exacerbations? Few studies have 
directly examined this more relevant question to practition-
ers today; the few small trials that have examined this issue 
provide contradictory results          [42–44] . Future, and much 
larger, trials will need to resolve this important issue. In the 
meantime, we encourage the use of other, more established 
therapies in the emergency management of acute asthma. 

   Likewise, systematic reviews have repeatedly shown 
that antibiotics should not be used routinely for acute asthma 
       [9, 45] . Antibiotics should be limited to the treatment of 
co-morbid bacterial infections, such as community-acquired 

pneumonia or bacterial sinusitis. Despite this evidence-based 
recommendation, many clinicians continue to prescribe 
antibiotics for the viral upper respiratory tract infections 
that trigger acute asthma. For example, national data 
suggest that 22% of ED patients with acute asthma receive 
antibiotics as part of their asthma care. (Carlos Camargo 
MD, unpublished data). Th e continued prescription of anti-
biotics for acute asthma represents a potential focus of future 
quality improvement eff orts to decrease in appropriate anti-
biotic use. 

   Non-invasive ventilation is another experimental 
approach for the treatment of respiratory failure due to severe 
asthma exacerbation, but data are sparse. Th e Cochrane review 
on this topic identifi ed only one trial involving 30 patients 
 [46] . Although this small trial  [47]  showed benefi t with non-
invasive positive pressure ventilation when compared to usual 
medical care alone, with signifi cant improvements in hospital-
ization rate and pulmonary function, there are inadequate data 
to draw fi rm conclusions. Future multicenter studies should 
examine the role of heliox, non-invasive ventilation, or both 
in patients with severe exacerbations. Until that time, there is 
insuffi  cient evidence to support use of NIV in the manage-
ment of acute asthma.   

    Post-ED care 

   Th e goal of post-ED care is to safely return each patient 
to a level of functioning commensurate with good asthma 
 “ control ” . Per EPR3, this includes reductions in both 
impairment and risk  [5] . With regard to risk, this includes 

Study Treatment
n/N

Control
n/N

Odds ratio (fixed)
95%CI

01 ICS � systemic corticosteroids versus systemic corticosteroids
Guttman (1997)

Sung (1998)

8/30

2/24

2/28

12/30

5/20

Subtotal (95%CI)
Total events: 10 (Treatment), 17 (Control)
Test for heterogeneity chi-square 	 0.43 df 	 1 p 	 0.51 I2 	 0.0%
Test for overall effect z 	 1.72 p 	 0.09

Subtotal (95%CI)
Total events: 12 (Treatment), 40 (Control)
Test for heterogeneity chi-square 	 1.62 df 	 4 p 	 0.81 I2 	 0.0%
Test for overall effect z 	 3.88 p 	 0.0001

Total (95%CI)
Total events: 22 (Treatment), 57 (Control)
Test for heterogeneity chi-square 	 2.61 df 	 6 p 	 0.86 I2 	 0.0%
Test for overall effect z 	 4.22 p 	 0.00002

54 50

02 ICS versus placebo
Afilalo (1999)

Milani (2004)

Rodrigo (1998)

Rodrigo (2003)

Singhi (1999)

0/17

4/47

6/58

0/30

180

5/26

1/17

12/47

15/62

7/30

182

Weight
(%)

Odds ratio (fixed)
95%CI

17.1

9.7

26.8

0.55 ( 0.18, 1.62 )

0.27 ( 0.05, 1.60 )

0.45 ( 0.18, 1.12 )

9.4 0.32 ( 0.06, 1.84 )

0.31 ( 0.01, 8.27 )

0.27 ( 0.08, 0.92 )

0.36 ( 0.13, 1.01 )

0.05 ( 0.00, 0.95 )

0.27 ( 0.14, 0.52 )

2.8

21.3

25.3

14.3

73.2

0.32 ( 0.18, 0.54 )100.0

0.01 0.1 1 10 100

Favors ICS Favors control
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 FIG. 64.5          Cochrane review on the eff ect of inhaled corticosteroids in the ED on risk of hospital admission in acute asthma  [33] .    
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a reduction in asthma exacerbation recurrences, with good 
control defi ned as at most one corticosteroid-requiring 
exacerbation in a year. 

   Th e more immediate concern, however, is to success-
fully treat the current exacerbation and prevent an acute 
asthma relapse. Please note that the term  “ relapse ”  dif-
fers from  “ recurrence ” , with relapse referring to the acute 
deterioration of a patient during an exacerbation despite 
increased medical care (e.g. over a shorter period of time of 
1–4 weeks) whereas recurrence refers to repeated exacerba-
tions over longer periods of time (e.g. 6–12 months). 

    Oral corticosteroids 

   Approximately 10–20% of ED patients treated for acute 
asthma and sent home will relapse within 2 weeks of dis-
charge        [3, 4] , many because of unresolved infl ammation that 
leaves the airways sensitive to inhaled irritants. Guidelines 
strongly encourage treatment with systemic corticosteroids 
following ED discharge for an acute exacerbation        [5, 11] . 
Compelling evidence for this approach is found in a recently 
updated Cochrane systematic review comparing post-ED 
corticosteroid therapy to placebo          [48] . Th e review identifi ed 
6 trials involving 374 people. Surprisingly, despite the   small 
number of total patients involved in this review, it showed 
that signifi cantly fewer patients in the corticosteroids group 
relapsed in the fi rst week (OR 0.38; 95%CI, 0.2 to 0.74). 
Th is reduced risk was maintained over the fi rst 21 days (OR 
0.47; 95%CI, 0.25 to 0.89). Th e corticosteroid group had less 
need for  β  2 -agonists (mean diff erence: –3 activations/day; 
95%CI, –5.6 to –1.0). Changes in pulmonary function tests 
and adverse eff ects, while rarely reported, showed no diff er-
ences between the treatment groups. A subgroup analysis 
indicated that intra-muscular (IM) corticosteroids and a 
7- to 10-day tapering course of corticosteroids were similarly 
effi  cacious. IM therapy should be reserved for those patients 
with questionable compliance, inability to pay for an oral 
prescription, or those who are otherwise unreliable (cogni-
tive impairment, intoxication, etc.). From these results, the 
authors conclude that as few as 10 patients need to be treated 
to prevent one relapse to additional care. 

   Small sample sizes in the randomized clinical trials 
(RCTs) performed to date did not permit an examination 
of the relative eff ectiveness of various regimens and defi ni-
tive recommendation concerning dose or dosing protocol(s) 
cannot be provided. However, given the enhanced compli-
ance associated with once daily dosing and the availability 
of 40 or 50       mg tablets in North America, the use of oral 
corticosteroids for a short period (e.g. 5–7 days) seems 
appropriate for most patients discharged with an acute 
asthma episode. Th e need to  “ taper ”  these oral corticoster-
oids over that period appears unwarranted        [49, 50] , espe-
cially when ICS are being employed concurrently  [51] .  

    Inhaled corticosteroids 

   In North America, the majority of patients with acute 
asthma treated in an emergency setting are discharged and 
prescribed a short course (5–7 days) of oral corticosteroids. 
Less information exists regarding the use of ICS; how-
ever, the data that exist indicate impressive practice varia-
tion with respect to this treatment. For example, in US sites 

associated with a large North American emergency medi-
cine research network ( www.emnet-usa.org ), only 11% of 
discharged patients were prescribed an ICS if they were not 
regularly taking one, whereas in Canadian sites, 63% of similar 
patients were treated with an ICS at discharge          [12, 48, 52] . 

   Th ere is evidence to support using a combination of 
inhaled and oral corticosteroids after discharge from the ED 
 [51] . Th ere are three randomized controlled trials          [51, 53, 54]  
which provide somewhat confl icting evidence for the addition 
of ICS to prevent relapse, but when combined in a system-
atic review the introduction of ICS appears to be worthwhile 
 [55] . Th e pooled eff ect demonstrates a trend in favor of the 
ICS plus oral corticosteroid group which had fewer relapses 
after discharge than the group administered oral corticoster-
oids alone (OR 0.68; 95%CI, 0.46 to 1.02)  [55] . 

   Th e results of this review indicate that patients already 
taking ICS should be counseled by the ED staff  about 
compliance-enhancing interventions          [56–58] . It is important 
to remember that many of the patients with acute asthma who 
present to the ED exhibit features associated with poorly con-
trolled chronic asthma  [58] . Th ey represent vulnerable patients 
who are the ideal candidates for ICS. Consequently, it seems 
prudent to recommend those patients not on ICS agents 
should be considered for short- or long-term ICS therapy in 
conjunction with oral prednisone after discharge. Th e dose 
and duration of inhaled and oral corticosteroids should be 
based on recent history of symptom control, health care uti-
lization, and quality of life indicators. For those patients with 
more severe illness, this clearly would be the optimal treat-
ment strategy. Th e 2007 EPR3 guidelines encourage clini-
cians to consider initiation of ICS given the potential for ICS 
to reduce subsequent ED visits, strong evidence that long-
term control ICS therapy reduces exacerbations in patients 
with persistent asthma, and the opinion of the entire Expert 
Panel that the initiation (and continuation) of ICS therapy 
at ED discharge can be an important eff ort to bridge the gap 
between emergency and primary care for asthma  [5] . 

   Th ere are several recent publications examining the 
eff ect of  replacing  oral corticosteroids with a high-dose ICS 
Th ese generally compare oral prednisone to very high doses 
of ICS in mild exacerbations after discharge. While the sys-
tematic review failed to demonstrate a signifi cant diff erence 
in asthma relapse between the two treatments (OR 1.0; 
95%CI, 0.48 to 1.42), these results need to be interpreted 
cautiously  [55] . Although the evidence implies equiva-
lence, these results are not conclusive due to the width of 
the confi dence intervals and the inclusion of only patients 
with mild asthma exacerbations. Given the limited data on 
this issue to date, use of ICS alone should be reserved for 
those patients with very mild asthma and those who refuse 
or cannot take oral corticosteroids (e.g. brittle diabetes, ster-
oid psychosis). Compared to the traditional short course 
of prednisone, ICS are expensive and more diffi  cult for 
patients and families to use. 

   If ICS are used in place of systemic corticosteroids in 
these subgroups, it is important to not just double the main-
tenance dose, as recommended in past guidelines, because 
several recent trials have not found that this approach is not 
eff ective            [58–62] . In this exceptional situation, and on the 
basis of admittedly sparse data  [63] , the current recommen-
dation is to quadruple the ICS dose.  

http://www.emnet-usa.org
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    Other therapies 

   Over the past decade, there have been many exciting advances 
in chronic asthma care and some of these new approaches are 
now being tried in patients with acute asthma. A surprisingly 
under-studied area is the potential use of combination 
therapies at the time of ED discharge. Recently, Rowe and 
colleagues reported a small randomized, controlled, double-
blind trial of fl uticasone/salmeterol versus fl uticasone alone 
at discharge from the ED; all patients were discharged on 
7 days of prednisone          [52] . Although relapse rates were 
numerically lower in the combination group, the diff er-
ence was not statistically signifi cant. Likewise, quality of 
life measures did not diff er between groups but the authors 
noted that in the subset of patients who already were on ICS 
at the time of ED presentation, the fl uticasone/salmeterol 
group had signifi cantly improved quality of life (  p       �      0.05). 
Larger studies are needed to determine the role of inhaled 
combination therapies, especially those with formoterol, in 
the post-ED management of acute asthma. Th is question 
will become increasingly important as treatment of chronic 
asthma improves. For example, in the past, emergency clini-
cians were faced with many asthma patients who were not 
taking anti-infl ammatory medications, such as ICS. In recent 
years, more patients presenting to the ED are already taking 
ICS and, increasingly, the combination agents (fl uticasone/
salmeterol or budesonide/formoterol). Understanding the 
relapse risks and the best management for patients already 
receiving anti-infl ammatory agents will be an important con-
tribution to evidence-based acute asthma care in the future.   

    Non-pharmacological approaches 

    Asthma education 

   Education is a key recommendation in all asthma guidelines 
       [5, 11] . Emergency physicians, when surveyed, also felt it 
was an important component of asthma care and rated many 
educational items as necessary  [58] . Despite widespread 
enthusiasm for asthma education, the overall results of indi-
vidual trials and systematic reviews have been somewhat 
disappointing; this is especially true for the acute setting. 

   A systematic review of RCTs in children who 
attended the ED was conducted to identify whether asthma 
education leads to improved health outcomes  [64] . Th e anal-
yses found that structured education, as compared to usual 
care or lower-intensity education, did not reduce subsequent 
ED visits (RR 0.87; 95%CI, 0.37 to 2.08), hospital admis-
sions (RR 0.74; 95%CI, 0.38 to 1.46), or unscheduled doc-
tor visits (RR 0.74; 95%CI, 0.49 to 1.12). However, there 
was a signifi cant heterogeneity among these pooled results 
( p       �      0.01) with potential for uncontrolled confounding fac-
tors. Th e authors concluded that there was no fi rm evidence 
to support asthma education for children to improve asthma 
control and that more rigorous research was necessary. 

   Another Cochrane review examined the impact of 
limited asthma education programs (information only) 
for adults with asthma  [65] . Th ere was no eff ect on hospi-
tal admissions, doctor visits, lung function, medication use, 
or normal activity days lost. However, perceived asthma 
symptoms did improve in the education group (OR 0.40; 

95%CI, 0.18 to 0.86). One study found that limited asthma 
education programs were associated with reduced ED visits 
(mean decrease visits/person/year: 2.8 visits; 95%CI, –4.3 
to 1.2). Th e reviewers concluded that use of limited asthma 
education, as it has been practiced, does not appear to 
improve health outcomes in adults. Th e usefulness of educa-
tion in the ED setting is encouraging, but further research 
is required to confi rm these fi ndings. 

   A second review by the same group assessed the 
eff ects of adult asthma self-management programs coupled 
with regular medical review  [66] . Self-management edu-
cation reduced hospitalizations (OR 0.57; 95%CI, 0.38 to 
0.88), ED visits (OR 0.71; 95%CI, 0.57 to 0.90), unsched-
uled doctor visits (OR 0.57; 95%CI, 0.40 to 0.82), missed 
work/school days (OR 0.55; 95%CI, 0.38 to 0.79), and noc-
turnal asthma (OR 0.53; 95%CI, 0.39 to 0.72). Pulmonary 
function measures were minimally aff ected by these com-
bined interventions. If a written action plan was added, 
there was an even greater reduction in hospitalization (OR 
0.35; 95%CI, 0.18 to 0.68). Patients who could self-adjust 
their medications using an individualized written plan had 
better lung function than those whose medications were 
adjusted by a doctor. 

   In the latest Cochrane review  [67] , the authors exam-
ined the eff ectiveness of educational interventions admin-
istered following an ED visit for acute asthma. Th e review 
included 12 studies involving 1954 adults. Although edu-
cation signifi cantly reduced subsequent admission to hos-
pital ( Fig. 64.6   ; RR 0.50; 95%CI, 0.27 to 0.91), it did not 
signifi cantly reduce the risk of re-presentation at ED dur-
ing follow-up (RR 0.69; 95%CI, 0.40 to 1.21). Th e authors 
identifi ed priority areas for further research but were reluc-
tant to draw further conclusions from these data. 

   Th e clinical implications of these reviews are that iso-
lated asthma education provides limited benefi t. However, 
self-management programs associated with regular review 
by a health care provider and the addition of a writ-
ten action plans appear to be eff ective in reducing asthma 
symptoms, health care use, and improving asthma quality of 
life. Moreover, educational interventions administered after 
an ED visit for acute asthma also appear to have tangible 
benefi ts (decreased risk of subsequent admission to the hos-
pital). Th is conclusion receives strong support from a recent 
single-center randomized trial by Teach and colleagues 
 [68] , where the investigators describe striking benefi ts for 
children enrolled in an ED-based education program that 
emphasized patient self-monitoring and management, envi-
ronmental modifi cation and trigger control, and linkages 
and referrals to ongoing care. 

   In light of these fi ndings, clinicians might be well 
advised to consider training staff , patients, and families in 
asthma self-management that involves monitoring of asthma 
(by either PEF or symptoms), regular medical review, and pro-
vision of a simple written action plan. Programs that enable 
people to adjust their medication using a written action plan 
appear to be more eff ective than other forms of asthma self-
management and should be encouraged. To that end, Camargo 
and colleagues developed a simple  “ asthma discharge plan ”  for 
use in ED patients with acute asthma ( Fig. 64.7   )  [69] . 

   A conclusion that we draw from the reviewed evi-
dence is the importance of seeing the ED as part of the 
continuum of asthma care. Given the chronicity of this 
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disease – and notwithstanding the fact that these exacer-
bations represent teachable moments – it is likely that the 
main role of the ED will continue to be  reinforcement  of 
other educational eff orts and  facilitation  of follow-up with 
the primary care provider (assuming one exists). Evidence 
suggests that only 25–50% of patients see a primary care 
provider for a routine asthma reassessment within  1 month  
of the ED visit        [70, 71] . Despite this recognition, eff orts to 

increase this primary care follow-up following an exacer-
bation have been surprisingly diffi  cult. In one RCT, inves-
tigators used increasingly costly and complicated eff orts 
to increase PCP follow-up following an exacerbation of 
asthma, only to fi nd no impact on any clinically meaningful 
outcome  [71] . Th e role of facilitated referral of ED patients 
to asthma specialists is not yet clear and merits rigorous 
investigation.  

EMERGENCY DEPARTMENT – ASTHMA DISCHARGE PLAN

Name: was seen by Dr. on

•   Take your prescribed medications as directed—do not delay!
•   Asthma attacks like this one can be prevented with a long-term treatment plan.
•   Even when you feel well, you may need daily medicine to keep your asthma in good
    control and prevent attacks.
•   Visit your doctor or other health care provider as soon as you can to discuss how to
    control your asthma and to develop your own action plan.

Your follow-up appointment with is on: Tel:

YOUR MEDICINE FOR THIS ASTHMA ATTACK IS:

Medication

Prednisone/prednisolone
(oral corticosteroid)

Amount Doses per day, for # days

——— a day for ——— days
Take the entire prescription, even when you
start to feel better. 

——— puffs every 4–6 h if you have
symptoms, for  ——— daysInhaled albuterol

YOUR DAILY MEDICINE FOR LONG-TERM CONTROL AND PREVENTING ATTACKS IS:

Medication Amount Doses per day

Medication Amount

Inhaled corticosteroids

YOUR QUICK-RELIEF MEDICINE WHEN YOU HAVE SYMPTOMS IS:

Number of doses/day

Inhaled albuterol

ASK YOURSELF 2 TO 3 TIMES PER DAY, EVERY DAY, FOR AT LEAST 1 WEEK:

“How good is my asthma compared to when I left the hospital?”

If you feel much
better

If you feel better, but
still need your quick-
relief inhaler often:

If you feel about the
same:

If you feel worse:

YOUR ASTHMA IS UNDER CONTROL WHEN YOU:

     Can be active daily
and sleep through the
night.

1         Need fewer than 4
doses of quick-relief
medicine in a week.

2 3 4     Are free of
shortness of breath,
wheeze, and cough.

     Achieve an
acceptable “peak flow”
(discuss with your
health care provider).

Take your daily long-
term control
medicine.
See your doctor as
soon as possible.

•

•

• Take your daily
long-term control
medicine.

•

•

•

Use your quick-
relief inhaler.
Take your daily
long-term control
medicine.
See your doctor as
soon as possible –
don’t delay. 

•

•

•

Use your quick-
relief inhaler.
Take your daily
long-term control
medicine.
Immediately go to
ED or call
9–1–1.

 FIG. 64.6          ED – Asthma discharge plan  [69] . Reprinted by permission from Carlos Camargo, M.D., Principal Investigator of Agency for Health Care Research 

and Quality. Grant No. R13H31094.      
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n/N
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n/N
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Weight
(%)

Relative risk (random)
95%CI

George (1999)

Morice (2001)

Osman (2002)

Pemeger (2002)

Yoon (1993)

3/30

10/40

22/131

1/28

4/57

12/20

11/40

38/140

7/28

6/58

Total (95%CI)
Total events: 40 (Education), 74 (Control)
Test for heterogeneity chi-square 	 8.22 df 	 4 p 	 0.08 I2 	 51.3%
Test for overall effect z 	 2.27 p 	 0.02

286 286

17.0

26.1

34.0

15.6

7.3

100.0

0.17 ( 0.05, 0.52 )

0.91 ( 0.44, 1.90 )

0.62 ( 0.39, 0.99 )

0.68 ( 0.20, 2.28 )

0.14 ( 0.02, 1.09 )

0.50 ( 0.27, 0.91 )

0.01 0.1 1 10 100

Favors education Favors control

 FIG. 64.7          Cochrane review on the eff ect of education versus usual care on risk of hospital admission or re-admission in acute asthma  [67] .    

Using an inhaler seems simple, but most patients do not use it the right way. When you use your inhaler the wrong
way, less medicine gets to your lungs.

For the next few days, read these steps aloud as you do them or ask someone to read them to you. Ask your doctor,
nurse, other health care provider, or pharmacist to check how well you are using your inhaler.

Use your inhaler in one of the three ways pictured below. A or B are best, but C can be used if you have trouble with
A and B. Your doctor may give you other types of inhalers.

Steps for using your inhaler

Clean your inhaler as needed, and know when to replace your inhaler. For instructions, read the package
insert or talk to your doctor, other health care provider, or pharmacist.

Getting ready Take off the cap and shake the inhaler.
Breathe out all the way.
Hold your inhaler the way your doctor said (A, B, or C
below).

As you start breathing in slowly through your mouth,
press down on the inhaler one time. (If you use a
holding chamber, first press down on the inhaler. Within
5 s, begin to breathe in slowly.)
Keep breathing in slowly, as deeply as you can.

Hold your breath as you count to 10 slowly, if you can.
For inhaled quick-relief medicine (short-acting
β2-agonists), wait about 15–30 s between puffs.
There is no need to wait between puffs for other
medicines.

Breathe in slowly

Hold your breath

Hold inhaler 1–2 in.
in front of
your mouth (about
the width of two
fingers).

Use a spacer/holding
chamber. These come in
many shapes and can be
useful to any patient.

Put the inhaler in your
mouth. Do not use for
steroids.

(B) (C)(A)

1.
2.
3.

4.

5.

6.
7.

 FIG. 64.6          (Continued).      
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    Other issues 

   Studies have documented a large percentage of patients who 
are repeatedly exposed to environmental irritants. A signifi -
cant number of asthma patients are either exposed to ciga-
rette smoke or persist with this habit despite the presence 
of asthma  [72] . Smoking cessation counseling and avoid-
ance strategies should be provided to these patients along 
with their families with every exacerbation in an attempt to 
motivate smokers to overcome this addiction. Although it is 
unlikely that a detailed intervention can be undertaken in a 
busy ED setting, simple approaches are possible and under 
investigation        [73, 74] . At a minimum, ED staff  are strongly 
encouraged to learn about referral options in their hospital 
(e.g. to refer ED patients to smoking cessation programs). 

   Acute exacerbations also represent an opportunity 
for ED physicians and staff  to review pharmacological and 
non-pharmacological management of asthma. Adhering 
to a long-term plan to keep asthma under control is often 
problematic, especially in the areas of regular medication 
use and avoiding environmental triggers. Th e opportunity to 
introduce or reinforce helpful behaviors should not be lost, 
particularly during the inpatient stay. 

   Other interventions during the inpatient stay could 
include immunizations against infl uenza  [75] , and less 
orthodox interventions such as the use of acupuncture  [76] , 
homeopathy  [77] , and dietary changes (such as increased 
fatty acid intake  [78] ; all of these interventions have been 
promoted in the past. Despite this, there is little (if any) 
evidence of benefi t from these interventions in the litera-
ture and one should be cautious about recommending these 
approaches – particularly at the expense of other better-
established interventions. 

   All that being said, one unorthodox intervention prob-
ably merits further consideration. Almost a decade ago, 
Camargo and colleagues reported the fi rst prospective data 
linking obesity and risk of asthma  [79] . During the interim, 
a large number of studies have confi rmed this association 
and linked obesity with poor asthma control, including an 
increased risk of exacerbations  [80] . Although high-quality 
data are sparse, a recent systematic review suggests that 
weight loss among obese asthmatics probably leads to 
improved asthma control  [81] . Indeed, the EPR3 guidelines 
encourage clinicians to start their obese asthmatic patients on 
a regular exercise program, and to make weight control a part 
of any long-term asthma management plan  [5] . Although 
this is, of course, a diffi  cult intervention to implement in a 
busy ED, it is a program that could be started in the inpa-
tient setting – a time of heightened awareness and interest 
in health matters. Such an approach has been used for car-
diovascular disease prevention for decades and we encourage 
asthma specialists to learn from this example and consider 
such initiating   interventions during asthma hospitalizations.    

    SUMMARY 

   Asthma is a common, chronic, and often debilitating dis-
ease. Th e treatment approaches summarized in this chap-
ter provide hope for reduced symptoms, an early return 

to activities, and improved quality of life in the sub-acute 
period after an exacerbation. In addition, combining medi-
cation and education interventions provides an opportu-
nity for prevention of future exacerbations. Th us, proper 
asthma management in all clinical settings, including the 
ED and inpatient ward, emphasizes the reduction of both 
impairment and risk  [5] . After successful treatment of an 
acutely ill patient, emergency care should increasingly tran-
sition   toward the optimization of sub-acute and sometimes 
chronic asthma care issues. Close collaboration between 
emergency specialists and chronic care specialists will ensure 
that asthmatic patients receive the best care possible.  
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     Pediatric Asthma: How Early Life Events 

Cause Lifelong Respiratory Disease 

    INTRODUCTION 

   Asthma in childhood is a huge subject, and 
this chapter is therefore perforce selective in 
the coverage of the subject. It is assumed that 
all readers of this book are familiar with the 
British Th oracic Society (BTS): SIGN guide-
lines  [1] , and that most will be in adult res-
piratory practice, so there will be particular 
emphasis placed on pediatric issues relevant to 
adult physicians. Th e most important precept 
is not to be tempted to extrapolate from adult 
studies (which are admittedly often very large, 
very well conducted, and conclusive  for the rel-
evant population ) into childhood, and still less 
into the preschool years. An obvious example 
is long-acting  β  2 -agonists (LABAs), dramati-
cally eff ective in adults          [2–4] , but the evidence 
is much less convincing in children          [5–7] . It is 
increasingly recognized that medicines used 
in children must be tested in children  [8] ; the 
disease may be diff erent, pharmacokinetics may 
be diff erent, and the risk profi le is diff erent (e.g. 
interference with linear growth). 

   If therapeutic studies in adults may 
be poorly relevant to children, are pediatric 
insights of any relevance to adults and their 
physicians? We are not born into the world as 
fully formed adults, from the head of our father, 
as was the Greek Goddess Pallas Athene, but in 
fact events prior to birth and during infancy are 
pivotal in determining long-term lung health, 
a fact under-recognized in many adult respi-
ratory text books. Th is chapter will attempt to 
correct this perspective, as well as covering the 
basics of pediatric practice. More comprehen-
sive accounts of developmental issues, and the 
management of childhood asthma, have been 
published elsewhere          [1, 9–11] .  

    DEFINITION OF ASTHMA 

   It is clear that, in children, asthma is not one 
disease with a discrete pathology, but many. 
Th e best defi nition, modifi ed from Pediatric 
Consensus statements        [12, 13] , is therefore 
 “ asthma is most often a diagnosis of exclusion, 
particularly in preschool children, comprising 
wheeze and/or excessive cough, accompanied 
by breathlessness and respiratory distress, which 
is usually intermittent with periods of remis-
sion; other respiratory conditions have to be 
excluded by clinical history, physical examina-
tion, and any indicated special tests. ”  In older 
children, evidence in support of the diagnosis 
will be expected to come from demonstration 
of variable airfl ow obstruction over time, with 
treatment, or with a bronchial challenge test; 
and sometimes with the demonstration of an 
appropriate phenotype of airway infl ammation. 

   Th e inclusion of respiratory distress and 
dyspnea is new to the defi nition and would pre-
clude the diagnosis of asthma being applied to 
chronic dry nocturnal cough. Although rarely 
this can be due to asthma, in most cases it is not 
(below). Furthermore, since we have no disease-
modifying therapies at least in pediatrics 
(below), there is nothing to be gained by diag-
nosing asthma at a very early, pre-symptomatic 
stage, when hypothetically cough might be the 
fi rst sign of airway infl ammation (and in pedi-
atric asthma, but never shown in the general 
population, there is a relationship between air-
way infl ammation as measured by exhaled nitric 
oxide [FE NO50 ]  [14] ), but we cannot modify the 
progression of the disease. 

   If it is accepted that asthma is not one 
disease but many, then it follows that there 
are diff erent syndromes or phenotypes. Th is is 
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particularly important in preschool wheeze. A phenotype 
may be considered as a cluster of either clinical features or 
pathological features, resulting from interactions between 
genes and the environment, which tend to be associated, 
and which are useful in some way, such as in managing the 
child or in understanding the mechanisms of disease  [15] . 
Th ere may be overlap between phenotypes, and they may 
change over time. It may be helpful to consider components 
of the asthma syndromes or phenotypes to be following 
       [16, 17] : 

      ●      Extent and nature of any airway infl ammation  

      ●      Degree of bronchial hyperreactivity (BHR)  

      ●      Extent of persistent, apparently irreversible, airfl ow 
obstruction (PAL)    

   Attempting to dissect out these components may 
allow a rational treatment plan to be achieved in those chil-
dren particularly with therapy unresponsive asthma at any 
age, but also in the preschool years. In the future, more 
sophisticated factorial analyses        [18, 19]  may refi ne these 
relatively crude phenotypes. 

    Airway infl ammation 

   Traditionally, asthma, at least in older children, has been 
considered as a T-helper (TH) 2 -lymphocyte mediated, 
eosinophil driven disease of airway infl ammation        [20, 21] . 
However, although undoubtedly well founded in many asth-
matic children, the concept that this is the sole infl amma-
tory mechanism has been challenged. Studies in particular 
utilizing bronchoalveolar lavage (BAL) and bronchial biopsy, 
and induced sputum, have characterized neutrophilic, mixed 
cellularity, and paucicellular forms of asthma            [22–25] . 

   Recent work in children with severe asthma has 
shown that, unlike in adult asthma, these cellular infl amma-
tory phenotypes are not stable over time, and, over a 1-year 
period, fewer than 60% retain the same phenotype  [26] . 
Other unexplored issues in pediatric airway infl ammation 
include the relative importance of luminal and intramural 
infl ammation  [27] , which correlate poorly, and, completely 
unexplored, the relationship between proximal infl amma-
tion and distal (alveolar) infl ammation          [28–30] . Th is last 
currently requires a transbronchial biopsy; the complica-
tion rate of this procedure would make it unacceptable for 
research in children  [31] .  

    Extent and nature of BHR 

   Th is has traditionally been considered as one of the hall-
marks of asthma, and the concepts of direct and indirect 
airway are well established  [32] . Th e traditional model has 
been that infl ammation causes BHR, and that BHR causes 
symptoms of asthma. Th is paradigm has been challenged. 
First, although there is a good correlation between BHR 
and severity of asthma for groups, there is much overlap 
between individuals within the groups, and thus for an indi-
vidual, only the poorest correlation between level of BHR 

and asthma severity  [33] . Th ere is a very poor correlation 
between eosinophilic airway infl ammation and BHR  [34] . 
Furthermore, therapies can improve infl ammation without 
changing BHR (e.g. anti-IgE monoclonal antibody)  [35]  
and improve BHR without changing airway infl ammation 
(etanercept, the anti-TNF- monoclonal)  [36] . Th e signifi -
cance of BHR in infants is discussed later.  

    Extent of PAL 

   Th is is an important practical consideration; there is no 
point in escalating treatment if there is no further capacity 
to dilate the airway. PAL is defi ned pragmatically as a fi rst 
second forced expired volume (FEV1) which remains more 
than two Z- (standard deviation, SD) scores less than nor-
mal despite a trial of intramuscular triamcinolone (below) 
and high-dose bronchodilators; not necessary for the diag-
nosis, but likely to be a feature, is the absence of any airway 
infl ammation which may be reversible. PAL may be due to 
anatomical reduction in airway caliber, either antenatal or 
postnatal; and alteration in airway wall compliance, either 
as a primary eff ect on wall structure or due to loss of the 
alveolar tethering eff ect (below).   

    IMPORTANT METHODOLOGICAL ISSUES IN 
PEDIATRICS 

    Pediatric lung function tests 

   Th e study of infant and preschool lung function is a whole 
chapter in itself, and will not be reviewed here. Th e numer-
ous techniques available (including rapid thoraco-abdominal 
compression, the more sensitive raised volume rapid thoraco-
abdominal compression, lung clearance index, plethysmog-
raphy, the interrupter technique, tidal breathing indices and 
forced oscillation) all have their proponents. Th ey measure 
diff erent aspects of airway function, with diff ering sensi-
tivity to abnormality, and it is important to be clear what 
the chosen technique is actually measuring, and to ensure 
appropriate normal ranges are used. Th e developmental per-
spective is important; FEV t , for example, may not represent 
the same airway generations at age 15 as it does at age 2 
       [37, 38] . Conventionally, lung function is expressed as per-
cent predicted. In pediatric practice at least, this should be 
replaced by Z (SD) scores, so that mean Z score at any age 
for any parameter is 0, with a range of  � 1.96. Th is is more 
informative than percent predicted; 80% predicted may be 
in the normal range, depending on the spread of the data, 
but  � 2.5 Z scores is always abnormal.  

    Signifi cance of BHR 

   BHR can be measured in small infants, but this is techni-
cally very diffi  cult, and data are far scantier than for con-
ventional lung function. Furthermore, just as FEV t  may 
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mean diff erent things at diff erent ages, so does BHR. In 
older children, BHR probably has the same signifi cance as 
in adults. However, it is likely but unproven that BHR in 
babies may predominantly be determined by distal airway 
caliber rather than infl ammation, in other words,  “ reactive ”  
airways are in fact smaller ones, the same degree of con-
striction causing a bigger signal in terms of airfl ow obstruc-
tion in an airway that started smaller than one of normal 
starting caliber. Unlike in asthmatic adults, BHR is not nec-
essarily a feature of wheezy infants  [39] , underscoring that 
BHR has diff erent meanings at diff erent ages. Supportive of 
the  “ anatomical ”  view of BHR in the newborn period is that 
neonatal bronchial responsiveness predicted FEV 1  at age 
10 years (  p       	      0.03) but had no relationship with wheeze or 
diagnosed asthma at this age  [40] .  

    The nomenclature of preschool wheeze 

   Th e epidemiological phenotypes most commonly used 
are described below and in  Table 65.1   . Th ere is a common 
confusion in nomenclature and thinking between tempo-
ral pattern and epidemiological time course of symptoms. 
Temporal pattern should be described as intermittent (viral) 
wheeze and multi-trigger wheeze. Either pattern may be 
transient (disappears by third birthday) or persistent (still 
present at age 6 years). It must not be assumed that all epi-
sodic (viral) wheeze is transient, nor that all multi-trigger 
wheeze in the fi rst 3 years of life will be persistent. It is 
likely that these phenotypes, although they have lead to new 
insights, will prove in the future to be an oversimplifi cation.  

    Gene: Environment interactions 

   Genes do not exist in isolation, but within their environ-
ment, which may infl uence gene expression. Th ere are 
important gene–environment interactions in the pathogen-
esis of early onset wheeze, which illustrate an important 
principle. CD14 is involved in the responses to lipopoly-
saccharide, and as such, a likely candidate  “ asthma gene. ”  
Previous studies have implicated CD14 in the process of 
immune switching from T H 1 to T H 2, and in responses to 
viral infections        [41, 42] . However, results from other pre-
vious epidemiological studies were inconclusive, as was 

a meta-analysis  [43] . However, the CD14/      �      260 C →
 T polymorphism in the CD14 promoter showed no asso-
ciation with any manifestation of atopic senitization in the 
total population, but this masked signifi cant fi ndings in a 
hypothesis driven subgroup analysis. Th e promotor poly-
morphism was associated with higher levels of both total 
IgE and specifi c IgE to aeroallergens in children in regular 
contact with domestic pets, but the opposite relationship, 
not explained by endotoxin levels, in children in contact 
with stable animals  [44] . Hence, a gene could produce 
exactly opposite eff ects depending on the environment, so-
called phenotypic plasticity, well described in lower organ-
isms. Th us, it is essential to embark on studies with focused 
hypotheses involving genes and the environment, if impor-
tant observations are not to be missed.  

    The role of parental genotype 

   Maternal smoking illustrates another important principle of 
gene: environment interactions. Th e glutathione-S-transferase 
gene is one of those responsible for protecting the organism 
against oxidative damage. Polymorphisms of this gene in the 
mother, but not the father, are important determinant of the 
eff ects of maternal smoking during pregnancy on fetal air-
way development        [45, 46] ; the null polymorphism exposes 
the fetus to the threat of oxidant damage, and is associated 
with airfl ow obstruction in the newborn period. Maternal 
smoking negatively aff ects neonatal birth weight and lung 
function, but the adverse eff ect of maternal exposure on 
neonatal birth weight could be modifi ed by the maternal 
metabolic genotypes, GSTM1 and GSTT1  [47] . Maternal 
smoke exposure also resulted in reduced birth weight in the 
off spring of mothers who had any of the aryl hydrocarbon 
receptor wild-type genotype, the CYP1A1 variant genotype 
or the GSTM1 null genotype  [48] . 

   Th us if as is explained below, lung function at birth 
is an important determinant of adult lung function and 
chronic obstructive pulmonary disease (COPD) risk, at 
least some of the roots of COPD may lie in the proband’s 
mother’s genotype, including genes determining fetal sus-
ceptibility to the eff ects of maternal smoking in pregnancy. 
Th is area is fraught with diffi  culty, and at the moment much 
remains conjectural, but the collection of DNA from the 
mothers of COPD suff erers, in particular if the proband has 

TABLE 65.1 Wheezing phenotypes in the Tucson study [69, 70].

Number (%)

Findings at birth Findings at age 3 Findings at age 6

Lung function Wheeze Lung function Wheeze
Lung function

Normals 425 (51) Normal � Not done � Normal

Transient wheeze 164 (20) Reduced � Not done � Normal

Persistent wheeze 124 (15) Normal � Not done � Reduced

Late onset wheeze 113 (14) Normal � Not done � Reduced

� 	 Present; � 	 Absent.
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only a relatively minor smoking history, could be a fruitful 
avenue for future research  [49] .   

    NORMAL AND ABNORMAL LUNG GROWTH AND 
DEVELOPMENT IN UTERO 

    Normal lung growth 

   Th is large topic has been reviewed in detail elsewhere          
[50–52] . Of relevance to the present subject is that the air-
way branching pattern and all airway generations are deter-
mined by 16 weeks of gestation, and it is in the second half 
of pregnancy that neonatal airway caliber is determined. 
Alveolar development is largely a postnatal phenomenon; 
there is a rapid growth phase in the fi rst 6 months of life, 
probably a slower phase for the next 18 months, and there-
after alveoli increase in size, rather than number. However, 
since alveolar tethering to the airway is an important mech-
anism for the maintenance of normal airway caliber, failure 
of normal alveolarisation may also cause airfl ow obstruction 
 [53] . Th e formation of the airway vasculature follows that 
of the airways and acinar vessels that of the alveoli. Th us 
eff orts at improving long-term airway caliber, for example 
smoking cessation, are still relevant in the second half of 
pregnancy, and preservation of alveolar numbers in the fi rst 
2 years of life is also of particular relevance, in particular in 
the context of preterm delivery.  

    Antenatal adverse infl uences on lung 
growth 

   Th e major issues are the eff ects of maternal smoking; mater-
nal atopy; increasingly recognized, the eff ects of environ-
mental pollution; and obstetric factors which lead to being 
small for gestational age (SGA), including maternal hyper-
tension of pregnancy. Some, but not all, are amenable to 
intervention. In considering studies on both ante- and post-
natal eff ects, it is important to consider whether the magni-
tude is very small, but of interest in generating hypotheses 
as to mechanisms, or large enough to be the focus of a pub-
lic health intervention that will be clinically useful in that 
context. 

    Maternal smoking 

   Many studies have demonstrated the adverse eff ects of 
smoking during pregnancy. Th e Boston cohort  [54]  showed 
that there was early airfl ow obstruction in the off spring of 
smoking mothers, more marked in girls rather than boys, 
and with diminishing eff ect over the next 18 months. Other 
studies have also confi rmed an adverse eff ect of maternal 
smoking          [55–57] . Maternal smoking may cause BHR in the 
newborn  [58] , especially in those with a maternal history 
of asthma. It is important to note that smoking cessation 
in the second half of pregnancy may improve the outcome 
for the fetus  [59] . 

   Th ere are some pathological correlates of the eff ects 
of cigarette smoke on the developing lungs. Th e off spring 
of smoke exposed guinea pigs have reduced numbers of 
alveolar attachment points to the airway  [60] . Th is is likely 
to result in a reduction in airway stability, and increased 
collapsibility. A study of the lungs of sudden infant death 
syndrome victims, whose mothers smoked in pregnancy, 
revealed increased inner airway wall thickness and increased 
airway smooth muscle        [61, 62] . Whether this is a direct 
eff ect of smoke, or related to another factor which caused 
the sudden death, is still conjectural. 

   Nicotine has been shown to exert antenatal eff ects on 
airway wall structure. Nicotine given by subcutaneous infu-
sion to pregnant baboons caused airway remodeling in the 
pups  [63] . Th ere was increased airway wall area per millim-
eter of epithelium, and upregulation of mRNA for Types 1 
and 111 collagen, confi rmed by immunostaining, in the air-
way and alveolar walls. Th ere were also increases in elastin 
mRNA, but if anything, elastin protein was decreased, but 
not increased; this counter-intuitive result did not reach sta-
tistical signifi cance. Th e mechanism is probably via the reac-
tion of nicotine with the 7 nicotinic acetylcholine receptor. 

   Maternal smoking may have immunological as well 
as physiological and structural eff ects. Th ere are data show-
ing that maternal smoking leads to lower cord blood IL-4 
and IFN- γ   [64] , and increased cord mononuclear cell pro-
liferation to house dust mite  [65] . Other cord blood studies 
showed that maternal smoking was associated with increased 
IL-13, and reduced IFN- γ  mRNA responses by stimulated 
cord blood cells  [66] . Th e Perth group  [67]  has investigated 
the eff ects of maternal smoking on fetal Toll-like recep-
tors (TLRs) and their signaling. Smoking during preg-
nancy was associated with reduced TLR2 mediated IL-6, 
IL-10, and TNF- α  production. TLR3 and TLR4 medi-
ated signaling of TNF- α , but not IL-6, IL-10, and IL-
12 was reduced in the infants of mothers who smoked. In 
terms of TLR9 responses, there were attenuated IL-6 and 
increased IFN- γ  responses in the infants of smoking moth-
ers. Th us, smoking may be the link between (a) reduced 
airway caliber; (b) reduced alveolar tethering of airways; 
and (c) altered cord blood immune function, which subse-
quently interacts with eff ects of respiratory viral infections 
in infancy. Interestingly, birth order has an eff ect on cord 
blood immune responses. Th e T H 2 driven cord blood pro-
liferative response of mononuclear cells to timothy grass, 
PPD, Concanavalin A and house dust mite was lower with 
successive pregnancies (including miscarriages, placing the 
eff ect likely with events in the fi rst trimester of pregnancy) 
 [65] . In other words, immunologically, the eff ects of a fi rst 
pregnancy are more like that of pregnancy in a smoker, 
rather than a fourth pregnancy. Th is may be an alternative 
explanation (rather than the occurrence of multiple viral 
infections) for the occurrence of less atopy if the child has 
older siblings, the hygiene hypothesis.  

    Maternal atopy 

   Infants of asthmatic mothers also have airfl ow obstruction 
         [56, 57, 68] . Other studies have confi rmed an adverse eff ect 
of maternal atopy. Th ese fi ndings are diffi  cult to reconcile 
with the reports of normal lung function at birth in those 
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babies who will become persistent wheezers, as reported 
from Tucson        [69, 70] , many of whom would be expected to 
have an atopic mother. Whether the diff erences between the 
studies are real or a manifestation of population or meth-
odological diff erences is unknown. However, it is clearly not 
possible to prevent atopic mothers having babies!  

    SGA eff ects 

   Two factors complicate the assessment of being SGA  per se  
on lung function. Th e fi rst is the choice of an appropriate 
control group, since forced expired fl ows (FEF) are usually 
normalized to body length. Th e second is the confounding 
eff ects of smoking, probably one of the commonest causes 
of SGA delivery. Impaired lung function soon after birth 
has been reported in SGA infants  [71] , but it seemed that 
in the subgroup of non-smoking mothers, the changes 
related only to reduce body length. Th e subsequent evolu-
tion of lung function changes suggested that they were 
independent of somatic growth  [72] . A follow-up study in 
SGA infants born to non-smoking mothers showed that 
there was a consistent 9% reduction in FEFs and forced 
vital capacity (FVC), with no evidence of  “ catch-up ”  growth. 
Although no longitudinal study has followed these infants 
into adult life, cross-sectional studies have reported reduced 
lung function in adults and children who were born SGA, 
suggestive that the eff ect of SGA delivery, independent of 
smoking, persists long term          [73–75] .  

    Eff ects of environmental pollution on the fetus 

   Th is is an area of recent and increasing interest. Proof of 
concept, that environmental pollutants could aff ect the 
fetus came with the demonstration that umbilical cord 
carbon monoxide (CO) correlated with environmental lev-
els  [76] . Th e readout from antenatal pollution studies has 
been birth weight, not lung function, but as discussed, the 
two are related. Maternal exposure to particulates (PM 2.5  
and PM 10 ), CO, sulfur dioxide (SO 2 ), and nitrogen diox-
ide (NO 2 ) have all been implicated in reduced birth weight 
       [77, 78] . Th e insectiside dichlorodiphenyldichloroethylene 
(DDE) was detectable in cord blood and high levels associ-
ated with a later asthma diagnosis  [79] . Th is is an obvious 
focus for preventive strategies  

    Other possible antenatal adverse eff ects 

   First trimester invasive procedures (chorionic villus sam-
pling, amniocentesis) may be associated with hyperinfl ation 
suggestive of airfl ow obstruction in the infant  [80] , although 
another study suggested no infl uence of these procedures on 
wheeze  [81] . Maternal hypertension of pregnancy is a risk 
factor for airfl ow obstruction        [57, 81] . Maternal diabetes is 
a risk factor for persistent wheeze, antibiotics in pregnancy 
for maternal urinary infection is associated with transient 
early wheeze, and antibiotics at delivery for both phenotypes 
 [81]  (see  Table 65.1  for the defi nition of these phenotypes). 
It should be noted that antibiotic administration around 
delivery might be a marker of maternal chorioamnionitis, 
which accelerates lung maturation and may thus have long-
term consequences on lung function independent of anti-
biotic use  [82] . Another maternal medication eff ect is that 

paracetamol, but not aspirin, intake during pregnancy is 
associated with asthma, wheezing, and elevated IgE in school 
age children  [83] . Th e role of diet is unclear; early work 
has surprisingly suggested that high maternal vitamin C 
intake in pregnancy may actually increase the prevalence 
of wheeze in the second year, but not the fi rst year of life. 
High vitamin E intake  [84] , and eating apples and fi sh, in 
pregnancy may protect against allergic asthma and atopic 
disease  [85] , although since no neonatal lung function 
data were recorded, it is not possible to determine if this is 
structurally mediated, or by an eff ect on neonatal immune 
responses. No intervention study has determined that 
adjusting maternal diet aff ects outcomes in the baby.  

    Summary: Maternal adverse eff ects 

   Maternal smoking is the most important and obvious 
eff ect amenable to intervention, followed by air pollution. 
Paracetamol and antibiotics should be discouraged in preg-
nancy. Whether dietary manipulation in pregnancy will be 
benefi cial is contentious.    

    NORMAL AND ABNORMAL LUNG GROWTH AND 
DEVELOPMENT EX UTERO 

    Epidemiological studies 

   Th e Tucson group        [69, 70]  recruited over 1200 babies and 
divided wheezing phenotypes in the fi rst 6 years of life 
into three categories ( Table 65.1 ). Th ey found that tran-
sient wheezers had reduced lung function at birth, and 
although there was catch-up, they still had evidence of air-
fl ow obstruction age 6 years. Th e persistent wheezers had 
normal lung function at birth, and by age 6 had evidence 
of airfl ow obstruction. Th e late onset wheeze group had no 
impairment of lung function. Th ese lung function patterns 
established at age 6 track to age 16 at least  [70] . Recently, 
they have shown that poor lung function at birth tracks into 
the early twenties irrespective of confounding factors such 
as wheeze, smoke exposure, or atopy  [86] , confi rming that 
the fi rst 6 years of life, and especially antenatally, are a piv-
otal time for the prevention of COPD. 

   Th e Perth birth cohort was smaller than Tucson 
( n       	      243        versus 1246), but more detailed physiological 
measurements were made, including BHR in the newborn 
period  [87] . Th eir detailed conclusions, based on smaller 
numbers, were diff erent, but the importance of early life 
events again emerges. Th e discrepancies between the two 
cohorts have yet to be resolved. Th e Perth group found 
that the group wheezing between one year and 3 years of 
life ( n       	      17, transient wheeze, in the Tucson nomenclature; 
compared with more than 100 transient wheezers in the 
Tucson cohort) had  normal  lung function at birth (mainly 
using a tidal breathing, indirect measure of airway obstruc-
tion), but FEF 25 � 75  was reduced at age 11. Th e persistent 
wheezers ( n       	      12) had abnormal lung function shortly after 
birth, and it remained persistently lower than the never 
wheeze group. Both studies showed that children who 
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wheezed after age three had no impairment of lung function. 
In a study of more than 11,000 Sydney schoolchildren, 
those with a history of wheeze before 2 years of age had 
small decrements in lung function, supportive of the Tucson 
fi ndings  [88] . Children who were fl ow limited in the neona-
tal period (parts of the tidal breathing expiratory fl ow curve 
approximated to the forced fl ow-volume curve) had a trend 
toward a reduced FEF 25 � 75  at age 11 years, again support-
ing the concept of the tracking of lung function        [68, 89] . 

   Th e Manchester Birth Cohort  [90]  used the same 
subdivisions of wheezing phenotypes as Tucson, and meas-
ured airway resistance (sRAW) at age 3 and 5. By age 3, 
persistent wheezers had reduced lung function, and this 
tracked to age 5. Transient wheezers had normal lung func-
tion. sRAW at age 3 could not predict which infants would 
develop new wheeze in the next 2 years of life. Th e conclu-
sions were the same irrespective of whether pre- or post-
bronchodilator sRAW was studied. It should be noted that 
sRAW is not a particularly sensitive test to minor degrees 
of obstruction        [91, 92] . Th ese fi ndings have been confi rmed 
in a Dutch cohort, where airway resistance measured by 
the interrupter technique was higher in persistent wheez-
ers than in normals  [93] . Th ey found no eff ect of transient 
wheeze on lung function; again, this may refl ect the relative 
insensitivity of the interrupter technique. 

   Most studies have focused on airway obstruction, 
with the implication that this is due to airway maldevelop-
ment. However, alternative mechanisms may also be rele-
vant. It is well known that there is interdependence between 
the airways and the lung parenchyma, with alveolar tether-
ing to the airways being responsible in part for maintain-
ing airway caliber. Alveolar attachment points have been 
shown to be reduced in number by maternal smoking  [60] . 
Th is could lead to airfl ow obstruction without there being 
a direct eff ect on the airway itself. Another group, using 
measurements of input impedance, have suggested that air-
way wall compliance may be abnormal in wheezing infants. 
Th ey suggested that compliance, rather than actual caliber, 
may be the reason for the described lung function 
abnormalities  [94] . 

   Birth weight is an important determinant of lung 
function  [95] . A Norwegian cohort study showed that 
babies with early tidal breathing lung function below the 
median were more likely to have a history of asthma and 
severe airway hyperresponsiveness (AHR) at age 10. Th ere 
was some evidence of tracking, with early tidal volume indi-
ces weakly predicting mid-expiratory fl ows at age 10. Th e 
PIAMA birth cohort study  [96]  reported on the interac-
tions between birth weight and respiratory symptoms in the 
fi rst 7 years of life. In accordance with other studies          [97–99] , 
they found an increasing risk of wheeze in the fi rst 5 years 
of life, which declined thereafter, being no longer signifi cant 
at age 7 years. Th e novel fi nding was that smoking in the 
infant’s home increased the eff ect of low birth weight, such 
that a 2.5       kg birth weight child had a nearly twofold risk of 
symptoms compared to a 4.5       kg birth weight child, and in 
the former, smoke exposure leads to a 12% increase in the 
prevalence of symptoms. 

   Studies in adults have extended these observations. 
A longitudinal birth cohort study of more than 5000 adults 
has shown that at age 31, each 500       gm increment of birth 

weight resulted in a 53.1       ml increase in FEV 1  and a 52.5       ml 
increment in FVC  [100] . Another study showed a rela-
tionship between lung function age 45–50 years and birth 
weight  [73] . 

   Th ere have been two major studies in which BHR 
was measured in the neonatal period. Th e Perth cohort of 
babies had BHR to histamine measured shortly after birth, 
and increased responsiveness was associated with reduced 
spirometry, a physician diagnosis of asthma, and increased 
respiratory symptoms at age 6  [101] . In the second (United 
Kingdom) study        [39, 40] , wheezing was categorized as 
occurring (1) only before the fourth birthday, (2) after the 
fourth birthday, or (3) never. No relation was seen between 
neonatal lung function and later lung function, but neona-
tal bronchial responsiveness predicted subsequent FEV 1 . 
Increased neonatal BHR was associated with transient 
wheeze  � 4 years, but not with later wheeze. Wheeze after 
4 years of age was typical of classical asthma, as it was 
strongly related to atopy and BHR at age 10. 

   Th e Groningen        [102, 103]  group studied 119 allergic 
asthmatics for the fi rst time between ages 5 and 19, and fol-
lowed them up into their 40s. Th ey showed that, at the fi rst 
visit, low FEV 1  and BHR were independent risk factors 
for low lung function in early adult life. Lower lung func-
tion in childhood, and less good evolution of lung function 
over time, was associated with worse BHR in adult life. 
Unsurprisingly, young adult asthmatics who smoked had a 
higher rate of decline in lung function. 

   Th e early childhood cohorts overlap a number of oth-
ers spanning childhood and early adult life. Th e Dunedin 
cohort  [104]  followed over 600 people between the ages 
of 9 and 26. Th eir data clearly showed that lung function 
continued to track over this period, perhaps more in males 
than females. Pulmonary function was consistently lower 
in those who wheezed compared with those who did not, 
and the level of function was clearly set by events prior to 
recruitment, as the authors themselves recognized. Th e 
primary purpose of the Childhood Asthma Management 
Program (CAMP) study was the treatment of childhood 
asthma, not lung function tracking, but nonetheless, their 
data is supportive of this concept  [105] . Th e Melbourne 
group recruited children age 7 who had either no wheeze, 
 “ wheezy bronchitis ”  (WB; what we would now call episodic 
(viral) wheeze), or persistent asthma. At age 10, the cohort 
was enriched by a group of really severe asthmatics. Th ey 
showed that from recruitment until just below 50 years of 
age, lung function tracked in all groups, and that the level 
of lung function was set by early life events prior to recruit-
ment  [106]  

   Th e next consideration is the rate of lung aging. It has 
long been known that in the mid-40s, lung function starts 
to decline from a plateau. Th e plateau (highest lung function 
ever) is lower in asthmatics, and the slope of rate of decline 
is greater in smokers  [107] . Recently, patients from the 
Aberdeen cohort, recruited in 1964 were restudied  [108] . 
Th ey were divided into normals, asthmatics and  “ wheezy 
bronchitics, ”  who would now more likely be described as 
episodic (viral) wheezers. In middle age, the plateau FEV 1  
is the same in normals and WB, and lower in asthmatics, as 
expected. However, when rate of decline of FEV 1  was stud-
ied, both the asthmatics and WB groups were declining at 
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the same accelerated rate. Th is fi nding persisted after con-
trolling for smoking habit and socioeconomic class. 

   By contrast, another group found that childhood 
chest illness (pneumonia, pertussis, wheeze by age 7) did 
not appear to aff ect rate of lung function decline between 
age 35 and 45  [109] . Crucially, the earliest age of study was 
7 years, and by the time of this study, perhaps unsurpris-
ingly,  � 90% of participants had dropped out, leaving data 
on 1156. Th eir fi ndings are supported by other groups        [106, 
110] , but crucial methodological factors are the drop out 
rate and likely recall bias at the fi rst interview, when many 
will have become symptom free (see e.g.  [96] ). Th ey had 
previously showed that  [111]  parents who gave a history 
of previous pertussis in their child had forgotten the entire 
episode at the time of the next questionnaire, emphasizing 
the importance of recall bias. 

   Th e most long-term study relied on indirect measure-
ments but is still enormously informative and challenging. 
Barker’s group  [112] , in a series of seminal observations, 
analyzed death certifi cate data in a large number of individ-
uals in widely diff ering communities, which were classifi ed 
as county or London boroughs, or urban and rural areas. We 
know that death certifi cate data are often unreliable, but if 
a parameter of poor individual accuracy is measured thou-
sands of times, inaccuracies will cancel out and important 
correlations which are robust, may emerge, as here. Barker’s 
group found that, across all these communities, there was an 
extraordinarily close correlation between infant mortality 
from pneumonia and other respiratory disease, and stand-
ardized mortality rate (SMR) for COPD 50 years later. An 
area with high infant mortality rate would also have a high 
SMR for COPD 50 years later. Th us,  any  hypothesis about 
COPD has to take in the importance of early life events if 
it is to hold up.  

    Postnatal adverse infl uences on 
lung growth 

    Postnatal smoke exposure 

   Th e adverse eff ects of tobacco smoke continue postnatally. Th e 
adverse eff ects have been well previously summarized  [113] . 
Environmental smoke exposure in childhood has eff ects 
extending well into adulthood  [114] . Living with a smoker 
before the age of 18 increased the odds of chronic dry 
cough and, to a lesser extent, phlegm, after the age of 18. 
Th e associations were strengthened with higher numbers of 
smokers in childhood. 

   Th ere are important gene–environment interactions 
with regard to smoking, which are still incompletely under-
stood. Th e postnatal interactions between environmental 
smoke exposure and GSTM1 and GSTT1 polymorphisms 
are controversial. In a German cohort  [115] , only the com-
bination of null polymorphisms in one of these genes, 
and postnatal exposure to environmental tobacco smoke, 
resulted in evidence of airway obstruction, whereas in a 
study from the United States  [46] , antenatal smoke expo-
sure was thought to be more important. Tumor necrosis 
factor (TNF) polymorphisms are important; exposure to 
second hand smoke doubled the risk of respiratory related 

school absences in children with the TNF-308       A com-
pared with the G variant, leading to a fourfold increased 
risk of lower respiratory tract infections causing school 
absence  [116] .  

    Respiratory viral infections 

   Th e   observation upon which the  “ Hygeine hypothesis ”  is 
based incontestable, namely that higher birth order is asso-
ciated with less atopic disease  [117] . Th e interpretation that 
this relates to early viral infection is controversial. Evidence 
of the importance of early viral infections comes from stud-
ies in which infants were placed in childcare facilities at 
an early age. Firstborn infants in this environment wheeze 
more in the fi rst year of life, but less at 6 years of age and 
older  [118] . Th ere is an important gene–environmen-
tal interaction, in that the infants of mothers with asthma 
do not show a subsequent decline in the prevalence of 
wheeze  [119] . Whether viruses mediate all these eff ects or 
there are other factors in the environment of the crèche is 
not clear. 

   An important question is whether severe viral or 
other respiratory infections cause airway obstruction or are 
a manifestation of it. Th is is best resolved by the antenatal 
recruitment of babies into prospective, longitudinal stud-
ies. Th e Perth study showed that decrements in lung func-
tion preceded bronchiolitis  [120] . A study from Tucson 
also showed impaired lung function preceded pneumonia 
 [121] . However, there is no doubt that, for example, aden-
ovirus infection leads to chronic severe airway obstruction 
due to obliterative bronchiolitis in putatively previously 
normal babies or at least babies with at worst only mild 
airfl ow obstruction  [122] . Th e ill-studied nonatopic late 
onset wheeze phenotype may be related to viral bronchi-
olitis  [123] , but in this chapter, there were no premorbid 
data, and it is not possible to determine whether the severe 
early infections reported were a marker of preprogramming 
of airway or immune function, or causative of later prob-
lems. Furthermore, the diagnosis of  “ bronchiolitis ”  was very 
loosely based. 

   Much early work has been on respiratory syncytial 
virus (RSV) bronchiolitis. One study, with no premorbid 
measurements, but excellent retention during prolonged 
follow-up, suggested that RSV bronchiolitis causes asthma 
and atopic sensitization          [124–126] . Th e conclusions have 
been criticized, partly on the grounds of choice of con-
trol group  [127] , and other work suggested that post-RSV 
symptoms in fact gradually improve with time  [128] . Th e 
COAST study has highlighted that rhinovirus (RV) infec-
tion may be more strongly associated with wheeze outcomes 
in later childhood than RV  [129] . Th e authors rightly point 
out, though, that they cannot distinguish between at least 
two important mechanisms (1) recurrent infections lead 
to airway damage and thus to asthma and (2) infants were 
already predisposed to asthma because of abnormal cord 
blood IFN- γ  or other cytokine responses, and RV infection 
is just a marker of this preprogramming. 

   It is obvious that severe viral (particularly adenoviral) 
infection may cause  de novo  airfl ow obstruction, but it would 
be a mistake to forget the antecedent insults which may 
increase the child’s susceptibility to respiratory infection. 
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Overall, the best evidence is that much of the morbidity of 
early childhood viral infection is determined antenatally.  

    Diet 

   If oxidative stress is important in lung growth and devel-
opment, then it might be predicted that increasing dietary 
antioxidants might be benefi cial. In one study, vitamin C, 
fruit, and magnesium intake was associated with bet-
ter lung function in mid-childhood  [130] . Th e traditional 
Mediterranean diet consists of a high intake of fruits and 
vegetables, predominantly whole grain bread and cere-
als, legumes and nuts, and olive oil as the main source of 
fats. In those consuming such a diet, atopy is not uncom-
mon, but wheeze and rhinitis are rare  [131] . A cross-
sectional study showed that high adherence to this diet had 
a benefi cial eff ect on the symptoms of asthma and rhini-
tis. Another group  [132]  confi rmed a protective eff ect of 
the Mediterranean diet on chronic severe asthma in girls, 
and that exercise showed a dose response protection against 
occasional asthma and rhinoconjunctivitis in both sexes. 
Another group showed that eating bananas and drinking 
apple juice from concentrate, but not eating apples, may 
protect against wheezing  [133] . Th e whole subject of die-
tary manipulation in the ante- and postnatal periods has 
recently been reviewed  [134] . However, whether interven-
ing to alter diet would benefi t lung function has not been 
shown. A healthy diet is desirable in itself but is perhaps 
not likely to be hugely benefi cial to lung development.  

    Medication administration 

   Th is is still controversial. One study showed that fre-
quent paracetamol  [135]  administration to children lead 
to increased wheezing, and possibly rhinitis and eczema. 
Studies of the eff ects of antibiotic administration for respi-
ratory infection are dogged by reverse causation, that is, the 
antibiotics may have been erroneously given for asthmatic 
symptoms. Studies of antibiotics for non-respiratory infec-
tions are inconclusive, but recent evidence suggests that any 
association between antibiotic use and subsequent wheeze is 
weak at best  [136] . On general principles, antibiotics should 
be avoided in childhood unless really necessary, but I doubt 
that such a policy will have much eff ect on population lung 
health.  

    Outdoor air pollution 

   Th ere are adverse eff ects of outdoor pollution on lung 
growth in children. NO 2 , PM 2.5 , acid vapor, and elemen-
tal carbon exposure all caused clinically signifi cant dec-
rements in FEV 1  at age 18  [137] . Th is group also showed 
that regional air pollution, and exposure to traffi  c fumes, 
had independent and detrimental eff ects on lung growth 
 [138] . Th e adverse eff ects of ozone, NO 2 , and particulates 
on lung growth have been reported from Mexico City. In 
a study from Leicester, United Kindom, there was a tight 
relationship between environmental PM 10 , carbon content 
of alveolar macrophages, and spirometry  [139] . However, 
the evidence that changing the fl ow of traffi  c can improve 
outcomes for childhood respiratory health is at best conten-
tious        [140, 141]   .

    Indoor air pollution: Allergens 

   Th ere is challenging evidence for the role of allergens in 
airway development. Th e Manchester group showed that 
high house dust mite exposure was associated with air-
fl ow obstruction in infancy and stringent mite avoidance 
was benefi cial  [142] . Th e same group showed in adults 
that house dust mite and dog, but not cat, allergen levels, 
if high, had adverse eff ects on airway function and infl am-
mation even if the patient is not sensitized to the allergen, 
as least on IgE mediated criteria  [143] . Th e implication 
is that allergens have eff ects other than by stimulating an 
allergic response, and there is increasing epidemiological 
evidence for this  [144] . Atopic patients, non-sensitized to 
cat allergen, still exhibited a dose response worsening BHR 
with increasing cat allergen levels. One possible mecha-
nism is that allergens cause proteolytic damage to the air-
way epithelium; and indeed, many allergens are proteolytic 
enzymes  [145] . Th e eff ects of allergen reduction are some-
times unpredictable, and high levels may be protective in 
some circumstances. A detailed description of the important 
interactions between aeroallergens and environmental endo-
toxin levels is beyond the scope of this chapter. However, it 
should be noted that sensitization to allergens in the fi rst 
3 years of life is an important marker of wheeze persistence 
 [146] . It is not clear from the literature whether allergic 
sensitization is best prevented by removing furry pets from 
the baby’s environment, or buying many more. Th e diff er-
ent eff ects of pets and farm animals on outlook have been 
briefl y discussed above  [44] , and the details are beyond the 
scope of this chapter.  

    Indoor air pollution: Others 

   A study from Poland  [147]  of indoor air quality based on 
reported environmental tobacco smoke and type of house-
hold heating, and the number of winter months that 
occurred during the fi rst 6 months of life suggested that a 
lower level of lung function in preadolescent children can 
be related to postnatal exposure to indoor emissions in 
the winter. Th e fi ndings must be extrapolated cautiously 
to communities with diff erent indoor heating exposures. 
Multiple indoor factors, including mode of heating and 
cooking, may adversely aff ect the developing lung  [148] . 
Housing issues may be important – moisture damage and 
mold growth in the living quarters were associated with 
recent onset asthma in a recent study  [149] ; however, the 
role of household molds in the initiation or exacerbation of 
asthma is still controversial        [150, 151] .   

    The aging lung 

   It could be argued that the antenatal adverse eff ects 
described above are clinically trivial. However, their eff ects 
are magnifi ed when lung aging commences. Th e eff ects may 
be twofold. First, the plateau of lung function reached at 
the end of development may be lower than normal; second, 
there may be an accelerated rate of decline in lung function. 
Both may coexist. Th e eff ects of childhood events on lung 
aging have been little studied, but there is suffi  cient evi-
dence that aging superposed on an abnormal developmental 
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phenotype or early postnatal wheeze may cause accelerated 
decline, which presumably will predispose to COPD.   

    CLINICAL IMPLICATIONS OF THE PHENOTYPES 
OF PRESCHOOL WHEEZE 

   Th e nature of wheezing phenotypes has been discussed above 
and in  Table 65.1 . Th e obvious clinical implication is that 
these phenotypes, although useful epidemiologically to deter-
mine mechanisms, are of no use to the clinician in practice; 
only time, not clinical acumen, will determine whether an 
infant wheezing at 2 years of age will have persistent symp-
toms. A number of predictive indices have been developed, 
based on severity of symptoms, and atopic manifestations 
         [152–154] . In general, they are good at ruling out persistent 
symptoms, but less good at predicting those who will have 
ongoing problems (in fact hardly better than tossing a coin). 
In general, severe symptoms by age two, but not one, were the 
best predictor of asthma at age 10 [154], and were superior to 
stringent and loose indices based on severity but also atopic 
manifestations in infancy [152, 153]. At this stage, we do not 
have disease-modifying interventions, and these indices are 
of most use for giving prognostic advice to parents.  

    ASTHMA AND COPD FROM ANTENATALLY TO 
OLD AGE 

    Introduction 

   Th e ideal method of sorting out the eff ects of early infl u-
ences on adult disease would be to recruit a large cohort 
of babies antenatally, preferably preconception, and follow 
them through until death, making measurements of lung 
function, airway pathology, infective agents and environ-
mental exposures, both indoor and outdoor. Obviously, no 
such study exists. Th e epidemiological data have been sum-
marized previously; this section reviews important patho-
logical and genetic studies  .

    Pathological studies 

   Ethical and practical constraints have limited the number 
of airway biopsy studies, which can be performed in young 
children. However, recent pathological data have confi rmed 
the importance of the fi rst 3 years of life. We and oth-
ers have confi rmed the safety of endobronchial biopsy in 
infants and children            [155–158] , so if a clinically indicated 
bronchoscopy is being formed, an airway biopsy for research 
is legitimate, subject to the approval of the institutional 
review board, and the agreement of the family  [159] . What 
is not legitimate is the performance of a bronchoscopy just 
for research purposes  [160] . Reticular basement membrane 
(rbm) thickening is one of the pathological hallmarks of 

asthma. We have shown that in children with severe asthma, 
rbm thickening is greater than adult and child controls, 
and equal to that seen in adults with both mild and severe 
asthma  [161] . Until recently, it was not known at what age 
the changes developed. We have recently shown in a cross-
sectional study that even infants (median age 1 year) who 
are atopic and have bronchodilator responsiveness have no 
evidence of eosinophilic infl ammation and rbm thickening 
 [162] . However, in a further cross-sectional study in a dif-
ferent group of infants, median age 3, we have shown that 
the presence of wheeze confi rmed on a videotape is associ-
ated with both eosinophilic infl ammation and rbm thicken-
ing  [163] . Th e changes were less marked than those we have 
shown in later childhood  [161] . Th is pathological data con-
fi rms epidemiology in showing the likely long-term impor-
tance of events in the fi rst 3 years of life.  

    Genetic studies 

    The fetal genotype 

   Th e possible role of maternal and fetal genotype has been 
mentioned in a previous section; in summary, both may lead 
to important interactions with environmental infl uences. 
It is important to remember when trying to determine the 
eff ects of polymorphisms in antioxidant genes in COPD 
that the eff ects may have been modulated early on, as well 
as when the subject starts to smoke.  

    COPD genes: Are important clues to be found in 

antenatal lung development? 

   Th e importance of early life events has implications for the 
hunt for COPD susceptibility genes. It is likely that early 
genetic eff ects will be increasingly masked by environmental 
infl uences as the child grows up, only to resurface at the time 
of lung aging. Th e obvious targets for COPD susceptibility 
have long been genes related to protection against oxida-
tive stress, and those related to infl ammatory pathways. Th e 
hypothesis advanced here would open up a completely diff er-
ent avenue to explore, namely genetic polymorphisms related 
to lung growth and development. Th ere are some confi rma-
tory data connecting genes important in lung growth with 
those aff ecting the susceptibility to COPD. Th is will be 
illustrated by reviewing the ADAM33, the beta-receptor, the 
fi broblast growth factor (FGF) and GSTM genes. 

   ADAM33 was identifi ed as a potential gene for 
asthma by positional cloning, and has numerous putative 
eff ects  [164] . ADAM33 is expressed in the developing lung 
during branching morphogenesis, increases throughout ges-
tation  [165] , and may have a role in the developmental reg-
ulation of airway caliber. Polymorphisms in the ADAM33 
have been associated with impaired early life lung function 
 [166] . Th e Manchester group showed that the SNP F     �     1 
was a determinant of lung function age 3 years. Carriers of 
the A allele had poorer sRAW at 3 years of age, and AA 
homozygotes had worse sRAW at 5 years of age, independ-
ent of sex, smoking, and allergen exposure. Polymorphisms 
in ADAM33 are known to be associated with asthma and 
bronchial hyperresponsiveness in diff erent adult popula-
tions  [167] . Two studies have demonstrated that ADAM33 
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polymorphisms are important in COPD. Th e fi rst 
demonstrated an association between polymorphisms that 
were known to convey susceptibility to COPD and rate of 
lung function decline in the general population  [168] . Th e 
same group showed that SNPs in ADAM33 also were asso-
ciated with the degree of infl ammation and airway reactiv-
ity in COPD  [169] . Th ese data suggest a common genetic 
factor at the start and end of life, suggesting that further 
probing of this theme might be rewarding. 

   Another gene linking early lung function, asthma, and 
COPD is that for the beta-receptor. Although there have 
been many studies of beta-receptor function in asthma, 
much less is known about any role in early life. In a UK 
cohort in whom VmaxFRC and BHR had been measured 
in the fi rst month of life, the possession of any Glyn 27 
allele was predictive of airfl ow obstruction  [40] . Th e same 
result was found with any Arg16 allele. In both cases, the 
association was independent of maternal smoking or atopy. 
Th ere was no eff ect of genotype on BHR in either the 
newborn period or when restudied at age 11 years nor was 
there any eff ect of beta-receptor genotype and lung func-
tion at age 11; this may refl ect the small numbers studied. 
Th is was a high-risk population ( � 80% with a parental his-
tory of asthma), and may not be generally applicable. Th e 
Perth group  [170]  found an association between the hap-
lotype arg16gln27 and the prevalence of positive BHR at 
age 6. Th e gly16gln27 haplotype was associated with better 
spirometry at age 6 and age 11. In contrast, arg16gln27 was 
associated with worse spirometry at age 11. Children with 
the gly16gln27 haplotype were less likely to have asthma-
ever or doctor-diagnosed asthma at age 11. Th ey concluded 
that haplotypes of beta-receptor polymorphisms were asso-
ciated with lung function, BHR, and asthma susceptibility 
in childhood. Another group genotyped the polymorphisms 
at positions 16 and 27 in  � 1100 people with a variety of 
respiratory problems, including asthma and COPD, as well 
as a control population and found associations with beta-
receptor haplotypes  [171] . Th e Arg 16 homozygotes had an 
increased risk of COPD, asthma, and wheeze. Th e Glyn 27 
homozygotes had a greater risk of asthma and AHR. Th e 
Arg16/Glyn27 haplotype was predictive of asthma and 
COPD, and more respiratory symptoms. Beta-receptor 
polymorphisms have also been found to be a predictor of 
persistence of asthma symptoms from childhood into adult 
life  [172]  but predict only a small component of long-term 
prognosis. Th is is not to say, however, that they may not be 
of interest in the study of biological mechanisms. 

   Another illustration of an association between genes 
important in lung growth and later susceptibility to COPD 
concerns FGF-1, FGF-2, and their receptor FGF1-R. 
FGFs are important in lung growth (reviewed in Ref.  [173] ), 
and bind to one of four transmembrane, tyrosine kinase 
receptors FGFR-1 to 4. In an  in vitro  study, human airway 
smooth muscle cells were shown to proliferate when exposed 
to FGF1 and 2.  In vivo , there was cytoplasmic expression 
of FGF-2 in epithelium, and nuclear localization in airway 
smooth muscle cells, in COPD patients when compared 
with controls. Th ere were also elevated levels of FGF-1 in 
airway smooth muscle cells, and FGF-1, and FGFR-1 in 
bronchial epithelial cells, in COPD patients as compared 

with controls  [174] . Th ere were inverse associations between 
FEV 1 /FVC ratio and both FGF-2 and FGFR-1 expression 
in airway smooth muscle. Epithelial FGF-1 correlated with 
smoking history. 

   Th e eff ects of GSTM polymorphisms in mother and 
child, and early lung function and symptoms, have been dis-
cussed earlier. A study in mid-childhood showed that  [175]  
GSTM1 and GSTP1 polymorphisms are associated with 
defects in lung growth, particularly in children with asthma. 
GSTT1 defi ciency is also associated with an accelerated 
decline in lung function, a known risk factor for COPD, in 
middle aged men, and in another study, a combination of 
polymorphisms in all three GST genes were associated with 
accelerated decline in lung function  [176] . Th ere is a signifi -
cant interaction with active smoking. However, the eff ect of 
the polymorphisms is independent of smoking history, and 
thus presumably refl ects not later smoke exposure but the 
antenatal and immediate postnatal eff ects of this gene on 
airway growth and development. 

   In summary, the geneticist looking for COPD sus-
ceptibility genes might be well advised to consider genes 
important in early life events.    

    PREVENTION OF ASTHMA AND LATER COPD 

    Smoking in the young 

   Th e most obviously benefi cial measure would be the preven-
tion of smoking in young people. Th e public health meas-
ures of many governments have been ineff ectual, although 
the increasing momentum to ban smoking in the work 
place is to be welcomed        [177, 178] . If we are not to con-
tinue to jeopardize the future of our children, we must build 
on this: 

      ●      Have a total ban on cigarette smoking in ALL public 
places; this has been shown not to increase the exposure 
to passive smoke in children at home  [179] .  

      ●      Totally ban the display of tobacco products in any 
commercial site.  

      ●      Have a total ban on advertising tobacco, and the 
depiction of smoking under any circumstances.  

      ●      Purchase of tobacco requiring the production of 
photo-identity.  

      ●      Dramatically increase taxes on tobacco, so each cigarette 
costs at least £25.  

      ●      Introduce really severe penalties, including closing down 
of businesses and imprisonment for those who sell 
cigarettes to children.  

      ●      Test saliva and urine of high-risk children for cotinine, 
and take evidence of exposure very seriously.    

   In this way, hopefully we can prevent young women 
in particular taking up smoking, and smoking throughout 
their pregnancies. 
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   In addition, a campaign needs to be targeted in ante-
natal clinics: 

      ●      If you smoke during pregnancy, your unborn baby is 
smoking too.  

      ●      Th is will aff ect the baby throughout their life.  

      ●      Even if you became pregnant without having given 
up smoking it is not too late; if you give up early in 
pregnancy, you can avoid harming the baby.  

      ●      (Preferably) link maternity benefi ts to quitting smoking, 
with objective checks on urine or salivary cotinine levels.    

   Th e benefi ts of a really eff ective and hard-hitting cam-
paign now will be felt for generations to come. It is now not 
suffi  cient to focus just on quitting smoking, because irrep-
arable damage may in the meantime be done to the next 
generation; preventing the uptake of this addictive drug is 
needed to prevent future cases of COPD.  

    Viral infections? 

   It is likely that severe RSV infection is a marker for pre-
vious damage, not a cause of subsequent problems (above). 
Admittedly there is some evidence for latent RSV infection, 
analogous to latent adenovirus infection        [180, 181] , but 
whether this is clinically signifi cant awaits further study. At 
the moment, the likelihood that RSV immunization (even 
if it could safely be performed) would prevent later COPD 
is not great. Since RSV infection is virtually universal in 
the fi rst 2 years of life, and COPD is not universal even in 
adults who smoke, one would have to postulate other factors 
in a model whereby RSV was causative of COPD. However, 
there may be genetic interactions with RSV (polymorphisms 
in proinfl ammatory genes for example        [182, 183] ), and it is 
possible that there are subgroups of children with anatomi-
cal damage, who also have polymorphisms in particular 
genes, in whom RSV infection may cause an increased like-
lihood of later COPD, over and above the eff ects of antena-
tal factors and the polymorphisms themselves. 

   Severe adenoviral infections are uncommon in child-
hood, but the prevention of more mild infections, which may 
possibly become latent with long-term deleterious eff ects, 
may contribute to a reduction in subsequent COPD. Th e role 
of other childhood viruses, and mycoplasma and chlamydia, 
also needs further study. In summary, although there may be a 
role for viral infection over and above that of airfl ow obstruc-
tion due to antenatal factors, at the moment it seems likely to 
be minor. We need studies with a clearly focused hypothesis 
to delineate any possible interactions between genes, environ-
ment, antenatal airway damage, and viral infections to move 
the fi eld forward.  

    Nutrition? 

   Obesity is the current childhood epidemic. Th e relation-
ship between obesity and respiratory disease is not clear – 
if you are fat, you will become breathless on exertion, while 
not necessarily having a lung problem. However, obesity 

may adversely aff ect BHR  [184] , and, in combination with 
obstructive sleep apnea, cause neutrophilic airway infl amma-
tion. Th ere have also been reports on adverse eff ects of eating 
 “ fast food ”  and the benefi ts of other dietary manipulations 
       [185, 186] . Clearly, healthy eating is a good thing in its own 
right, but it is likely only to make a minor contribution to 
the prevention of COPD.  

    Ensuring optimal obstetric outcomes 

   It may seem even more bizarre to urge that COPD is an 
obstetric as well as a pediatric disease, but as discussed above, 
maternal obstetric problems may have long-term eff ects. 
Optimal obstetric care is clearly desirable in its own right, but 
it may have the spin-off  of also preventing prematurity and its 
consequences, and promoting good lung health in term infants.   

    DIAGNOSIS OF ASTHMA 

   All children cough, many are said sometimes to  “ wheeze ”  
and get breathless, but most children are normal.  “ Normal ”  
causes of sometimes quite prolonged respiratory symptoms 
include pertussis and similar syndromes, characterized by 
paroxysmal coughing, sometimes with a whoop, post-
tussive vomiting, or color change;  “ Nursery School 
Syndrome ” , usually in fi rstborn children who are placed 
early in a child care facility, and get a succession of viral 
colds, which merge into each other; and prolonged post-
viral cough. None of these respond to asthma therapy; in my 
practice, I now spend more time telling parents their chil-
dren do not have asthma than actually making a new diag-
nosis. Importantly, the vast majority of children with asthma 
are diagnosed most appropriately on the basis of history and 
physical examination, supplemented in the older child with 
simple physiological tests. More detailed investigation is 
unnecessary for the vast majority of asthmatic children; if 
they are contemplated they should be carefully directed. 

    History 

   As discussed in the defi nition, the hallmark of asthma is 
breathlessness with either or both of wheeze and excessive 
cough. Th e fi rst point to determine is what the family actu-
ally means by the word  “ wheeze. ”  Wheezing due to airway 
narrowing sounds like a high-pitched, musical whistle, akin 
to organ music or the wind whistling in chimneys. However, 
many parents use the same word to describe many other dif-
ferent noises, for example a palpable crackling in the chest, 
a noise as if the child needs to clear his throat, or even nasal 
snuffl  ing          [187–189] . Th e studies using a video-questionnaire 
 [190] , or objective recording of lung sounds  [191] , have dem-
onstrated the unreliability of parental recognition of wheeze. 
Diff erentiating stridor from wheeze in the tachypnoeic child 
may be diffi  cult for parents. Th e signifi cance of these sounds 
is very diff erent, and time must be spent on the history to 
determine exactly what is meant. Th e evaluation of chronic 
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cough is also notoriously diffi  cult. Coughing is universal 
in childhood at least at the time of viral upper respiratory 
infections. Th ere is only poor correlation between objective 
measures of cough such as diary cards or tape recorders and 
perception of severity by observers        [192, 193] . Ambulatory 
cough monitoring has been used predominantly in older 
children          [194–196]  to document how much coughing is nor-
mal, but is not routinely available in clinical practice. Finally, 
it is important to determine who has the problem; if the  child  
makes respiratory noises, but does not have any breathless-
ness or impairment of quality of life, does the  child  have a 
problem, or indeed asthma? Having established whether the 
child truly wheezes, and as far as possible whether there is 
excessive cough, the next step is to identify the pattern and 
severity of symptoms. Th e key distinction in the pattern of 
symptoms is to determine whether the child has symptoms 
solely at the time of a viral cold (episodic [viral] wheeze), 
or additional symptoms in between colds. If the latter, then 
symptom frequency and triggers should be determined. 
Specifi c triggers may include exercise, excited emotional 
behavior including laughing or crying, dust, exposure to furry 
pets (the English disease), weather or environmental temper-
ature change, strong perfumes or aerosol sprays, and smoke 
from cigarettes or open fi res. Th e therapeutic approach to 
episodic (viral) wheeze is completely diff erent to that to the 
child with chronic symptoms in between viral colds. 

   Th e severity of symptoms should next be determined, 
both in terms of the disruption to the child and also to the 
family, in order to ensure that treatment is appropriately 
focused. Th e family of a child who coughs intermittently 
but is not particularly breathless may merely be seek-
ing reassurance that there is no serious underlying disease, 
rather than seeking a prescription for regular inhaled medi-
cation. Conversely, the family of a child who is a so-called 
fat, happy wheezer may be well aware that their child is not 
in danger of death, but are very eager for some treatment to 
try to ensure a good nights sleep. Other factors, which may 
infl uence treatment decisions, are a history of atopy in the 
child or fi rst-degree relatives, which would probably make 
one more likely to trial prophylactic treatment. 

   Particularly in the child with symptoms between 
colds, specifi c questions which should be asked are summa-
rized in  Table 65.2   . Th e upper airway can be the forgotten 
area of pediatric respirology  [197] . Much the commonest 
cause of chronic cough in the community is the catarrhal 
child with postnasal drip. Symptoms suggestive of obstruc-
tive sleep apnea should be sought, including snoring, apnoeic 
pauses, restlessness, daytime somnolence, and poor concen-
tration. Adenotonsillectomy may be completely curative of 
the chronic cough, and prevent the (rare) dangers of night-
time respiratory failure. In general, the earlier the onset of 
symptoms, the more likely that an important diagnosis will 
be found. Symptoms from the fi rst day of life should always 
be investigated; they must be distinguished from symp-
toms starting at a few weeks of age, which may be due to 
an asthma syndrome. Th e mother should be asked whether 
the problem started literally from day 1 of life. If this is 
the case, structural abnormalities of the airway should be 
excluded. If there is prominent and persistent rhinitis from 
birth (almost inevitably and fatuously diagnosed as the baby 
being born with a viral cold), then primary ciliary dyskinesia 

(PCD, Kartagener’s syndrome) should be considered  [198] . 
Th e very sudden onset of symptoms is strongly suggestive 
of endobronchial foreign body. Parents may not volunteer 
the history, and should be asked specifi cally whether chok-
ing on a foreign body is a possibility  [199] . Note that even 
babies too young to bring their own hands to their mouth 
may have older siblings who may have pressed small objects 
onto their face. Possible endobronchial foreign body should 
be referred by telephone for immediate investigation. 

   Chronic sputum production or a moist cough when 
the child does not have a viral cold should always be a cause 
for concern. It is helpful to distinguish recurrent bouts of 
cough, usually with viral colds and with cough-free periods 
between bouts, from chronic continuous wet cough with 
no periods of remission. Th ere is good agreement between 
parental reports of a wet cough and the presence of lower 
airway secretions at fi breoptic bronchoscopy  [200] . A child 
who has had more than 6–8 consecutive weeks of a productive 
cough merits further investigation. Two series        [201, 202]  have 
shown that a proportion of such children have chronic bac-
terial airway infection, with a neutrophilic BAL and a posi-
tive bacterial culture, usually with  Haemophilus infl uenza . 
Th e (yet unproven) assumption is that such children will 
go on to develop bronchiectasis if not aggressively treated. 
Causes of chronic pulmonary sepsis such as cystic fi brosis 
(CF), PCD, and agammaglobulinaemia may need to be 
excluded. In areas where there is universal newborn screen-
ing for CF, it might be thought that this diagnosis will no 
longer need to be considered. However, mild atypical cases 
may still be missed by screening; the child may have been 
born in regions where screening is not performed; and the 
child may have missed out on screening due to administra-
tive or other issues. Th us, a new diagnosis of CF will be rare, 
but not non-existent, and diagnostic alertness will need to 
be increased, not reduced with the advent of screening. 

   Gastro-oesophageal refl ux (GER) is suspected in an 
infant who is worse after feeds, is an irritable feeder (often 
arching away from the breast or bottle) and who vomits or 
possets easily. A therapeutic trial of thickening of feeds, acid 
reduction (proton pump inhibitor or H 2  antagonist) and 
prokinetic therapy (low dose erythromycin, domperidone) is 
reasonable on clinical suspicion without further investigation. 
Choking on feeds, particularly in a child with known neu-
rodevelopmental handicap or neuromuscular disease suggests 
that incoordinate swallowing due to bulbar or pseudo-bulbar 

TABLE 65.2 Points to seek in the history suggesting an underlying 

serious diagnosis. A detailed history, targeted towards other respiratory 

conditions is an essential fi rst step in evaluating the child with non-

specifi c respiratory symptoms.

● Are the child/family really describing wheeze or some other noise?

● Upper airway symptoms – snoring, rhinitis, sinusitis

● Symptoms from the fi rst day of life

● Very sudden onset of symptoms

● Chronic moist cough/sputum production

● Worse wheeze or irritable after feed, worse lying down, vomiting

● Choking on feeds

● Any feature of a systemic immunodefi ciency

● Continuous, unremitting or worsening symptoms
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palsy may be the cause of symptoms. Laryngeal cleft or H-
type tracheo-oesophageal fi stula may present with symptoms 
at the time of feeding. 

   Another pointer to the need to refer is whether there 
are any periods of remission. Although symptom-free peri-
ods do not exclude the possibility of a serious underlying 
disease, the child who has no days free of symptoms cer-
tainly merits critical consideration of alternative diagnoses. 
Finally, a history of systemic infections or poor weight gain 
in the context of chronic respiratory disease should never be 
dismissed lightly.  

    Does cough-variant asthma exist? 

   Th ere is considerable controversy as to whether cough  on its 
own  can be a manifestation of asthma. Th ere is no doubt 
that  “ cough-variant asthma ”  is greatly over-diagnosed  [203] ; 
large epidemiological studies show that  in a community set-
ting , where by defi nition the vast majority of children are 
well, isolated cough is rarely due to asthma and rarely 
responds to asthma medications        [204, 205] . Chronic non-
specifi c cough frequently improves with time and without 
treatment        [206, 207] . However, in a specialist clinic, where 
a highly selected group of children are seen, children who 
cough in response to typical asthma triggers, and improve 
when treated with asthma medications are occasionally seen 
 [208] . My diagnostic criteria are 

      ●      Abnormally increased cough, preferably associated with 
breathlessness and respiratory distress, with no evidence 
of any nonasthma diagnosis.  

      ●      Clear-cut response to asthma medications (measurements 
of lung function and its variability are mandatory in the 
child old enough to perform the maneuvers).  

      ●      Relapse on stopping medications with second response 
to recommencing them.    

   Many children with chronic cough, in fact, have only a 
non-specifi c problem and have been shown on bronchoscopic 
and blind lavage studies to have no evidence of eosinophilic 
airway infl ammation        [209, 210] . Follow-up studies show 
that most will get better over 1–2 years. A few will show 
evidence of deterioration of BHR over time, wheeze, and 
develop the picture of classical asthma  [211] . If cough-
ing is troublesome and the precautions outlined above are 
followed, then there is little to be lost attempting a brief 
therapeutic trial. Th e only danger is that ineff ectual and 
potentially harmful medication may be continued long 
term unless a trial off  therapy is rigorous. In older children 
who can perform lung function, there is no justifi cation for 
a therapeutic trial without making every attempt to docu-
ment variable airfl ow obstruction.  

    Physical signs 

   Most often there will be no physical signs. Digital clubbing 
is an obvious and important sign, but will not be found if not 
actively sought. My experience has been that children are not 
uncommonly referred with obvious chronic clubbing which 

has never been noticed. Th e upper airway should be inspected 
for rhinitis, and also nasal polyps the latter being virtually 
pathognomonic of CF in this age group. Th e nature and 
severity of any chest deformity should be noted; although 
a severe Harrison’s sulcus and pectus carinatum can be due 
to uncontrolled asthma, the more severe the deformity, the 
greater the likelihood of another diagnosis. Th e child should 
be asked to cough as part of the respiratory examination; a 
wet cough is usually a sign of the presence of lower airway 
secretions. Palpation of the chest with the palms of the hands 
during quiet breathing or, in an older child, during blowing 
or huffi  ng may be a better way of detecting airway secre-
tions than auscultation. Careful auscultation may however 
elicit unexpected fi ndings such as crackles, fi xed monophonic 
wheeze, asymmetric signs, or stridor, all of which mandate a 
further diagnostic work up. Finally, signs of cardiac and sys-
temic disease should be sought. Key features to be sought on 
physical examination are given in  Table 65.3   .  

    Physiology 

   Although there are many techniques for the measurement 
of lung function in infants and preschool children, these 
are largely the provenance of the research laboratory. In the 
older child, a number of techniques are available to dem-
onstrate variable airfl ow obstruction. Th e utility of these 
tests will depend on the context in which they are applied; 
a negative result of most of these tests cannot exclude 
asthma, but the harder it is to demonstrate any variability in 
airway caliber, the less likely it is that of asthma diagnosis is 
correct. Possible tests include 

      ●      Peak fl ow or spirometry at rest, with a signifi cant increase 
after inhalation of a  β  2 -agonist. In most asthmatic 
children, baseline lung function is normal, and so no 
bronchodilator response could be expected.  

      ●      A drop in lung function in response to an exercise test. 
Field exercise tests are often not very specifi c, and that 
the use of controlled laboratory testing is more reliable.  

      ●      Home peak fl ow monitoring for a short period may 
reveal diurnal variation. Th e accuracy of these records is 
often not high when used for monitoring over prolonged 

TABLE 65.3 Points to seek on examination suggesting an underlying 

serious diagnosis. Most children will have no physical signs; however, 

none will be found unless they are actively sought.

● Digital clubbing, signs of weight loss, failure to thrive

● Nasal polyps

● Really severe chronic secretory otitis media, otorrhea

● Moist sounding cough

● Enlarged tonsils and adenoids, prominent rhinitis

● Unusually severe chest deformity (Harrison’s sulcus, barrel chest)

● Fixed monophonic wheeze

● Stridor (monophasic or biphasic)

● Asymmetric wheeze or other auscultatory signs

● Crackles, particularly if coarse in a “well” child

● Palpable rattles

● Signs of cardiac or systemic disease
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periods, but the accuracy when the purpose is diagnostic 
may be diff erent.  

      ●      A histamine or methacholine challenge may occasionally 
be useful. If there is no response to the highest dose of 
challenge agent, then the child’s symptoms are most 
unlikely to be due to asthma. A positive challenge test is 
not diagnostic of asthma     .

    Allergy testing 

   Allergy testing (usually either skin prick testing, total IgE, 
or specifi c RAST tests) can be used (a) to determine if the 
child is atopic, because if in particular the asthma is thought 
to be severe, but the child is nonatopic, the diagnosis may 
need to be revisited; (b) to guide environmental manipula-
tions (discussed later); and (c) possibly to predict prognosis 
in the wheezy child. Both skin prick tests and RAST testing 
have the disadvantage of a high false negative rate particu-
larly under age 3. However, if positive, they are likely to be 
signifi cant. 

   Atopic status may be clinically obvious in a child 
with typical fl exural eczema. If there is no skin disease, then 
testing to determine the presence of atopy may be a guide 
to treatment; most would be more ready to treat an atopic 
wheezy child with inhaled steroids, although many atopic 
children will not have airway eosinophilia and will outgrow 
their symptoms within 2 years even in the absence of anti-
infl ammatory treatment  [212] . Furthermore, even atopic 
preschool children often respond poorly to inhaled steroids. 

   A more novel use of allergy testing is to try to pre-
dict long-term outlook. One study suggested that a positive 
RAST to egg was predictive of long-term wheeze  [213] . 
Further prospective studies are needed to clarify whether 
this or any other allergy test is predictive of prognosis.  

    Infl ammometry 

   Th ere have been no formalized studies of the measurement 
of infl ammatory markers in the diagnostic process as there 
have been in adults. Anecdotally, an elevation in exhaled 
nitric oxide FeNO 50  to twice the upper limit of normal  [214] , 
or the demonstration of an eosinophil count of  � 3% on 
induced sputum would be considered supportive of a diag-
nosis of asthma, but there are insuffi  cient data to know the 
likely positive and negative predictive values of these tests. 
Th e role of FeNO 50  measurements in preschool children is 
even less clear, and they remain largely a research technique.  

    Response to a therapeutic trial 

   Especially in preschool children, the only way to settle or 
otherwise the diagnosis of asthma is a therapeutic trial 
(below). In a child, old enough to perform lung function 
tests, these should be incorporated as an endpoint, but in 
general, the diagnosis should not require a trial of therapy. 
Th e second indication is in a child known to have asthma to 
determine the extent of fi xed airfl ow obstruction (discussed 
in section  “ Really Severe Asthma ” ).   

TABLE 65.4 Disease which present as recurrent cough and wheeze. 

These conditions need to be considered and excluded prior to escalating 

therapy. Most will require referral if suspected in general practice.

● Upper airway disease – adenotonsillar hypertrophy, rhinosinusitis, 

postnasal drip

● Congenital structural bronchial disease – complete cartilage rings, 

cysts, webs

● Bronchial/tracheal compression – vascular rings, pulmonary arterial 

sling, enlarged cardiac chamber or great vessel, lymph nodes 

enlarged by tuberculosis or lymphoma

● Endobronchial disease – foreign body, tumor

● Esophageal/swallowing problems – refl ux, incoordinate swallow, 

laryngeal cleft or H-type tracheo-esophageal fi stula

● Causes of pulmonary suppuration – cystic fi brosis, primary ciliary 

dyskinesia, persistent bacterial bronchitis [201, 202], any systemic 

immunodefi ciency including agammaglobulinaemia, severe 

combined immunodefi ciency

● Miscellaneous – bronchopulmonary dysplasia, congenital or 

acquired tracheomalacia, pulmonary edema secondry to left to 

right shunting or cardiomyopathy

TABLE 65.5 Investigations to be considered in the child with recurrent 

cough and wheeze. A selective approach is necessary, depending on 

what clues have been elicited from history, examination and simple 

investigations. Most of these tests will be carried out only after referral to 

a specialist.

● Suspected upper airway disease – polysomnography, RAST or skin 

prick tests (radiograph of postnasal space is rarely useful), MRI or CT 

of sinuses

● Known or suspected neuromuscular disease with dysfunctional 

swallow – speech and language therapy assessment, which may be 

combined with videofl uoroscopy

● Suspected aspiration with normal neurology and no refl ux – rigid 

bronchoscopy to exclude laryngeal cleft and H-type fi stula

● Suspected esophageal disease – pH probe, barium swallow, tube 

oesophagram, oesophagoscopy

● Suspected cystic fi brosis – sweat test, nasal potentials, genotype, 

stool elastase, three day fecal fat collection

● Suspected primary ciliary dyskinesia – saccharine test, nasal ciliary 

motility, electron microscopy including orientation studies, nasal 

and exhaled nitric oxide, culture of ciliary brush biopsy, genetic 

studies becoming available

● Suspected systemic immunodefi ciency – immunoglobulins and 

subclasses; vaccine antibodies; lymphocyte subsets; lymphocyte 

and neutrophil function tests; HIV test; referral to Pediatric 

immunologist

● Suspected structural airway disease – fi breoptic bronchoscopy

● Suspected tuberculosis – Heaf test, fi breoptic bronchoscopy and/or 

gastric lavage, combined with culture and PCR; ELISPOT

● Suspected cardiovascular disease – echocardiogram, barium 

swallow to exclude a vascular ring or pulmonary artery sling, 

angiography

● Suspected bronchiectasis – high resolution CT scan, investigations 

for local or systemic immunodefi ciency
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    DIFFERENTIAL DIAGNOSIS OF ASTHMA 

   Th is encompasses most of pediatric respiratory medi-
cine, and will not be considered in detail. A summary 
guide to diff erential diagnosis is provided in  Table 65.4   . 
Confi rmatory diagnostic tests, usually performed after 
hospital referral, for some of these conditions are listed in 
 Table 65.5   . Th ese should not be considered as a catalog to 
be applied uncritically, but only as guided by history and 
physical examination. More details of individual conditions 
can be found in standard texts.  

    PHARMACOLOGICAL MANAGEMENT OF 
ASTHMA IN THE PRESCHOOL CHILD 

   Th ere are two indications for treatment, the immediate relief 
of symptoms and the prevention of disease progression, in 
the case of the preschool child from intermittent to con-
tinuous symptoms. Prediction of those at high risk for such 
progression has been discussed above. Detailed evidence 
based guidelines have been published for all ages, which 
should be read in conjunction with the commentary below. 
However, for preschool children, there seems to be a dis-
connect between knowledge gained from epidemiological 
and pathological studies, and treatment recommendations. 

    General use of medications 

   Critical in the choice of medication is an understanding 
of the biological basis for the diff erent phenotypes of pre-
school wheeze ( Table 65.6   ). Th ese are not mutually exclu-
sive, and indeed, if they coexist in a single individual, the 
relative contributions may be diffi  cult to unravel. What syn-
drome, for example, would be diagnosed in an infant who 
was born prematurely and ventilated for a few weeks, has 
atopic eczema, developed RSV positive bronchiolitis, and 
now wheezes only with viral colds? Th e majority of children 
either have viral associated wheeze or will eventually turn 
out to have persistent asthma. Th ese can only be diagnosed 
in retrospect. However, intermediate phenotypes often con-
fuse the picture, and ultimately, a therapeutic trial may be 
needed to determine best treatment in such a child. 

    Chronic lung disease of prematurity 

   Th is should be obvious from the history. Summarizing the 
studies of airway function, in mid-childhood, survivors of 
chronic lung disease (CLD) of prematurity exhibit reduced 
indices of expiratory airway function (FEV 1  and indices of 
fl ow at low lung volumes); increased bronchodilator respon-
siveness; and BHR  [215] . Th ere is limited evidence for air-
way infl ammation, and little evidence that anti-infl ammatory 
medication is helpful. Th e long-term importance of this 
group is discussed later.  

    Atopy associated wheeze 

   It should not be assumed that an atopic baby who wheezes 
has eosinophilic infl ammation  [162] , although, in particu-
lar after the age of 3 years, this may be the case. Th is group 
will contain some with airway pathology similar to atopic 
asthma in older children and adults, but some will have a 
noninfl ammatory phenotype.  

    Post-bronchiolitic cough and wheeze 

   RSV is ubiquitous worldwide, and by the age of around 2 
years, virtually all infants have serological evidence of infec-
tion. Prolonged respiratory symptoms are common after 
RSV bronchiolitis. It is unclear whether RSV infection 
causes asthma, merely unmasks an asthmatic tendency, or is 
not related to asthma at all. Th ere is a lack of proper pro-
spective studies, with characterization of the atopic status 
of the children before their RSV infection. For example, 

TABLE 65.6 Features of the diff erent pre-school ‘asthma syndromes’. It 

should be noted that overlap syndromes are very common.

Preschool 

asthma 

syndrome

Infl ammatory 

component

Extent of 

BHR Extent of PAL

1.  Chronic lung 

disease of 

prematurity

? (probably 

none)

� (Probably 

related to 

distal airway 

narrowing)

� (antenatal 

onset)

2.  Post-

bronchiolitis 

(usually RSV)

? (probably 

none) (Some 

evidence for 

neurogenic 

infl ammation)

� � (antenatal 

onset)

3.  Episodic 

(viral) 

wheeze

� � � (antenatal 

onset)

4.  Atopy 

associated 

wheeze

� (probably 

often 

eosinophilic 

in later child, 

not at age 12 

months)

� � (probably 

antenatal 

and postnatal 

onset)

5.  Obliterative 

bronchiolitis

(e.g. post 

adenoviral 

infection)

� � � (postnatal 

onsetl)

6.  Non-atopy 

associated, 

later onset 

wheeze

?present, ?type Probably 

present

� (probably at 

least postnatal 

onset)

BHR: Bronchial hyper-reactivity; PAL: persistent airfl ow limitation; RSV: respiratory 

syncytial virus. ? 	 Unknown; � 	 Present; � 	 Absent.



Asthma and COPD: Basic Mechanisms and Clinical Management

806

atopic children may be more likely to be admitted to hos-
pital with RSV bronchiolitis        [124, 216] . In studies of lung 
function before and after bronchiolitis, it would appear that 
severe bronchiolitis was seen in those with pre-existing 
airfl ow limitation akin to the situation in virus-associated 
wheeze  [120] . 

   Airway lavage studies        [217, 218]  and autopsy data 
 [219]  show that RSV bronchiolitis is a neutrophilic, not an 
eosinophilic airway disease. In humans invasive studies are 
not easily performed in the acute phase of RSV bronchi-
olitis, so it is diffi  cult to know how important eosinophilic 
infl ammation actually is in mild disease. An autopsy study, 
which by defi nition would only contain the really severe 
cases, showed a low number of eosinophils in the bronchial 
wall  [219] . It is also clear from randomised controlled stud-
ies that treatment with inhaled or nebulized steroids at the 
time of RSV bronchiolitis or for subsequent symptoms is 
ineff ective  [220] . Th ere is increasing animal and human evi-
dence that neurogenic infl ammation may be important after 
RSV infection        [221, 222] .  

    Episodic (viral) wheeze 

   Isolated wheezing with colds is not due to an infl amma-
tory airway phenotype, but due to reduction in baseline 
airway caliber, almost certainly on a developmental basis, 
discussed in detail above. Postnatal physiological stud-
ies have demonstrated that infants who wheeze with colds 
have evidence of airway obstruction  before the fi rst wheezing 
episode . Wheezing with viral colds may not be associated 
with either BHR  [39]  or airway infl ammation  [223] . Th ose 
who present in infancy with recurrent, viral episodic wheeze 
have little likelihood of persistent asthma in later childhood 
       [224, 225] .  

    Obliterative bronchiolitis 

   Th is syndrome is characterized by PAL, absence of BHR 
and absence of infl ammation, usually the result of adeno-
virus bronchiolitis, or severe refl ux and aspiration. Other 
causes (lung transplant rejection, drug reactions, and colla-
gen vascular disease) are rare or diagnostically obvious.  

    Nonatopic, later onset wheeze 

   Although atopy is a major factor in pediatric asthma, there 
are children with onset of wheeze in the preschool period 
or later, who are not atopic by any conventional criterion. 
Th is may be more common in developing countries. Little 
is known of the pathological basis of this group.   

    Medications to treat symptoms 

   Th e fi rst approach is intermittent therapy at the time of 
symptom episodes. First line therapy would be with either 
or both of an inhaled anticholinergic (ipratropium bromide) 
and a  β  2 -agonist (salbutamol, terbutaline). Although by tra-
dition younger infants, respond better to ipratropium, in 
practice it is worth trying both medications at any age. 

   If this approach does not work, a trial of a leukot-
riene receptor antagonist should be considered. A number 
of studies have shown that viral infection is associated with 
transiently elevated levels of the cysteneyl leukotrienes 
       [226, 227] . Traditionally, leukotriene receptor antagonists 
are prescribed continuously, but a recent study has suggested 
that they are equally effi  cacious when given intermittently, 
for at least 7 days with viral colds  [228] . Another approach 
is to use relatively high doses of inhaled steroids just at the 
time of viral exacerbations, for example budesonide 1       mg 
twice daily for 5 days  [229] . Th ere are no data on combin-
ing this approach with a leukotriene receptor antagonist, 
although this would seem a reasonable approach for resist-
ant cases. However, although there may be benefi ts from 
this approach, a recent study also highlighted that high dose 
even intermittent fl uticasone may cause side eff ects [ 230] . 
Th e fi nal option for intermittent therapy is parent initiated 
prednisolone. However, this was not shown to be eff ective 
in preventing admission to hospital in a large randomised 
controlled trial  [231] . 

   If intermittent therapy is unavailing, what is the role 
of continuous therapy? If the child is having really severe 
exacerbations or symptoms on at least a near daily basis 
even between viral colds, a therapeutic trial may be justifi ed. 
Th is will usually be with inhaled corticosteroids; cromones 
are not eff ective, and there is no evidence that continuous 
leukotriene receptor antagonists are any better in this con-
text than when given intermittently. A therapeutic trial may 
also be justifi ed if there is doubt as to whether the child 
has a steroid sensitive asthma phenotype; if this is contem-
plated, it is important to note that many childhood symp-
toms improve spontaneously, and it is crucial not to confuse 
changes with therapy with changes over time. Th us a three 
stage protocol is advised. 

      ●       Step one : Commence inhaled corticosteroids at a 
moderate dose, for example budesonide 400       mcg twice 
daily  

      ●       Step two : Reassess at 8 weeks. If there has been no 
response, the child does not have a steroid sensitive 
phenotype, so treatment is stopped and the trial 
terminated. If symptoms have disappeared, the treatment 
is also stopped.  

      ●       Step three : If the symptoms which previously regressed 
return, then treatment is restarted. If the symptoms 
respond a second time, then the child is considered 
to have a steroid sensitive phenotype, and the dose of 
inhaled steroids tapered to the lowest which keeps the 
child symptom free.    

   It should be noted that, for the vast majority of pre-
school children, especially under two years of age long term 
inhaled steroids bring little benefi t. Even in a high-risk 
group, the increased number of symptom-free days/year 
was not high despite a dose of inhaled steroids suffi  cient to 
cause reduction in linear growth  [232] . 

   It might be thought that an oral steroid trial, as in 
older children and adults, might be more appropriate. 
However, prednisolone will treat upper airway disease, for 
example adenoidal hypertrophy, which may confuse the 
issue, so inhaled steroids are to be preferred.  
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    Medications to prevent progression of 
airway changes (disease modifi cation) 

   Clinical experience is that most children with atopic asthma 
in mid-childhood initially present with intermittent wheeze. 
Four studies have evaluated whether the early institution of 
inhaled corticosteroids prevents the progression from inter-
mittent to continuous wheeze. Whether these are admin-
istered continuously            [232–235]  or intermittently just with 
viral colds  [236] , they have no eff ect on disease progression, 
and are not disease modifying. An initial study suggested 
that the use of cetirizine may prevent subgroups of children 
with atopic dermatitis progressing to asthma  [237] , but this 
has not been confi rmed subsequently (Warner J.O., personal 
communication)  . Th ere is an urgent need for discovering 
new strategies to intervene in the putative window between 
12 of age, when there are symptoms but no airway changes, 
and 30 months, when the fi rst signs of airway infl ammation 
and remodeling are present, in order to prevent long-term 
morbidity.  

    Delivery devices 

   In the preschool years, the choice lies between a spacer, 
with a mask in children under age three, or a nebulizer. 
For all but the most severe attacks of acute asthma, spac-
ers are at least as eff ective as nebulizers, cheaper, and easier 
to use  [238] . Nebulized, as against inhaled, corticosteroids, 
are rarely if ever indicated. Th e proper use of inhalers and 
spacers is summarized in  Table 65.7   . If a nebulized therapy 
must be used, it is essential that a tight-fi tting mask is used; 
if the nebulizer cup is hopefully waved near the infants face, 
lower airway drug deposition will be exactly zero.   

    PHARMACOLOGICAL MANAGEMENT OF 
ASTHMA IN THE SCHOOL AGE CHILD 

    General use of medications 

   Th e stepwise approach has been well summarized in evi-
dence based guidelines  [1] , which are underpinned by the 
reasonable assumption that the pathology of asthma is 
similar in adults and children over fi ve        [239, 240] . Th e dan-
gers of extrapolation from adult studies to the pediatric age 
group have been discussed, and there are, however, impor-
tant diff erences in the adult and pediatric literature with 
regard to response to medication.  

    Medications to treat symptoms 

   Th e least diffi  cult aspect is that very mild, intermittent symp-
toms are treated with as required  β  2 -agonists. Th ereafter 
there are a large number of unanswered questions: 

      ●      How frequently can intermittent  β  2 -agonists be 
given before prophylactic inhaled corticosteroids are 
prescribed?  

      ●      Should inhaled corticosteroids be started at a high 
dose, and weaned down (previous set of BTS guidelines 
 [241] ) or started low and worked up (current BTS 
guidelines  [1] )?  

      ●      At what level of inhaled corticosteroids should a second 
prophylactic agent be added?  

      ●      What prophylactic medication should be added to 
inhale corticosteroids? Should it be long-acting 
 β  2 -agonists, leukotriene receptor antagonists, or low 
dose theophyllines? Or, should the dose of inhaled 
corticosteroids be increased further in some children?    

   It may be that the right approach is to ask, why the 
asthma has not responded to low dose inhaled corticoster-
oids? In some, there may be residual BHR, and the best 
option may be a LABA; in others, it may be relatively ster-
oid resistant eosinophilic infl ammation, mandating more 
inhaled steroids, or leukotriene receptor antagonists; or 
even, neutrophilic infl ammation, which might respond 
to theophyllines or even macrolide therapy. Th ese pheno-
types could be diff erentiated by simple measurements, such 
as bronchodilator response, induced sputum, or FeNO 50 . 
However, this is currently speculative. 

   A new issue relates to the philosophy of therapy. 
Should the aim be to suppress every possible symptom of 
asthma  [242] , or use fl exible, single inhaler treatment with 
a combination of budesonide and eformoterol  [243] ? It is 
not clear in children that big doses of inhaled steroids can 
suppress all symptoms, even in combination with LABAs, 
and the risks of side eff ects are well known. It may be that 
it is better in the long run to accept that intermittent mild 
symptoms and a lower dose of baseline medication may be 
preferable. However, another study has cast doubt on the 
use of combination therapy in mild asthma in children, sug-
gesting fl uticasone alone is superior to either combination 
therapy or single agent montelukast in at least some aspects 
of asthma control  [244] . Th e converse approach, single 
inhaler treatment of symptoms, relies on the ability of the 
child to detect symptoms and act on them, which may be 

TABLE 65.7 Proper use of spacers in pre-school children.

Instruction Comment

Shake inhaler between each 

activation

Multiple activations reduce drug 

delivery

No delay between activating 

inhaler and applying mask to face

Delay leads to medication being 

adsorbed onto sides of chamber 

and not inhaled

Do not give to crying infants There will be no drug delivered 

to the airways, even though the 

infant appears to be inhaling 

deeply

Wash (non-metal) spacers weekly 

with washing up liquid, do not 

rinse or rub dry

Minimizes medication adsorption 

onto sides of chamber
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questionable. Th ere is a real need for a long-term study 
comparing these two approaches in children.  

    Medications to prevent progression of 
airway changes (disease modifi cation) 

   A retrospective, observational study in children suggested 
that delay of more than  � 2 years in initiating inhaled cor-
ticosteroid therapy may lead to a worse outcome in terms 
of pulmonary function  [245] , similar to the fi ndings in a 
prospective randomised controlled study in adults  [246] . 
However, even in adults, the concept that even mild asth-
matics should be treated with inhaled corticosteroids is los-
ing ground  [247] , and in pediatrics, the CAMP study has 
also suggested that inhaled corticosteroids do not help pre-
serve lung function. In this study, inhaled corticosteroids, 
nedocromil and placebo were compared in mild asthmat-
ics over several years. Overall, 75% maintained their lung 
function, and 25% showed a deterioration. Th e proportion 
of deteriorating was the same in each treatment group, in 
other words, inhaled corticosteroids were not eff ective in 
preventing deterioration in lung function  [248] . Th us, as 
with preschool children, we do not have available a truly 
disease-modifying therapy in school age children.  

    Delivery devices 

   Th ese are covered in standard guidelines. Whatever device 
is chosen, it is essential that regular checks of technique are 
carried out in the asthma clinic. If high doses of inhaled 
corticosteroids are used, spacers are preferable. Th e special 
issues of adolescence are covered below.   

    NON-PHARMACOLOGICAL MANAGEMENT OF 
ASTHMA IN CHILDHOOD 

   Environmental manipulation may be undertaken as part of a 
program of primary prevention, either in high risk or all pop-
ulations, or as a secondary attempt to ameliorate the severity 
of established asthma. Despite research from a large number 
of cohort studies, it is currently not possible to design a 
prospective primary cohort intervention study. Specifi cally, 
it is unclear whether tolerance should be induced by high 
allergen exposure, or allergens should be avoided. Th e dose 
response eff ects may be diff erent for diff erent allergens, with, 
in at least one study, the suggestion that there is a thresh-
old eff ect, above which there is very little evidence of a dose 
response  [249] . Th e rest of this section details the measures 
which might be considered in secondary prevention. 

    Environment 

    Environmental tobacco smoke 

   Discouragement of smoke exposure is mandatory. Th e role 
of tobacco smoke causing steroid resistance is unequivocal; 

it is likely that passive smoke exposure will have the same 
eff ects.  

    Allergens 

   Some evidence has been reviewed above. It is clear that  
in vitro  high allergen exposure can lead to a state of steroid 
resistance via an IL-2 and IL-4 mediated mechanism, the 
exact pathways being controversial        [250, 251] . Controlled 
low level inhaled allergen exposure in sensitized adults, at a 
dose too low to cause acute bronchoconstriction, still caused 
worsening airway eosinophilia and deterioration in BHR 
 [252] . Low dose allergen exposure may come from the 
school; cat allergic children with asthma develop a pattern 
of symptoms similar to occupational asthma if more than 
20% of their classmates are cat owners  [253] . 

   Hence, reduction of allergen exposure should be 
attempted in the asthmatic child, and, the more trouble-
some the asthma, the more it should be pursued; this 
irrespective of IgE mediated senitization (above).  

    Diet 

   Th e search for the food allergy which is the root cause of 
all symptoms is often something for which parents wish. 
In practice, the blind use of exclusion diets is rarely helpful, 
although often attempted by families; occasionally, imple-
mentation of a dairy-free diet in a preschool wheezy child 
may be benefi cial. Anecdotally, most successes are in chil-
dren who have other issues, such as eczema and GER. It is 
always worth inquiring not only after food allergies, but also 
whether the child will actually consume milk, eggs, and nuts 
(including peanuts); allergy may be manifest by an aversion 
to the food. Food allergy in asthma is managed in the stand-
ard way, but erring on the side of caution. Likewise, asthma 
in the food-allergic is also treated conventionally, but erring 
on the side of caution. Th is caution is because there appears 
to be a higher risk of acute really severe asthma in the food-
allergic child, and in particular peanut and milk allergy may 
be a marker for increased morbidity  [254] .    

    MONITORING ASTHMA 

    Physiology 

   Testing can be used to make the diagnosis, monitor the 
eff ects of therapy, and as part of an asthma treatment plan. 
Diagnostic testing has already been covered. 

    Monitoring therapy 

   Home peak fl ow monitoring may be useful to try to docu-
ment the response to therapy and the course of the disease. 
However, compliance is notoriously poor        [255, 256] .  

    Asthma treatment plans 

   Changes in therapy may be guided by asthma treatment 
plans. Th ese, although excellent in theory, may be of rather 
less practical value than the enthusiasts would have us 
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believe. Since perception of dyspnea may be a real issue in 
asthmatics        [257, 258] , the idea of monitoring health objec-
tively is fi ne in theory, but in pediatric practice, few comply. 
It is doubtful whether giving every asthmatic a treatment 
plan based on peak fl ow is a useful exercise, but in selected 
children, families may fi nd this extremely helpful.   

    Adverse eff ects of disease and treatment 

   All children with any chronic illness should have their 
height and weight measured accurately and regularly and 
plotted on a centile chart. Growth failure in asthmatic chil-
dren may be due to the eff ects of uncontrolled asthma, treat-
ment with inhaled or oral corticosteroids, or a coincident 
diagnosis. Recommendations for the monitoring of adre-
nal function are more diffi  cult. Th ere is no doubt that high 
dose inhaled corticosteroids may cause adrenal failure and 
acute hypoglycemic. Th ere is evidence at least from adults 
that overtreatment, rather than the absolute level of ther-
apy is what is important; in one study, plasma fl uticasone 
levels were much higher for the same dose of inhaled fl u-
ticasone in normal adults compared with asthmatics  [259] . 
Th eoretically, regular low dose short synacthen tests should 
be performed in all children prescribed high dose inhaled 
steroids  [260] , although the short-term repeatability of this 
test has been questioned  [261] . In practice, the fi rst priority 
must be to control asthma, with the lowest dose possible of 
inhaled corticosteroid. Every eff ort must be made to reduce 
the dose of inhaled steroid, especially using adjuncts such 
as long-acting  β  2 -agonists, leukotriene receptor antagonists, 
and low dose theophylline. Families must be warned about 
possible adrenal failure, children should carry a steroid card, 
and emergency doctors should consider the possibility of 
acute hypoglycemic        [262, 263] . 

   Other potential side eff ects of high-dose steroids 
include hypertension, cataract, diabetes, and osteopenia. 
In most clinical practice, regular ophthalmic review and 
DEXA scanning are restricted to children taking regular 
or very frequent intermittent courses of oral steroids. It is 
arguable that blood pressure measurements and urinalysis 
should be part of routine pediatric care in any case.  

    Infl ammometry 

   Studies in adults with asthma have established proof of con-
cept that managing asthma simply by history, physical exam-
ination, and simple physiology is no longer optimal  [264] . 
Th e situation in children is less clear-cut; it is highly likely 
that infl ammometry will have a place in selected groups of 
children, but what should be measured, and in whom, is 
more debateable. 

   Potential choices include measurement of exhaled 
breath (FeNO 50 ), with which there is most experience; 
exhaled breath condensate (EBC), which many consider 
a technique looking for an application; induced sputum; 
measurement of BHR; and more invasive techniques such as 
bronchoscopy, which will never be suitable for clinic moni-
toring. Th e characteristics of the ideal infl ammometer are 

shown in  Table 65.8   , and of course, there is no such device. 
FeNO 50  is the most potentially attractive, because it is quick 
and easy to measure, is even available for home monitor-
ing, and the answer is immediately available. However, the 
relationship between FeNO 50  and sputum eosinophils is not 
a close one, at least in children  [27] , and the two can-
not be used interchangeably. Furthermore, atopy alone, in 
the absence of asthma, may elevate FeNO 50 . More work 
is needed on biomarkers of pediatric asthma, but there is 
suffi  cient evidence of proof of concept to encourage the 
researcher to press on with these studies. 

    Tailor therapy 

   An important study comparing standard monitoring with 
a FeNO 50  based strategy showed that after a year, the 
FeNO 50  group had signifi cantly improved BHR  [265] . 
Another study using BHR as the monitoring tool, rather 
than an endpoint, also showed improved outcomes  [266] . 
Measurement of BHR as a routine test in a busy clinic is 
not likely feasible outside a research context. However, these 
studies confi rm that history and simple physiological testing 
is no longer state of the art.  

    Predict natural relapse 

   It is unlikely that FeNO 50  measurements will predict a viral 
infection, although conceivably they may give advance warn-
ing in the pre-symptomatic phase. Th e most likely success-
ful model is loss of control in mono-allergic, pollen sensitized 
children during the pollen season. If FeNO 50  measurements 
were standardized to the child’s value when well, FeNO 50  
could give an indication of exacerbation within no  � 5 days 
of measurement  [267] . However, prospective testing of these 
hypothesis-generating results in the subsequent season were 
disappointing (unpublished data). It is likely but still not 
proven that daily measurements, which are now feasible using 
portable equipment        [268, 269] , will be more useful than 
single clinic recordings. More work is needed before these 
devices can be recommended as a routine in clinical practice.  

    Predict relapse on stopping therapy 

   Guidelines rightly stress that after a period of stability, pedi-
atric asthma treatment should be scaled down. Two studies 

TABLE 65.8 The characteristics of the perfect  ‘ infl ammometer.’

Cheap

Easy to maintain and calibrate

Completely non-invasive

Easy to use, no co-operation needed

Direct measurement of all relevant aspects of infl ammation

Rapid availability of answers

Evidence of benefi cial clinical outcomes
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have explored whether infl ammometry may be useful in the 
decision making process. In the fi rst, children who on clini-
cal grounds had a reduction in therapy had prior measure-
ment of infl ammatory markers. EBC was not useful. Th ose 
without detectable sputum eosinophilia always had a suc-
cessful dose reduction. Receiver operating curves for FeNO 
and sputum eosinophils were constructed, and both were 
useful albeit imperfect adjuncts to clinical decision making 
 [270] . In a second paper, a rising FeNO gave an early warn-
ing of relapse in children whose therapy had been stopped 
altogether  [271] . Taken together, these studies suggest a role 
for infl ammometry during treatment reduction.  

    Infl ammometry – what is the role now? 

   It is clear that infl ammometry is rightly here to stay in 
pediatric asthma. FeNO 50  seems to be the most promising, 
but we are a long way from being able to treat an eleva-
tion in FeNO with no other indications of any problem. 
A raised FeNO 50  may be found apparently constitution-
ally in completely well individuals  [272] . However an acute 
elevation in FeNO 50  should prompt a review of manage-
ment. It may be a sign of an imbalance between pro-asth-
matic stimuli (e.g. allergens) and anti-infl ammatory therapy 
(either dose too low or drug delivery device incorrect, or 
medication not being taken)  [273] . Th e role of home moni-
toring of FeNO 50  in pediatric asthma is unclear, and before 
any widespread introduction, we need more evidence of 
utility than we had before home peak fl ow monitoring was 
widely embraced. Th e chief needs for the future are more 
reliable biomarkers of asthma control and impending exac-
erbation; biomarkers of distal and mucosal infl ammation, as 
well as of airway remodeling; and biomarkers, which can be 
used in infants and preschool children.    

    ASTHMA PLUS 

   As well as being mimicked by conditions such as GER, 
asthma may coexist with them, and these comorbidities 
may worsen asthma control. Th us, part of the manage-
ment of troublesome asthma should be the search for these 
conditions. 

    GER 

   Th e relationship between asthma and GER is controver-
sial. Opinions are polarized between the surgical approach 
( “ all asthma can be cured with a Nissen’s fundoplication ” ) to 
the medical ( “ GER is irrelevant, and inhaled steroids cure 
everything ” ). Th e following possibilities may be diffi  cult to 
distinguish 

    1.     Asthma causes GER including by eff ects on intrapleural 
pressure and integrity of the lower esophageal sphincter.  

    2.     GER causes aspiration and symptoms that are mistaken 
for asthma.  

    3.     GER causes lower esophageal acidifi cation without 
aspiration, which worsens BHR refl exly.  

    4.     GER and asthma are coincident fi ndings.    

   GER is more likely to be signifi cant in infants, in 
whom an empirical trial of therapy may have gratifying 
results. Anecdotally, children with very severe asthma fre-
quently are found to have GER, but treatment has been 
almost universally disappointing. Th e only way to sort out 
the above options above is probably by carrying out a thera-
peutic trial.  

    Rhinosinusitis 

   Th e relationship between the upper airway and lower air-
way is another source of controversy. Whether treatment 
of allergic rhinitis will improve, asthma is disputed. A large 
community study suggested that children with BHR and 
allergic rhinitis were more likely to improve their BHR if 
the rhinitis was treated with topical corticosteroids  [274] . 
In practice, most would treat any upper airway symp-
toms on their own merits; any improvement in asthma 
would be seen as an added bonus. It should be noted that 
extrapulmonary topical steroid treatments (nose drops, skin 
creams) may add signifi cantly to the total steroid dose to 
which the child is exposed  [275] , and growth failure has 
been reported just with the use of potent steroid nosedrops 
 [276] , so treatment of the upper airway may introduce its 
own problems.  

    Psychological issues 

   Th ankfully, the days when asthma was thought to be due to 
low moral fi ber have long gone. However, there is no doubt 
that there are complex interactions between the brain and 
the airway, possibly neurally mediated. In one study, high 
school students were studied at time of stress (sitting exam-
inations) and during student idleness (mid-term). Th e same 
dose of inhaled allergen to which they were known to be 
sensitive produced a more marked airway eosinophilia dur-
ing the time of stress  [277] . Th is mechanistic, proof of con-
cept study has been confi rmed by a number of fi eld studies, 
which have documented the associations of poor asthma 
control, and acute exacerbations of the disease, with psy-
chological stresses of various kinds        [278, 279] . In severe 
asthma in particular, anyone who treats a child as merely a 
pair of lungs is doomed to therapeutic failure. It is essential 
to explore issues of stress at home and school, in a sensitive 
manner, in all but the most straightforward cases of pediat-
ric asthma. 

   A related and important issues are what may rather 
simplistically be lumped together as dysfunctional breath-
ing disorders, a spectrum which includes hyperventilation 
and panic attacks, and vocal cord dysfunction (VCD), in 
which condition there is adduction of the vocal cords in 
either or both of inspiration or expiration        [280, 281] . Th ese 
frequently coexist with indubitable asthma. Symptoms of 
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hyperventilation such as peri-oral paresthesia will be missed 
if not actively sought. VCD   is characterised by noisy breath-
ing, which careful auscultation establishes comes from the 
larynx, but not from the lower airway. Th e child may iden-
tify that they cannot breathe in, and actually identify the 
upper airway as the seat of the problem. 

   Related to this is the  “ habit ”  or  “ honk ”  cough, a 
bizarre and very irritating noise, which is stereotyped, dis-
ruptive and repetitive. Th ose who despite the evidence per-
sist in the unquenchable belief that isolated cough is always 
due to asthma (it very rarely is) may escalate steroid therapy 
to try to control the problem. 

   All these disorders have in common that (1) they do 
not respond to any asthma therapy and (2) the symptoms 
invariably disappear when the child is asleep (although they 
may still be present while the child is lying awake in bed, 
trying to go to sleep). Th ere may be obvious gains for the 
child, or more subtle advantages. Management fi rst involves 
identifying the problem, and ensuring the child and family 
know that the genuineness and signifi cance of the symp-
toms is not in doubt, but that they are not due to asthma. 
Sometimes, symptoms may respond to relaxation and 
breathing exercises administered by a skilled physiothera-
pist; if the roots of the problem are more deep seated, then 
the help of a clinical psychologist may be needed. As a gen-
eral point, if stress and asthma coexist, it is better to treat 
their both on independent merits, rather than try to unpick 
which is chicken and which is egg. 

   Adherence to therapy is a related issue. Only the 
minority of children actually even collect enough prescrip-
tions to cover their prophylactic medications  [282] . Indeed, 
complete obedience to everything the pediatrician asks 
may be considered to be pathological! We know that non-
adherence is frequent, even when there are really severe 
problems with asthma. Detecting it is much more diffi  cult. It 
is safe to assume that children will not admit to non-adher-
ence. A check on the number of prescriptions dispensed, or 
a home visit may be useful. If the child has been prescribed 
prednisolone or theophylline, measurement of plasma lev-
els (including serum cortisol in those on prednisolone) may 
be informative. Finally, I do not diagnose steroid resistant 
asthma until I have satisfi ed myself that there is no response 
to an intramuscular injection of triamcinolone. 

   If non-adherence is found to be an issue, sensitive 
exploration of the underlying problems is indicated, rather 
than a  “ blame ”  culture of mutual recrimination. Non-
adherence remains one of the important unsolved problems 
in pediatric asthma; detection and management are exceed-
ingly diffi  cult. Finally, pediatricians should remember that 
their judgement about adherence is exactly as good as fl ip-
ping a coin.   

    ACUTE ASTHMA IN CHILDHOOD 

   Th e management of acute severe childhood asthma has 
been covered in standard guidelines  [1] . Asthma deaths 
are fortunately rare in childhood, less than 40/year in 
the United Kingdom. In some, avoidable factors can 

be identifi ed, such as failure of the child and family to 
seek medical attention while giving ever larger and more 
 frequent doses of short-acting  β  2 -agonists, or failure of the 
pediatrician to recognize the severity of the situation or 
give systemic steroids. In others, there appears to be a sud-
den unexpected acute deterioration and even in retrospect, 
there seems little which could have altered the outcome. All 
children who have survived a really severe attack of asthma 
should have a detailed re-evaluation of all aspects of their 
therapy. It is probably this group in whom treatment plans 
are most useful, although defi nitive proof is lacking. 

   Two particular circumstances should be considered in 
more detail. Th ose who have survived a sudden and severe 
attack may be considered for pre-packed, injectable adrena-
line (e.g. the Epipen™).Of course, most children have suf-
fi cient time to use inhaled therapy, but for those with really 
sudden deteriorations may anecdotally benefi t from this 
approach. Th e other scenario is the child with deteriorating 
asthma who is unable to recognize that things are getting 
worse, until a late, catastrophic decline ensues. Failure of 
perception is therefore a mimic of acute rapid deterioration. 
Th ese children, if they can be persuaded to use it, should 
have a home peak fl ow meter and monitor their status 
objectively and regularly.  

    ASTHMA IN SPECIAL CIRCUMSTANCES 

    Really severe asthma in childhood 

   Th e defi nition of severe asthma has been the subject of 
international working groups        [283, 284] . Th ere are several 
diff erent patterns of severe asthma in childhood including 
chronic symptoms despite high-dose therapy; and brittle 
asthma, either chronic wild swings of lung function or sud-
den really acute deteriorations on the background of appar-
ent good control. It is likely that the underlying pathology 
is very diff erent in these groups. 

   Th e commonest causes of therapy resistant asthma 
are non-adherence to treatment and incorrect diagnosis. 
Really severe, therapy resistant asthma is rare. We should 
 distinguish  “ diffi  cult ”  asthma (in which, when the basics are 
got right, asthma control is achieved) from  “ really severe, 
therapy resistant asthma, ”  in which poor asthma con-
trol persists despite optimizing all conventional therapies. 
We now use a three-visit protocol to assess these children 
( Table 65.9   ). Obviously, prior to any such approach, a full 
 diagnostic work up is undertaken, as appropriate. Th is is 
particularly important in nonatopic children, in whom 
an alternative or exacerbating diagnosis is found more 
frequently. 

    Visit 1 : Th e aim of the fi rst visit is to weed out 
those asthmatics who are not truly therapy resistant. Th e 
child undergoes a full, multi-disciplinary assessment. Th is 
includes a visit to the home by the respiratory nurse, a psy-
chological assessment by questionnaire, and a referral to 
the clinical psychologist if necessary; and contact is made 
with the school. If not already performed, skin prick tests 
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are carried out. Adherence is assessed at the home visit, by 
checking the availability of medications; GP prescriptions 
are checked; and use of drug delivery devices is assessed. We 
found that around a third of children with severe asthma 
could not produce a complete set of in-date medications 
during a nurse-lead home visit. Environmental measures 
are instituted as far as possible. As a result, more than 50% 
of referrals need no further action. 

    Visit 2 : Children who continue to have problematic 
asthma despite this detailed protocol are further evaluated. 
Th ey undergo non-invasive measurements of airway infl am-
mation ( Table 65.9 ), and spirometry and bronchodilator 
reversibility. A fi breoptic bronchoscopy is performed under 
general anesthetic, with bronchoalveolar lavage and endo-
bronchial biopsy, and an injection of depot triamcinolone 
administered while the child is still anaesthetized. 

    Visit 3 : this takes place 4 weeks later. Lung function 
and airway infl ammation is measured, and the child pheno-
typed ( Table 65.10   ); an individual treatment plan is devel-
oped on the basis of the phenotype. It is clear that therapy 
resistant asthma is not one disease, but many, but it also 
has to be said that the utility of the above approach needs 
further testing.  

    Exercise induced symptoms 

   In most cases, exercise induced asthma is a manifestation of 
poorly controlled asthma, and should be managed in accord 
with standard guidelines. Occasionally, exercise symptoms 
are seen in elite athletes, as the sole problem  [285] . Th ey 
report breathlessness and wheeze at extremes of exercise, 

just when they want to reach peak performance, and at no 
other time. Th e diff erential diagnosis lies between exercise 
induced asthma, and exercise induced VCD; the diff eren-
tiation may be diffi  cult. True exercise induced asthma in the 
elite athlete may be a diff erent phenotype from standard 
poorly controlled asthma. Although one study has suggested 
that fi sh-oil may be helpful, in practice this is not much 
used  [285] . Th ese athletes usually come to specialist atten-
tion because presport, high-dose  β  2 -agonists have failed. 
Anecdotally, high-dose nedocromil sodium may be useful, 
and other strategies include montelukast or Symbicort™ 
prior to exercise. It is absolutely essential that due care is 
paid to the requirements of the international drug abuse 
regulations when treating elite athletes. VCD may also be 
an issue, particularly if the athlete is being pushed beyond 
capacity. Th is may be very diffi  cult to identify – sometimes 
a Bruce protocol exercise test to exhaustion, with measure-
ment of fl ow-volume loops, may identify the problem. Th e 
standard 6       min exercise induced asthma test is useless in 
these athletes, because for them, it is insuffi  ciently taxing. 
Anecdotally, both physiotherapy and the help of a clinical 
psychologist may be useful.  

    Adolescent asthma 

   Normal adolescence is a taxing time for all concerned, and is 
complicated if there is a comorbidity such as asthma. Th is big 
subject has been reviewed in detail recently  [286] . Th e tasks 
of normal adolescence include establishing increasing inde-
pendence and autonomy, and, in the context of asthma, tak-
ing more responsibility for treatment (or lack of it). Asthma 

TABLE 65.9 The diffi  cult asthma protocol.

Visit 1 Visit 2 (if no improvement) Visit 3 (4 weeks later)

1. Clinical Assessments ● Asthma control test

● Nurse lead home visit

● School visit

● Access GP records

● Psychological assessment as 

appropriate

● Asthma control test

● Assess symptoms, new peak 

fl ow diary

● Asthma control test

● Assess symptoms, new peak fl ow 

diary

● Allocate as steroid responder, partial 

responder, or non-responder on 

bases of all results

2. Physiological 

measurements

● Spirometry including response 

to β2-agonist

● Spirometry, including response 

to β2-agonist

● Spirometry, including response to 

β2-agonist

3. Non-invasive 

infl ammatory and other 

markers

● Induced sputum

● FeNO (variable fl ow)

● RAST or skin prick tests as 

appropriate

● Measure prednisolone 

and theophylline levels if 

appropriate

● Induced sputum

● FeNO (variable fl ow)

● Induced sputum

● FeNO (variable fl ow)

4. Invasive studies ● Bronchoscopy, BAL, and 

bronchial biopsy

● Intramuscular triamcinolone

● pH study
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may remit, return or worsen in adolescence, or present for 
the fi rst time; epidemiological data are confl icting. Diagnosis 
of a new presenting asthma may be diffi  cult, with atypi-
cal presentations such as chest pain being not uncommon. 
Management may be very diffi  cult. Risk-taking behaviors by 
adolescents may be considered almost normal, but smoking 
and substance abuse do not help asthma control. Compliance 
is almost always an issue; adolescents often do not want to 
be diff erent from their peers, and will not take medications 
for this reason. Th ey may worry about adverse eff ects of ther-
apy; or probably most usually, be too idle and disorganised 
to be bothered. Control is frequently poor. Management is 
very diffi  cult, with many theoretically good ideas being trial, 
which are often very time-consuming, and with very little 
objective evidence of benefi t. Specialist adolescent clinics are 
advocated, in which teenagers are seen on their own, at least 
initially without their parents, in an age-appropriate envi-
ronment. It is believed that a non-directive, non-threatening 
approach is optimal, with negotiation over what treatment is 
reasonable. Others like this author merely hope to weather 
the storm until adulthood is reached, whereupon the young 
person is referred to the calm waters of the adult clinic!   

    THE  “ NEW ”  COPD: SURVIVORS OF PREMATURE 
BIRTH 

   Th e skills of neonatal intensive care mean that ever more 
premature and smaller babies are surviving to go home, and 
many can be presumed will survive into adult life. Th e nature 
of CLD (bronchopulmonary dysplasia, BPD) is also chang-
ing, with probably a greater component of alveolar hypopla-
sia in more recent, very preterm survivors who have received 
very diff erent ventilatory strategies        [287, 288] . Follow-up 
studies have recently been reviewed in detail [215]. In sum-
mary, survivors of CLD are likely to have combinations of 
airfl ow obstruction and alveolar-capillary hypoplasia. Th ere 
is a tendency for improvement of the symptoms and physio-
logical abnormalities in later childhood. Th e issue that needs 
attention is what will happen during lung aging, and what 
follows is surmise, because yet we have no data. By anal-
ogy with the episodic (viral) wheezers, who also have early 
airfl ow obstruction, an accelerated rate of decline is to be 
anticipated, and these children are likely to present to adult 
clinics perhaps as young as in their thirties. Th e fi rst to arrive 

TABLE 65.10 Summary of proposed diffi  cult asthma management, at the conclusion of the protocol studies.

Clinical scenario Presumptive diagnosis Suggested action

1. Continued airfl ow obstruction, no infl ammation, 

no reversibility to β2-agonists

Presumed obliterative bronchiolitis, 

or remodeling secondary to chronic 

infl ammation etc.

● Inspiratory and expiratory CT scan if not already 

performed

● Consider viral and autoimmune studies

● Use minimum treatment which maintains lung 

function

2. Continued airfl ow obstruction, no infl ammation, 

but with reversibility to β2-agonists

Presumed steroid resistant, non-

infl ammatory bronchial reactivity

● Continuous subcutaneous terbutaline 

treatment

● High dose eformoterol by inhalation

3. Persistent eosinophilic infl ammation, with either 

or both of airfl ow obstruction and symptoms

Presumed steroid partial or complete 

resistance

● Look for causes of secondary steroid resistance

● Treat with either prolonged high dose steroids 

or steroid sparing agent

4. Persistent eosinophilic infl ammation, with no 

airfl ow obstruction or symptoms

?Lagging of clearance of infl ammation

?Risk of ongoing remodelling despite no 

symptoms

● Observe closely with repeated spirometry and 

non-invasive measures of infl ammation

5. Presumed infl ammation completely resolved 

with steroids (normal lung function, no 

symptoms)

Steroid sensitive asthma, but requiring 

high dose treatment

● Look for causes of secondary steroid resistance

● Taper steroids to level at which symptoms are 

controlled without side-eff ects

● Steroid sparing agent (often less eff ective in this 

phenotype)

6. Persistent non-eosinophilic infl ammation Presumed other infl ammatory 

mechanisms (other cells e.g. neutrophilic 

infl ammation; neurogenic mechanisms)

● Reduce steroid treatment to minimum level 

needed to control eosinophilic infl ammation

● Consider macrolide therapy, 5-lipoxygenase 

inhibitor, or theophylline if neutrophilic 

infl ammation

7. Apparently normal lung function, no 

infl ammation, but ongoing symptoms

Poor symptom perception

Psychological problems

Not asthma at all

● Exercise test with Borg scale

● Review by Psychologist

? 	 Possible.
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will be the  “ old ”  BPD patients (relatively big babies, venti-
lated at slow rates with high pressures, who did not receive 
surfactant in the newborn period); next, or perhaps simulta-
neously because they may be younger,  “ new ”  BPD survivors, 
who may have less airfl ow obstruction and more alveolar-
capillary hypoplasia. Th ey will present likely as  “ COPD ”  but 
the signifi cance of their dramatic early life events will not be 
appreciated unless a good history is taken. Th ese may well 
provide novel challenges in the COPD clinic of the future.   
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C H A P T E R                Treatment for Stable COPD 

    INTRODUCTION   

   Chronic obstructive pulmonary disease (COPD) 
is, for most individuals, a relentlessly progressive 
disorder, a feature which is recognized in the 
defi nition of COPD included in the Guidelines 
prepared by the Global Initiative for COPD 
(GOLD) as well as the American Th oracic 
Society and Th e European Respiratory Society 
       [1, 2]       1   .  “ Stable ”  COPD, therefore, is an incorrect 
term, which is generally applied to individuals 
who are in their usual state of deteriorating 
health, that is, not experiencing an acute exacer-
bation. While the current therapies available to 
treat so-called stable COPD only partially meet 
therapeutic goals, these therapies can often 
off er considerable benefi t. It is likely that many 
patients with COPD, however, are undiagnosed 
and even those with a diagnosis are inappro-
priately under treated. Th e current chapter will 
outline the current therapeutic strategy for the 
management of COPD patients who are  “ sta-
ble, ”  that is in their usual state of health. 

   Th e medications used to treat patients 
with COPD are, in many cases, identical to 
those used to treat patients with asthma. Th e 
strategy for the use of these medicines, how-
ever, diff ers importantly between COPD and 
asthma. Eff ective patient management, there-
fore, requires that the clinician make an appro-
priate diagnosis, accurately stage the severity 
of disease in an individual patient, and defi ne 
clearly therapeutic goals. Th e pharmacology 
relating to individual classes of drugs is pro-
vided in detail in accompanying chapters as is 
information relating to non-pharmacological 

treatments. Th e current chapter will describe 
the overall strategy for the use of these treat-
ments in various stages of COPD. 

   A number of guidelines are available for 
COPD management. Global guidelines for the 
diagnosis and management of COPD resulted 
from the collaboration of the World Health 
Organization and the National Heart Lung 
and Blood Institute, USA, the Global Initiative 
for Chronic Obstructive Lung Disease (GOLD 
Guidelines)  [2] . A number of professional soci-
eties including the American Th oracic Society 
and the European Respiratory Society  [1]  as 
well as a number of national organizations have 
also prepared guidelines for the diagnosis and 
the management of COPD. Th ese guidelines are 
generally consistent with the GOLD guidelines, 
but often emphasize issues relevant for specifi c 
populations or health care systems.  

    DIAGNOSIS AND STAGING 

   Airfl ow limitation is a characteristic feature of 
both asthma and COPD. In asthma, the air-
fl ow limitation is generally reversible either 
spontaneously or with treatment. In COPD, in 
contrast, there may be some degree of revers-
ibility, but expiratory airfl ow limitation, to some 
extent, is always present (see Chapter 41). Some 
defi nitions of COPD have specifi cally excluded 
patients with airfl ow reversibility  [3] . Th is has 
led to considerable confusion as bronchodilators 
are fi rst-line therapy for patients with COPD 
(see below). 

   In clinical practice, the distinction 
between COPD and asthma is often a diffi  -
cult one for several reasons. Some patients with 
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COPD may have a considerable degree of reversibility. Such 
individuals have  both  COPD and asthma, and asthma can 
progress to the development of fi xed airfl ow limitation        [4, 
5] . Nevertheless, defi ning whether asthma and COPD are 
each present is more than semantic; the therapeutic plans 
for asthma and COPD diff er in important respects and 
each needs to be addressed and maintained properly  . 

   Th ere are multiple therapeutic goals for the stable 
COPD patient ( Table 66.1   ). As COPD progresses, the 
relative importance of the various therapeutic goals change. 
Appropriate management of the COPD patient, therefore, 
requires an accurate assessment of disease stage and, as is 
increasingly recognized, thorough diagnosis of comorbidi-
ties. Current staging of COPD depends on quantitative 
assessment of expiratory airfl ow to grade disease sever-
ity. Since airfl ow limitation can result from several distinct 
physiologic processes (see   Chapters 5 and 34), this parame-
ter represents an integration of several distinct processes. 
In addition, many of the features of COPD are very weakly 
related to the FEV 1  (see below). An accurate staging of the 
COPD patient using FEV 1 , however, can serve as an initial 
guide to therapeutic intervention and can help the clinician 
determine appropriate therapeutic goals. 

    The GOLD staging system 

   Th e GOLD Guidelines represent an attempt to develop 
generally applicable guidelines for COPD and, of necessity, 
balance a number of factors  [2] . Th e objectives of GOLD 
include increasing the awareness of COPD among health 
care professionals, health care authorities, and the general 
public, stimulating research and improving the diagnosis, 
management, and prevention of COPD.  

    GOLD staging 

   Both the diagnosis and staging of severity in the GOLD 
system are based on spirometric assessment of FEV 1 . 

   Stage 1. Mild: FEV 1 /FVC      �      0.7, FEV 1       �      80% pre-
dicted. While population diff erences are well recognized, 
expiratory airfl ow is generally considered to be normal if 
greater than 80% predicted. An individual starting at 100%, 

therefore, can lose up to one-fi fth of their expiratory airfl ow 
and remain within the normal range. Early in the develop-
ment of COPD, however, lung volumes frequently increase 
due to loss of lung elastic recoil  [6] . As a result, the vital 
capacity is relatively well preserved. Th is makes the ratio 
of FEV 1 /FVC, termed the Tiff eneau Index, a more sensi-
tive measure of early COPD. Stage 1, therefore, recognizes 
the earliest physiologic abnormalities as a reduction in the 
FEV 1 /FVC ratio, while the FEV 1  remains within the nor-
mal range (that is greater than 80% predicted). 

   Because the FEV 1  declines with age more rapidly 
than the FVC, however, the use of the fi xed ratio will result 
in an increased diagnosis of individuals with COPD with 
increasing age        [7, 8] . Th is potential for overdiagnosis of 
mild COPD that would occur in the elderly was not felt to 
be a practical problem for the clinician, particularly as ther-
apy is largely driven by symptoms. 

   Stage 2. Moderate: FEV 1 /FVC      �      0.7, 50% predicted  � 
FEV 1       �      80% predicted. Th is stage includes patients with 
reductions in expiratory airfl ow beyond the normal range 
but generally excludes those likely to have respiratory 
failure. 

   Stage 3. Severe: FEV 1 /FVC      �      0.7, 30% predicted  � 
FEV 1        �      50% predicted. Severe COPD is intended to indi-
cate patients who are likely to require a high degree of sup-
port, may have increasingly frequent exacerbations  . Severe 
patients are appropriate for increasingly aggressive thera-
peutic interventions. Th e care of these patients is a major 
determinant of overall health care expenditures for COPD. 

   Stage 4. Very severe: FEV 1 /FVC      �      0.7, FEV 1       �      30% 
predicted, or FEV 1       �      50% predicted with concurrent respi-
ratory failure. Th ese individuals are very likely to need ICU 
management and are candidates for aggressive treatment 
including surgical options, if appropriate. 

   Th e GOLD Guidelines emphasize early diagnosis 
and early physiologic staging. While many patients in the 
early stages of COPD may not present to the physician 
with complaints, often these individuals may be experienc-
ing alterations in their lifestyle suggesting that therapeutic 
interventions designed to improve performance and reduce 
symptoms might be appropriate. Th is approach is sup-
ported by data from the National Health and Nutrition 
Examination Survey (NHANES) Study suggesting that 
nearly two-thirds of adults in the United States with air-
fl ow limitation have never been diagnosed  [9] . More than 
half of these individuals, moreover, report some symptoms 
suggesting a signifi cant burden results from undiagnosed 
disease. 

   Current guidelines do not recommend screening 
of asymptomatic individuals for COPD        [2, 10] . However, 
many COPD patients will be  “ asymptomatic ”  despite severe 
physiologic limitation  [11] . A careful and aggressive history, 
therefore, is needed in order to determine which patients 
should be further evaluated with spirometry to establish a 
diagnosis and to stage severity by FEV 1 .  

    Limitations in current COPD staging 

   It is widely recognized that many features of COPD corre-
late very poorly with the FEV 1         [12, 13] . Several investigators 

 TABLE 66.1          Therapeutic goals in COPD  .

   Prevent disease progression 

   Relieve symptoms 

   Improve exercise tolerance 

   Improve health status (quality of life) 

   Prevent exacerbations 

   Recognize and treat co-morbidities 

   Prolong life 

   Anticipate end of life issues 
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have suggested multidimensional staging systems for COPD 
which could independently stage features in addition to 
FEV 1         [14, 15] . Th e BODE index, which combines a dyspnea 
measure, body mass index, and walking distance with FEV 1  
is a better predictor of survival than is FEV 1  alone, and has 
been found to be an eff ective measure of outcome for clinical 
interventions          [16–18] . One analysis using a dataset from a 
clinical trial  [14]  suggests that as many as six dimensions may 
be relatively independent clinical features in COPD ( Table 
66.2   ). Several large trials with less homogeneous groups of 
COPD patients are being conducted with the intent of char-
acterizing the heterogeneity of the disease        [19, 20] . Th us the 
clinician must recognize that the GOLD COPD staging, 
while useful as a guide to therapy ( Fig. 66.1   ), is not a com-
plete clinical description. GOLD staging, therefore, must be 
supplemented with careful clinical assessment. Th e following 
therapeutic strategies are based on this approach.  

    Comorbidities 

   It has become clear that COPD is a multisystem disorder   (see 
Chapters 44 and 45). Often disease outside the lung is a major 
clinical problem. Appropriate clinical suspicion is required for 
appropriate diagnosis of these conditions ( Table 66.3   ).   

 TABLE 66.2          Potential independent dimensions for assessment of COPD 

patients.  

   Lung function (FEV 1 ) 

   Cough and sputum 

   Dyspnea 

   Health status 

   Bronchodilator reversibility 

   Body mass index 

IV: Very SevereIII: SevereII: ModerateI: Mild

Therapy at Each Stage of COPD

Add regular treatment with one or more long-acting
bronchodilators (when needed); Add rehabilitation

Add inhaled glucocorticosteroids if
repeated exacerbations

Active reduction of risk factor(s); influenza vaccination
Add short-acting bronchodilator (when needed)

Add long-term
oxygen if chronic
respiratory failure
Consider surgical
treatments

FEV1/FVC � 70% 

FEV1 � 30%
predicted
or FEV1 � 50%
predicted plus
chronic respiratory
failure

FEV1/FVC � 70% 

FEV1 � 80%
predicted

FEV1/FVC � 70% 

50% � FEV1 � 80%
predicted

FEV1/FVC � 70% 

30% � FEV1 � 50%
predicted

 FIG. 66.1          COPD treatment 

suggestions based on the GOLD 

staging system. Reproduced from 

the GOLD Committee Report ( www.

goldcopd.com ). Individual patient 

management should be guided by 

clinical response. See text for details.    

 TABLE 66.3          System conditions associated with COPD  .

   Cardiovascular disease 

   Arrythmias 

   Abdominal aortic aneurysm 

   Osteoporosis 

   Skin wrinkling 

   Skeletal muscle weakness 

   Anemia 

   Increased coagulability/thrombosis 

   Osteoporosis 

   Fluid retention 

   Depression 

   Cachexia 

http://www.goldcopd.com
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    THERAPEUTIC GOALS IN COPD 

    Prevent disease progression 

   Th e risk factors which contribute to the development of 
COPD are discussed in detail in Chapter 34. Exogenous risk 
factors for the development of COPD include cigarette smok-
ing, air pollution, viral and bacterial infections, nutritional 
defi ciencies, and diseases that can aff ect lung development. 
Airways hyperreactivity is also a risk factor, which may 
depend on an interaction of exposures and genetic factors. 
It is likely that a number of genetic factors will infl uence the 
development of COPD   (see Chapter 4). Th e best character-
ized of these is severe defi ciency of  α -1 protease inhibitor.  

    Cigarette smoking 

   Th e major means to prevent disease progression in COPD 
is to eliminate relevant risk factors. Far and away the most 
important risk factor is cigarette smoking  [21] . Addressing 
cigarette smoking, therefore, is the most important measure 
to prevent disease progression. Th e problem of smoking is 
best addressed within the context of a comprehensive pro-
gram designed to prevent smoking initiation and to encour-
age and facilitate smoking cessation        [22, 23]  (see Chapter 
47). Other approaches, for example harm reduction strate-
gies, may play a role but cannot at present be advocated due 
to lack of supporting data  [24] . 

   While social- and community-based approaches to 
the problem of smoking are essential, it is equally impor-
tant for the clinician to recognize and appropriately treat 
the medical aspects of cigarette smoking. Th e vast majority 
of smokers are addicted, and nicotine is the major addict-
ing component in cigarette smoke. Smoking, therefore, is 
most correctly regarded as a chronic disease, which is char-
acterized by frequent remissions (quit attempts that succeed 
for varying lengths of time) and relapses. In this context, 
COPD can be regarded as one of the many secondary con-
sequences of the primary disease: smoking. 

   Smoking should be addressed with every COPD patient 
on a regular basis. Nonsmoking patients who have developed 
COPD must be counseled not to begin as they have already 
demonstrated their unusual susceptibility. Former s mokers 
should be regularly interviewed and counseled in order to 
anticipate and prevent relapse. Relapse, for example, is common 
at times of stress and is often associated with concurrent use of 
alcohol  [25] . Finally, COPD patients who continue to smoke 
should be counseled and encouraged to make quit attempts 
which can then be properly supported. 

   A defeatist attitude toward smoking cessation in 
COPD patients is clearly unwarranted. Smoking cessation 
can be achieved in COPD patients as documented in several 
studies        [26, 27] . When COPD patients quit, moreover, it is 
likely that benefi ts ensue. In one study, symptoms of cough 
and sputum production were greatly reduced among smokers 
who quit  [28] . Th e frequently reported complaint that smok-
ing cessation is associated with an increase in cough, there-
fore, does not appear to be supported among the majority of 
smokers. Th e Lung Health Study  [26] , moreover, in a large 

randomized prospective trial, clearly demonstrated that when 
smokers with mild COPD quit, the accelerated rate of loss of 
lung function, which characterizes these individuals normal-
izes ( Fig. 66.2   ). In the fi rst year after quitting, lung function 
improves slightly among quitters. After a year of stability, lung 
function decline resumes, but the rate of decline resembles 
much more closely that of nonsmokers rather than that of 
smokers with mild COPD. Th is study, therefore, clearly dem-
onstrates that progressive lung function loss can be slowed 
in COPD by smoking cessation. Whether such benefi ts 
would accrue in more severe disease where the pathophysi-
ologic processes may be diff erent remains to be determined. 
Nevertheless, smoking cessation must be considered a thera-
peutic goal of prime importance for all patients with COPD. 

   Several therapeutic strategies are eff ective in helping 
smokers quit. Th ese are presented in detail in Chapter 47. 
Behavioral interventions which can be as brief as a few min-
utes of personalized practical advice can increase quit rates 
several fold above the spontaneous quit rate  [22] . Increasing 
the intensity, duration, and number of sessions can increase 
behaviorally based quit attempts  [29] . Several medications 
are available that can increase success with quitting: fi ve 
formulations of nicotine replacement therapy and bupro-
pion increase success of quitting about twofold. Varenicline 
increases success more than threefold. (see Chapter 47 for 
details in the use of these medications). Current guidelines 
recommend that each smoker be given combination treat-
ment with non-pharmacological support and pharmaco-
therapy to assure that each quit attempt has the highest 
possible likelihood of success  [23] .  

    Pharmacologic interventions in 
continuing smokers 

   Current concepts suggest that smoke-induced infl ammation 
leads to tissue damage and structural alterations causing 
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airfl ow limitation in smokers. Agents that modify these 
pathophysiologic processes are plausible candidates for 
reducing lung function loss. Unfortunately, no therapeutic 
intervention based on these concepts has yet been found to 
alter lung function loss in COPD suffi  ciently to warrant a 
clinical recommendation that it be used for this purpose. 

   Several studies have assessed the eff ect of inhaled glu-
cocorticoids lung function loss based on the rationale that, 
as anti-infl ammatory agents, they may mitigate infl amma-
tion-induced lung damage          [30–32] . None of the studies was 
able to show a statistically signifi cant eff ect on lung function 
loss. Meta-analyses have suggested a small eff ect, although 
whether it was statistically signifi cant depended on the type 
of analysis        [33, 34] . Th e TORCH trial, which was a 3-year 
study of more than 6000 subjects designed to assess the eff ect 
of intervention on COPD mortality, also assessed serial 
FEV 1   [35] . Th is large trial was able to demonstrate a statis-
tically signifi cant eff ect on the rate of lung function decline 
of inhaled fl uticasone (42       ml/year), inhaled salmeterol (42       ml/
year), and of the combination (39       ml/year) compared to pla-
cebo (55       ml/year)  [36] . Whether these improvements in the 
rate of lung function loss are clinically important is not estab-
lished. However, if sustained for a number of years, this dif-
ference in rate would represent a substantial clinical benefi t. 

   Th e Lung Health Study  [26] , in addition to evalu-
ating smoking cessation, also evaluated the anticholiner-
gic bronchodilator ipratropium based on the concept that 
airways reactivity is a risk factor for the development of 
COPD. While ipratropium had a bronchodilator eff ect and, 
therefore, acutely improved airfl ow, it was completely with-
out eff ect in altering the progressive loss of lung function. 
Th e dose of ipratropium used, however, may have been sub-
optimal. A 1-year trial with the long-acting anticholinergic 
bronchodilator tiotropium suggested that lung function 
might be preserved by this drug  [37] . Th is has led to the 
UPLIFT trial, a very large 4-year trial evaluating the eff ect 
of tiotropium on lung function loss  [38] . At the present 
time, this study has yet to report its results.  

    Pollution 

   Indoor and outdoor air pollution as well as exposures to 
dust and fumes in the workplace are recognized risk factors 
for the development of COPD            [39–42] . It is reasonable to 
counsel COPD patients regarding these risks, although spe-
cifi c therapeutic interventions to mitigate the risks associ-
ated with air pollution have not been assessed. In particular, 
episodes of worsening pollution, particularly those associated 
with particulates, are associated with increased exacerbation 
rates and increased mortality  [43] , especially the risk of death 
from cardiac events  [44] . Cautioning COPD patients about 
acute exposures to traffi  c pollution would seem reasonable.  

    Infections 

   Infections in childhood have been suggested to contribute 
to COPD pathogenesis        [45, 46] . To date, no specifi c anti-
viral strategies have been assessed to alter COPD natural 
history. Colonization of the airways with bacteria and acute 

infections with viruses in adulthood, however, are believed 
to contribute both to acute exacerbations and, possibly, to 
progressive lung function loss  [47] . It is reasonable, there-
fore, to advocate vaccination for infl uenza and for pneumo-
coccus. Whether these will aff ect progressive lung function 
loss, however, is not known. 

   Exacerbations of COPD (see Chapter 67) have been 
associated with a modest increase in the rate of lung func-
tion decline. Both long-acting bronchodilators and inhaled 
glucocorticoids can reduce exacerbation rates. Whether this 
accounts for the modest benefi cial eff ect on lung function 
loss noted above remains to be determined.  

    Alpha-1 protease inhibitor 

   Severe congenital defi ciency of alpha-1 protease inhibi-
tor (A1PI, formerly termed alpha-1 antitrypsin) is a major 
risk factor for the development of COPD   (see Chapter 
4). Defi cient individuals are at increased risk for develop-
ing emphysema at an early age, particularly if they smoke. 
Defi cient individuals can also develop airways reactivity 
and chronic bronchitis  [48] . Purifi ed A1PI is available for 
intravenous infusion. Defi nitive, controlled, randomized 
trials with A1PI have not yet been done although two are 
currently in progress. Two registry studies, however, suggest 
that alpha-1 antitrypsin replacement may slow lung function 
loss        [49, 50] . One smaller prospective-controlled trial also 
showed a trend in favor of replacement based on CT scan 
 [51] . Replacement is now recommended by the Canadian 
Th oracic Society  [52] . As only a subset of alpha-1 defi cient 
patients will develop COPD, current recommendations are 
that therapy be off ered only to individuals with evidence of 
compromise of lung function. Th erapy is not recommended 
for continuing smokers as cigarette smoke can inactivate 
A1PI. Th e currently available products are purifi ed from 
pooled human plasma. Th e product is relatively expensive 
and, while it is tested for HIV and hepatitis, has the poten-
tial for transmission of disease. Th erapy requires intravenous 
infusions generally given at weekly intervals. Interestingly, 
replacement therapy may also be associated with a reduction 
in acute exacerbations in defi cient individuals  [53] .  

    Comorbidities 

   Awareness of the comorbidities that may be associated with 
COPD ( Table 66.3 ) is essential to assure that appropriate 
preventive therapies are initiated   (see Chapters 44 and 45). 
In particular, interventions can successfully reduce the risk of 
acute cardiac events, osteoporotic fractures, venous thrombosis, 
and regular exercise can help prevent loss of muscle strength.   

    RELIEF OF SYMPTOMS 

    Dyspnea 

   Th e primary strategy to improve symptomatic dyspnea in 
COPD patients is based on the concept that symptoms are 
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secondary to compromised lung function. Improvement 
in lung function, therefore, is the proximate goal, with 
improvement in symptoms the desired consequence. To 
this end, bronchodilators represent the fi rst-line symptom-
based pharmacologic intervention in COPD. Th e connec-
tion between bronchodilation and dyspnea relief, however, is 
likely indirect. Th ere are several factors which contribute to 
dyspnea        [54, 55]  (see Chapter 5)  . It is likely, however, that 
in COPD the major determinant of dyspnea is increased 
inspiratory work        [56, 57] . Th is work depends in part on 
airway caliber and bronchodilators, by improving airfl ow 
might have some benefi t. A more important determinant of 
inspiratory work, however, is likely dynamic hyperinfl ation 
which develops in many COPD patients with increasing 
respiratory rate        [58, 59] . Th is mechanism likely accounts 
for the marked increase in dyspnea on exertion experienced 
by COPD patients who may be relatively asymptomatic at 
rest. Th is also likely accounts for why many COPD patients 
have greatly restricted activity levels, that is inactivity has 
been adopted to reduce the risk of dyspnea. 

   Pulmonary rehabilitation, which does not improve 
lung function, likely improves both exercise tolerance and 
dyspnea, in part, because it permits COPD patients to exer-
cise with less tachypnea and, therefore, with less dynamic 
hyperinfl ation (see Chapter 5). 

   Bronchodilators also may reduce the dynamic hyper-
infl ation  [60]  and thus contribute to reduced dyspnea by 
a mechanism not directly refl ected by the measurement of 
airfl ow, for example FEV 1 , at rest  [61] . Th e strategic use of 
bronchodilators in COPD diff ers fundamentally from the 
strategy with which they are used in asthma. In asthma, the 
basic strategy is to prevent episodes of bronchoconstriction 
with the use of anti-infl ammatory agents. Bronchodilators 
are used only when this approach fails. Dyspneic COPD 
patients in contrast, will always have signifi cantly impaired 
lung function. Bronchodilators, even if they are of limited 
eff ectiveness, by virtue of improving lung function, have the 
potential for reducing dyspnea. For this reason, bronchodi-
lators are fi rst-line therapy in the treatment of symptomatic 
dyspnea in COPD patients, and they are most often used 
on a regular basis. Paradoxically, therefore, bronchodila-
tors are of higher priority in COPD than in asthma even 
though COPD patients will, in general, have a more modest 
response to bronchodilators. It is likely that the optimal use 
of bronchodilators is when they are combined with a reha-
bilitation program  [62]  (see below).  

    Bronchodilators: Choice of drug and 
formulation 

   Several classes of bronchodilators are available and, within 
each class, there are several agents and formulations avail-
able. Th e pharmacology of these agents is discussed in detail 
in Chapters 48–50. 

   Th e magnitude of the bronchodilator response 
achieved in most COPD patients is relatively modest and 
is generally in the range of 100–300       ml improvement in the 
FEV 1 . Th is response is similar to the improvement in air-
fl ow achieved in normal individuals given bronchodilators 
and may represent inhibition of  “ normal ”  airway tone. Th e 

modest improvement achieved, however, is relatively more 
important the more severe the airfl ow limitation. Th at is, a 
300       ml improvement for an individual with a 4       liter FEV 1  
represents a 7.5% improvement. Th is would generally not 
be regarded as a positive response. Th e same improvement, 
however, for an individual with a 1       liter FEV 1  would rep-
resent a 30% improvement and would be a very gratifying 
clinical response. A number of defi nitions have been used 
in order to characterize responders to bronchodilators 
among COPD patients. Despite the defi nition used, how-
ever, the number of patients showing a response increases as 
the disease becomes more severe likely because the modest 
improvements are more meaningful when they are added to 
a relatively more severe baseline lung function  [63] . 

   Bronchodilator response among most COPD patients 
is distributed as a single normal distribution  [64] . Th e 
response of a given patient, moreover, is, to some degree, 
variable  [63] . Most likely this refl ects varying airway tone, as 
the pre-bronchodilator FEV 1  is more variable than the post-
bronchodilator value  [65] . Th is means that it is not strictly 
correct to classify patients as bronchodilator-responsive 
or nonresponsive. Patients who have a marked bronchodila-
tor response and who normalize their lung function should 
be considered as likely having asthma. Patients who have a 
very modest response, however, may still derive considerable 
clinical benefi t from bronchodilators, and bronchodilator 
therapy should not be denied based on pulmonary function 
testing in a laboratory setting. Th is is particularly true as the 
eff ect of bronchodilators in reducing hyperinfl ation is likely 
of more importance in reducing dyspnea than the direct 
eff ect on airfl ow. 

   Current guidelines do not recommend any specifi c 
bronchodilator as being superior as an initial therapeutic 
choice. Clinical studies suggest that response to individ-
ual drugs can be highly variable. In the set of clinical tri-
als of over 800 COPD patients tested with the  β -agonist 
albuterol and the anticholinergic ipratropium, 25% 
responded (with at least a 200       ml or 12% improvement 
in FEV 1 ) only to albuterol, 25% responded only to iprat-
ropium, 30% responded to both, and 25% responded to 
neither        [66, 67] . Th e choice of an agent, therefore, should 
depend on a number of factors including local availability 
and cost, the ability to provide adequate support for training 
in the use of devices required and, importantly, on individ-
ual patient response both with regard to effi  cacy and side 
eff ects ( Table 66.4   ). Th e GOLD Guidelines recommend 
that, when possible, bronchodilators be administered via an 
inhaled route  [2] . Th is off ers an increase in the therapeu-
tic index, thus maximizing benefi t compared to side eff ects. 
Inhaled medications, however, may not be appropriate for 
some individuals. Oral agents, however, are generally more 
convenient and, in some populations, have a higher degree 
of acceptability and such agents should be considered by the 
clinician for selected patients. 

   When utilizing bronchodilators, the most appropriate 
strategy is for the clinician to accurately diagnose and stage 
each patient, initiate therapy, and then to gauge response. 
Spirometric assessment of airfl ow will provide objective 
measures to complement clinical assessments of the indi-
vidual patient. More sophisticated physiologic assessment 
such as exercise testing or lung volume measurement is not 
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recommended as a routine. It is appealing to quantify the 
response of hyperinfl ation by measuring the inspiratory 
capacity before and after an exercise challenge, for exam-
ple, with a 6-min walk test, however, this is not currently 
standard of care, and the degree to which such a strategy 
will impact clinical care is not established  [68] . 

   For patients in whom the clinical response is subopti-
mal, several issues should be addressed. First, for individuals 
using inhalation devices, assurance that the device is being 
used correctly is essential. Several studies suggest that with 
both metered dose and dry powder inhalers, patient com-
pliance with proper technique is poor and deteriorates sig-
nifi cantly with time            [69–72] , although dry powder inhalers 
are generally regarded as easier to use. Continual patient 
education in the use of these devices, therefore, is required. 
Wet nebulizers are not believed to have any benefi ts over 
hand-held devices for most patients        [73, 74] . Th ese devices 
require maintenance and cleaning and do not off er the con-
venience of portability. Nevertheless, many patients prefer 
them        [75, 76] , and they may be particularly benefi cial for 
subjects with altered mental status, in those whose inspira-
tory fl ow rate is too low to permit eff ective inhalation, or 
in individuals who, in other ways are unable to use hand-
held devices  [77] . Some patients may prefer wet nebulizers 
as they are often better reimbursed by health care providers 
than other formulations. 

   If the medication is being taken correctly and clini-
cal response is unsatisfactory, it is recommended that bron-
chodilators of several classes be combined. Combinations of 
anticholinergic and short-acting  β -agonist bronchodilators 
can be taken as separate inhalers, or these medications can be 
administered together in the same device          [78–80] . Th e com-
bination device results in better bronchodilation and a slightly 
prolonged duration of eff ect  [81] . While administration as a 
combination decreases the ability to regulate the dose of indi-
vidual components, combination inhalers have achieved a high 
degree of patient acceptance likely due to both their increased 
convenience and the improved effi  cacy that likely accompa-
nies both improved compliance and dual pharmacological 
benefi ts. A variety of anticholinergic/ β -agonist combinations 

have been evaluated, and the combination always appears to 
off er benefi ts        [82, 83] . Interestingly, when ipratropium was 
combined with salmeterol, the benefi ts of a single combined 
inhalation persisted for the entire 12       h of monitoring, despite 
the fact that the ipratropium, which is generally believed to 
have a 4–6-h duration of action was not re-administered  [84] . 
Similarly when tiotropium was administered with once daily 
formoterol benefi ts were observed that exceeded the 12-h 
duration expected of the formoterol  [83] . Th ese observations 
are suggestive of potential synergies between anticholinergic 
and  β -agonist bronchodilators. In addition, both anticholin-
ergics and  β -agonists can be combined with theophylline        [85, 
86] . Finally, inhaled corticosteroids (see below and Chapter 
51) can also be combined with bronchodilators with increased 
clinical benefi t. 

   Most COPD patients will have progressive disease. It 
is likely, therefore, that as disease worsens, bronchodilator 
therapy will have to be intensifi ed. Th is suggests that most 
COPD patients will, eventually, be treated with combina-
tion therapy. It also suggests that empirical clinical trials 
assessing the therapeutic benefi t of bronchodilators should 
be repeated in an organized fashion on a regular basis as 
disease progression occurs.  

    Frequency of use/duration of action 

   Short-acting bronchodilators can be used on an as-needed 
basis for episodic dyspnea in COPD patients. Th is  “ res-
cue ”  use, however, is more appropriate for the treatment of 
asthmatic patients who experience episodes of severe bron-
chospasm. Patients with COPD are always airfl ow limited, 
and episodic dyspnea is more likely related to episodes of 
increased exertion. Episodic treatment after the fact with 
a short-acting bronchodilator, therefore, is less likely to be 
of benefi t than is regular maintenance therapy with bron-
chodilators  [87] . Short-acting bronchodilators, even when 
taken on a regular basis, result in lung function which 
will be increasing and decreasing throughout the day. In 
practice, regular use of short-acting agents was not better 
than PRN use  [88] . For this reason, there may be signifi -
cant advantages in the use of long-acting bronchodilators 
in patients with COPD. Not only are these agents more 
convenient, but they also avoid periods of bronchodilation 
interspersed with relatively poor airfl ow ( Fig. 66.3   ). Long-
acting bronchodilators are recommended for regular use in 
the GOLD Guidelines. 

   Perhaps more importantly, long-acting broncodilators 
reduce the frequency of acute exacerbations (see below).  

    Glucocorticoids 

   Glucocorticoids are not bronchodilators. Nevertheless, they 
may result in a modest improvement in lung function and 
can, therefore, be considered for patients who do not have 
an adequate response to aggressive combined bronchodila-
tor treatment. Th e recommendation made in former guide-
lines suggesting a 2-week trial with oral glucocorticoids to 
determine responsiveness  [89]  was not supported in a clini-
cal trial  [32] . Oral challenge is no longer recommended. 

 TABLE 66.4          Considerations for choosing bronchodilators.  

          ●      Cost  
      ●      Availability  

      ●      Individual patient response 

      ●      Benefi t  

      ●      Side eff ects     

      ●      Route 

      ●      Inhaled 

    Better therapeutic index  

     Education required (particularly if multiple medications and

  devices are used)     

      ●      Oral 

    Convenience  

    Acceptability  

    Compliance        

      ●      Duration of action  

      ●      Combination of agents in diff erent classes    
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If glucocorticoids are to be given on a trial basis to improve 
lung function in COPD, inhaled medication is the preferred 
modality. A clinical trial of 3–6 months may be required and 
care must be taken to assure adequate compliance before the 
trial is deemed unsuccessful  [32] . Th e response to glucocor-
ticoids, in terms of FEV 1  improvement, however, is likely 
to be modest. Th e large trials assessing the eff ect of glu-
cocorticoids on COPD natural history noted an improve-
ment compared to placebo of about 50       ml        [90, 91] . Caution 
should be taken if the decision is made to discontinue 
inhaled glucocorticoid therapy, as discontinuation of the 
medications may be associated with precipitation of COPD 
exacerbation  [92] . As noted above, inhaled glucocorticoids 
have a modest eff ect in reducing the rate at which lung 
function is lost; the use of inhaled glucocorticoids to reduce 
the frequency of acute exacerbations is discussed below.  

    Pulmonary rehabilitation 

   Pulmonary rehabilitation can also help control symptoms of 
dyspnea (see Chapter 58). It is likely that rehabilitation can 
help control symptoms of dyspnea by several mechanisms 
 [93] . First, regular conditioning may decrease the psychologi-
cal anxiety, which may amplify the subjective perception of the 
symptoms. In as much as anxiety contributes to tachypnea, 
this may exacerbate dynamic hyperinfl ation. Second, improved 
training may decrease oxygen requirements and, therefore, the 
increased ventilatory requirements associated with exercise. 
Finally, it is likely that conditioning allows patients to exer-
cise with a reduced respiratory rate and, therefore, with less 
dynamic hyperinfl ation which in turn. Whatever the mech-
anisms, rehabilitation can contribute greatly to improved 
symptom control and functionality in COPD patients  [93] . 

   In a highly informative study, subjects who received 
the bronchodilator tiotropium improved exercise tolerance 
more than those who received placebo  [62] . All subjects 
then received rehabilitation, which was much more eff ective 

than tiotropium alone. However, the eff ect of rehabilitation 
was greater in subjects treated with tiotropium than in those 
treated with placebo, suggesting a true synergy between these 
modalities. Th is is consistent with the concept that the bron-
chodilator permitted exercise to greater degrees of intensity, 
due to reduced dynamic hyperinfl ation. Th e exercise at higher 
levels of intensity, in turn, permitted more eff ective rehabilita-
tion  [62] . Independent of the mechanism, this study supports 
the approach of optimal bronchodilator therapy combined 
with rehabilitation to achieve the best clinical results. 

   While rehabilitation is widely recognized as an 
important therapeutic intervention for subjects with severe 
COPD, exercise training is likely important for individuals 
with milder disease as well        [93, 94] . As noted above, many 
COPD patients deal with symptoms of mild dyspnea on 
exertion during the early phases of their disease by decreas-
ing their level of activity. Th is  “ strategy, ”  however, likely con-
tributes to the severe deconditioning which characterizes 
COPD patients and likely contributes to their functional 
compromise. Maintaining a high level of exercise activity 
in mildly aff ected patients, therefore, should be an impor-
tant therapeutic goal. Appropriate use of bronchodilators 
in order to optimize lung function and thus permit regular 
sustained activity at a high level can, therefore, be appro-
priate in patients with relatively mild disease. Long-acting 
bronchodilators may be particularly important in order to 
permit a sustained high level of activity throughout the 
day. As many patients may be  “ asymptomatic, ”  the clinician 
should specifi cally inquire about changes in activity levels, 
which may be very insidious over time.  

    Narcotics 

   As COPD progresses, symptoms of dyspnea can become 
severe despite maximal functional support. Opiates, likely 
through a central action, can decrease the subjective per-
ception of dyspnea. Th ese drugs carry signifi cant hazard as 
they can also signifi cantly depress ventilation and lead to 
CO 2  retention. Th ey may also suppress cough and may lead 
to retained secretions. Any subjective eff ect on dyspnea is 
not accompanied by an improvement in exercise tolerance 
             [95–99] . Th e use of opiate narcotics, however, in end-stage 
COPD may be considered as a potential palliative measure 
for individuals suff ering from severe dyspnea  [2] . In this 
context, the use is analogous to the use of these medications 
in the control of severe pain for patients with other termi-
nal illnesses recognizing that the predictable adverse eff ects 
of the medications may be acceptable in order to relieve 
suff ering. If used for this purpose, systemic administration 
is generally recommended as administration via inhalation 
has been demonstrated to have no signifi cant advantages 
         [95, 97, 100] .  

    Surgical interventions in COPD patients 

   Two surgical options have been suggested for COPD 
patients: pneumoreductive surgery and lung transplantation 
  (see Chapter 59). Pneumoreductive surgery, by removing 
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areas of relatively nonfunctioning lung in individuals with 
severe emphysema and hyperinfl ation can restore the abil-
ity of the chest and diaphragm to function as a bellows thus 
improving function          [101–103] . Th e therapy is most eff ective 
in individuals with localized disease, without severe limi-
tation in diff usion capacity and who do not have a benefi -
cial response to maximal medical treatment  [104] . In these 
selected individuals, signifi cant improvement in symptoms 
and survival have been observed in a controlled randomized 
trial  [104] . Th is surgery should be distinguished from bul-
lectomy in which isolated nonfunctional bullae are resected. 
Recent attention to pneumoreductive surgery has re-
emphasized the advantages of bullectomy as well, and the 
availability of CT scanning to defi ne the presence of such 
lesions has created surgical options for an increasingly large 
number of COPD patients. 

   Transplantation can be off ered to COPD patients 
when appropriate. As COPD is, however, generally a dis-
ease which progresses with age and as many patients are 
or have been smokers who have concurrent comorbidities, 
most patients with COPD are not appropriate candidates 
for pulmonary transplantation at the present time. For 
selected individuals such as those with A1PI defi ciency, this 
may represent an important therapeutic option, although 
whether transplantation improves survival for COPD 
patients in general, at present is unclear        [105, 106] . 

    Cough and sputum production 

   Cough and sputum production are often major complaints 
disturbing patients with COPD. As noted above, these 
symptoms correlate poorly with FEV 1  and may be present 
in individuals with normal lung function where they can 
serve as an indicator of disease risk. Management of cough 
and sputum, however, represent important clinical goals for 
the COPD patient. Despite the very long history of drugs 
designed to treat cough and sputum  [107] , no therapeutic 
interventions are currently available which have been dem-
onstrated to have suffi  cient evidence to recommend their 
routine use  [2] . 

   Despite the lack of evidence for their benefi t, a 
number of mucoactive agents in use in various countries are 
often popular. One large trial evaluated  N -acetyl cysteine, 
which has both antioxidant and mucoactive actions for its 
eff ect on COPD exacerbations and FEV 1 . No clinical ben-
efi ts were observed  [108] . 

   A number of preparations are able to suppress cough 
likely through a central mechanism  [109] . Opiates are 
particularly potent in this regard. Regular use of these med-
ications, however, is not recommended due to concerns that 
suppression of cough can lead to retention of secretions and 
increased risk for infection  [2] .  

    Treatment of weakness 

   COPD patients are frequently bothered by symptoms in 
addition to cough, sputum, and breathlessness. Weakness 
is a major feature of COPD. Th is may, in part, be due to 
the deconditioning, which characterizes COPD patients. 
In addition, weakness may result from alterations in skel-
etal muscle which are secondary to the disease process itself 
       [110, 111] . Weakness in COPD patients, moreover, is a 

better correlate of exercise performances than is FEV 1         [13, 
112] . Th erapeutic agents which increase muscle mass are 
available, but have not yet demonstrated clinical benefi t in 
COPD patients and are not currently recommended          [2, 93, 
113] . Nevertheless, there are several important considera-
tions for the clinician. First, drugs that could contribute to 
weakness, particularly systemic glucocorticoids, should be 
avoided. Second, adequate nutrition should be maintained, 
particularly at times of intercurrent illness when catabo-
lism may be high and lean muscle mass may be at hazard. 
Finally, activity levels should be kept high, with or without 
the benefi t of an exercise training program.  

    Antidepressants 

   COPD patients are frequently depressed. Whether depres-
sion is a consequence of the chronic illness or represents 
a manifestation of the disease process is undetermined. It 
is interesting, however, that endogenous depression can 
increase the risk of an individual to become a smoker and 
to remain a persistent smoker. Such individuals, of course, 
would be at risk for developing COPD. As the disease 
progresses, they may manifest their underlying depres-
sion. As depression can sometimes be exacerbated by ciga-
rette smoking cessation, smoking cessation attempts may 
also unmask underlying depression in these individuals. 
Close clinical observation should be maintained. If depres-
sion develops, an accurate diagnosis and treatment with an 
appropriate antidepression regimen should be initiated. Th is 
may be essential not only in optimizing patient function, 
but also in preventing smoking relapse. 

   Depression may have other, indirect eff ects com-
plicating the management of COPD  [114] . Depressed 
patients are less likely to be compliant with medications, 
particularly those such as inhalers which require attention 
to detail to assure proper use. Depressed patients, moreover, 
are less likely to comply with an exercise program. Mortality 
is higher among depressed patients  [115] . Treatment of 
depression, therefore, may improve compliance with other 
aspects of disease management. Conversely, a success-
fully implemented exercise program can greatly reduce 
depression  [114] .   

    Other management issues 

    Health status 

   With the availability of standardized instruments to assess 
health status (sometimes termed  “ quality of life ” ), it has 
become clear that COPD patients experience symptomtol-
ogy in a number of quantifi able domains        [116, 117] . While 
groups of COPD patients show a reasonable relationship 
between FEV 1  and health status, for individual patients, the 
relationship is very weak  [12] . It is reasonable, therefore, for 
health status to be regarded as a separate therapeutic goal 
in COPD. Several bronchodilators including ipratropium 
       [64, 66] , salmeterol        [66, 118] , and formoterol  [119]  have 
shown improvements in health-related quality of life using 
these instruments. To date, no drug has regulatory approval 
for this specifi c indication, however. Improvement in qual-
ity of life, however, should not be regarded as a surrogate 
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for physiologic improvement. Health status measures refl ect 
a variety of inputs, and it is likely that information gained 
from the use of these measures can help the clinician more 
eff ectively develop a strategy to utilize medications. Health 
status instruments are probably not helpful for clinical 
management of an individual patient. Recognizing that a 
number of domains can improve and that they may improve 
independently, however, can encourage the clinician to con-
tinue therapy when spirometric improvements are modest, 
but a patient relates individual benefi t. 

   Several studies have suggested that therapeutic inter-
ventions may slow the rate of decline in health status          [32, 
35, 93] . Whether this is due to a reduction in exacerbation 
frequency or severity, an improvement in functional capac-
ity or to another mechanism remains to be determined.  

    Prevention of exacerbations 

   As noted above, inhaled glucocorticoids and long-acting 
bronchodilators reduce exacerbation frequency in COPD 
       [91, 120] . Th e mechanisms for these eff ects remain unde-
termined, but short-acting bronchodilators do not appear to 
have the same benefi ts. Although, reduction in exacerbations 
with therapy with the antioxidant  N -acetylcysteine was 
supported by meta-analyses        [121, 122] , a large prospective 
randomized trial failed to demonstrate an eff ect  [108] . Th e 
immuno-stimulator OM-65 also has been shown to have an 
eff ect in reducing the severity of exacerbations  [123] . 

   Prevention of exacerbations represents a therapeu-
tic goal distinct from improvement in lung function. Th is 
has important clinical implications. If therapy is initiated in 
order to prevent exacerbations, it will, generally speaking, be 
impossible for the clinician to gauge whether therapy in an 
individual patient has been benefi cial. Th at is, patients are 
likely to experience a small number of exacerbations on an 
irregular basis. Whether exacerbation frequency is decreased 
in response to therapy, therefore, may be extraordinarily 
diffi  cult to gauge in an individual patient. For this reason, 
when therapies are initiated in COPD patients, clear thera-
peutic intent should be defi ned by the clinician. Initiation 
of bronchodilator therapy to improve symptoms should be 
reassessed and therapy modifi ed based on functional and 
clinical (symptomatic) response. Initiation of therapy for 
exacerbation prevention, in contrast, is likely to be contin-
ued life long, barring the onset of adverse side eff ects.  

    Prolongation of life 

   It is frequently stated that oxygen therapy is the only treat-
ment in COPD which has clearly been demonstrated to 
prolong life. Th e incorrect implication of this often-quoted 
(and correct) statement is that other treatments for COPD 
do not prolong life. Fortunately, several interventions have 
shown promise in this regard. 

   Several studies demonstrate the life-prolonging eff ect 
of oxygen   (see Chapter 54). Th e fi rst, the MRC trial, com-
pared no oxygen with nocturnal oxygen in hypoxic COPD 
patients with evidence of right-heart failure  [124] . Oxygen 
supplementation at night time signifi cantly prolonged life. 
A study conducted under the auspices of the NIH in the 
United States compared continuous oxygen therapy (actu-
ally administered about 19       h/day on average) and found 

superior survival compared to oxygen administered at night 
time only  [125] . Th ese two studies, which have been sup-
ported by several subsequent studies, have led to our current 
practice of oxygen administration. 

   Several subsequent studies have also evaluated survival 
in hypoxic COPD patients          [126–128] . Th ese studies, inter-
estingly, show a progressive improvement in the survival 
of hypoxic COPD patients. While there are a number of 
potential reasons to explain this historic trend of improving 
survival including changes in diagnosis (with enrollment of 
milder patients with a better prognosis), with better concur-
rent care of non-COPD comorbidities or with more eff ec-
tive utilization of oxygen therapy with current devices, it is 
also possible, even likely, that some improvement in survival 
is due to current management of COPD compared to that 
available 20 years ago  [129] . 

   Several studies have utilized mortality as an endpoint 
for interventions in the management of stable COPD. 
Th e   National Emphysema Treatment Trial (NETT) (see 
Chapter 59) demonstrated a survival benefi t for selected 
patients who received volume reduction surgery compared 
to medical therapy and, conversely, a survival benefi t for 
other patients who received medical therapy  [104] . Th e 
TORCH trial was designed to prospectively assess sur-
vival of a glucocorticoid/long-acting  β -agonist combination 
versus placebo. A 17.5% reduction in the risk of death was 
observed, although this did not reach the prespecifi ed level 
of statistical signifi cance ( p       	      0.052)  [35] . Th e UPLIFT 
trial, which is currently in progress, will assess the eff ect of 
tiotropium on mortality. A problem with these large trials is 
that, over time, there is signifi cant drop-out of the placebo 
group, many of whom subsequently take the study drug, 
which is generally available. As a result, these studies have 
a design bias against demonstrating a benefi t of the inter-
vention  [91] . In addition, a number of retrospective analyses 
have suggested improved survival in patients treated with 
inhaled glucocorticoids        [130, 131] . Nevertheless, in the 
absence of a prospective randomized trial demonstrating a 
benefi t, current guidelines do not indicate a survival advan-
tage for pharmacotherapy  [2] .  

    Comorbidities 

   COPD is associated with a number of comorbidities  
( Table 66.3 , and Chapters 44 and 45). While many of these 
are common problems that may be associated by chance, there 
is increased prevalence in COPD. Further, while these condi-
tions share etiologic factors such as smoking, the associations 
appear to be present even when  “ adjusted ”  for smoking 
status. Th e association of COPD and cardiac disease, moreo-
ver, is present even among nonsmokers  [132] . 

   Comorbidities need to be properly diagnosed 
and treated as this represents reasonable medical care. 
Interestingly, however, there may be other benefi ts. Previous 
recommendations were that  β -blockers be avoided in 
COPD. Perhaps because of the cardiac comorbidity, the 
use of  β 1 selective agents has been found to be of signifi -
cant benefi t in COPD patients  [133] . Further, retrospec-
tive database analyses suggest a reduction in COPD-related 
complications among patients treated with statins          [134–
136] , and possibly a reduction in the rate of lung function 
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decline  [137] . Th e association of comorbidities raises the 
interesting possibility of shared mechanisms that may be 
addressed by specifi c therapies. Th e evaluation of comorbid-
ities and the reasons for their association with COPD will 
be an active area of research in coming years.  

    End of life issues 

   COPD is a relentlessly progressive disease. Patients, there-
fore, will deteriorate and, as the disease progresses, will be 
increasingly likely to experience episodes of respiratory fail-
ure. Th ese episodes may require implementation of invasive 
and heroic measures such as mechanical ventilation (see 
Chapter 57). 

   In communities where such treatments are available, 
they can frequently be life saving, at least over the short 
term. Prognosis for COPD patients, however, is limited 
once respiratory failure has ensued. In one study, patients 
hospitalized with a PCO 2  of greater than 50 experienced a 
2-year mortality of 49%. Th us, while many individuals will 
survive for extended periods following episodes of respira-
tory failure many will not   (see Chapters 57 and 67). As dis-
ease worsens, the concerns of patients and caregivers, which 
include functional limitations and concerns about oxygen, 
are somewhat diff erent from those of health care provid-
ers  [138] . Finally, whether heroic measures should be initi-
ated and to what degree such measures should be extended 
are issues which should be discussed with COPD patients 
in advance. Obviously, such decisions are always subject to 
reconsideration. Nevertheless, careful attention toward pre-
paring advance directives can frequently expedite the deliv-
ery of appropriate care as COPD progresses.     
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    Acute Exacerbations of COPD 

    EPIDEMIOLOGY OF COPD 
EXACERBATION 

   Th ere has been considerable recent interest into 
the causes and mechanisms of exacerbations of 
chronic obstructive pulmonary disease (COPD) 
as COPD exacerbations are an important cause 
of the considerable morbidity and mortal-
ity found in COPD  [1] . COPD exacerbations 
increase with increasing severity of COPD. 
Some patients are prone to frequent exacerba-
tions that are an important cause of hospital 
admission and readmission, and these frequent 
exacerbations may have considerable impact on 
quality of life, disease progression, and mortal-
ity  [2]  ( Fig. 67.1   ). COPD exacerbations are 
also associated with considerable physiological 
deterioration and increased airway infl amma-
tory changes  [3]  that are caused by a variety of 
factors such as viruses, bacteria, and possibly 
common pollutants. COPD exacerbations are 
commoner in the winter months and there may 
be important interactions between cold tem-
peratures and exacerbations caused by viruses or 
pollutants  [4] . 

   Earlier descriptions of COPD exacerba-
tions had concentrated mainly on studies of 
hospital admission, though most COPD exac-
erbations are treated in the community and not 
associated with hospital admission. A cohort 
of moderate-to-severe COPD patients was 
followed in East London, UK (East London 
COPD study) with daily diary cards and peak 
fl ow readings, who were asked to report exac-
erbations as soon as possible after symptomatic 
onset  [2] . Th e diagnosis of COPD exacerba-
tion was based on criteria modifi ed from those 
described by Anthonisen and colleagues  [5] , 
which require two symptoms for diagnosis, one 

of which must be a major symptom of increased 
dyspnoea, sputum volume, or sputum puru-
lence. Minor exacerbation symptoms included 
cough, wheeze, sore throat, nasal discharge, or 
fever ( Table 67.1   ). Th e study found that about 
50% of exacerbations were unreported to the 
research team, despite considerable encourage-
ment provided and only diagnosed from diary 
cards. But there were no diff erences in major 
symptoms or physiological parameters between 
reported and unreported exacerbations  [2] . 
Patients with COPD are accustomed to fre-
quent symptom changes and thus may tend to 
underreport exacerbations to physicians. Th ese 
patients have high levels of anxiety and depres-
sion and may accept their situation        [6, 7] . Th e 
tendency of patients to underreport exacer-
bations may explain the higher total rate of 
exacerbation at 2.7 per patient per year, which 
is higher than that of previously reported by 
Anthonisen and co-workers at 1.1 per patient 
per year  [5] . However in the latter study, exac-
erbations were unreported and diagnosed from 
patients ’  recall of symptoms. 

   Using the median number of exacer-
bations as a cutoff  point, COPD patients in 
the East London Study were classifi ed as fre-
quent and infrequent exacerbators. Quality 
of life scores measured using a validated 
disease-specifi c scale, the St. George’s Respiratory 
Questionnaire (SGRQ), was signifi cantly worse 
in all of its three component scores (symptoms, 
activities, and impacts) in the frequent, compared 
to the infrequent exacerbators. Th is suggests that 
exacerbation frequency is an important determi-
nant of health status in COPD and is thus one 
of the important outcome measures in COPD. 
Factors predictive of frequent exacerbations 
included daily cough and sputum and frequent 
exacerbations in the previous year. A previous 
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of colds, and longer recovery time from exacerbations. 
Symptoms of dyspnoea, common colds, sore throat, and 
cough increased signifi cantly during the prodromal phase, 
and this suggests that respiratory viruses may have early 
eff ects at exacerbations. Th e median time to recovery of peak 
expiratory fl ow was 6 days and 7 days for symptoms, but at 
35 days peak expiratory fl ow had returned to normal in only 
75% of exacerbations, while at 91 days, 7.1% of exacerbations 
had not returned to baseline lung function. Recovery was 
longer in the presence of increased dyspnoea or symptoms of 
a common cold at exacerbation. Th e changes observed in lung 
function at exacerbation were smaller than those observed at 
asthmatic exacerbations, though the average duration of an 
asthmatic exacerbation was longer at 9.6 days        [10, 11] . 

   Th e reasons for the incomplete recovery of symptoms 
and lung function are not clear, but may involve inadequate 
treatment or persistence of the causative agent. Th e incom-
plete physiological recovery after an exacerbation could con-
tribute to the decline in lung function with time in patients 
with COPD. However to date, there is no evidence that 
patients with incomplete recovery of their exacerbation 
have a greater decline in lung function, and further studies 
on the natural history of COPD exacerbations are required. 
A recent audit performed by the Royal College of Physicians, 
London, showed that �30% of patients seen at hospital with 
an index exacerbation will be seen again and possibly read-
mitted with a recurrent exacerbation within 8 weeks  [12] . 
In a cohort of moderate-to-severe COPD patients 22% of 
patients had a recurrent exacerbation within 50 days of the 
fi rst (index) exacerbation, and this event can be separated 
discretely from the index exacerbation  [13] . Th us, exacerba-
tions are complex events and careful follow-up is essential to 
ensure complete recovery. 

   Th e association of the symptoms of increased dysp-
noea and of the common cold at exacerbation with a pro-
longed recovery suggests that viral infections may lead to 
more prolonged exacerbations. As cold is associated with 
longer exacerbations, COPD patients who develop cold 
may be prone to more severe exacerbations and should be 
considered for therapy early at onset of symptoms. COPD 
exacerbations are also prone to recurrence in that one exac-
erbation is more likely to be followed by another one.  

    INFLAMMATORY CHANGES AT EXACERBATION 

   COPD exacerbations are associated with rises in airway 
(upper and lower airway) and systemic infl ammation        [2, 14] . 
Increases in systemic markers seen at exacerbations are most 
likely driven by increases in airway infl ammation with exac-
erbation as the changes in airway and systemic infl ammation 
at exacerbation are directly related  [14] . Obviously, biopsy 
studies are diffi  cult to perform at exacerbation in COPD 
patients. However in one study, where biopsies were per-
formed at exacerbation in patients with chronic bronchitis, 
increased airway eosinophilia was found, though the patients 
studied had only mild COPD  [14] . With exacerbation, there 
were more modest increases observed in neutrophils, T-
lymphocytes (CD3), and TNF- α   �   cells, while there were no 

 TABLE 67.1            Causes of COPD exacerbations.  

    Viruses  

   Rhinovirus (common cold) 

   Infl uenza 

   Parainfl uenza 

   Coronavirus 

   Adenovirus 

   RSV 

   Chlamydia pneumoniae 

    Bacteria  

   Haemophilus infl uenzae 

   Streptococcus penumoniae 

   Branhamella cattarhalis 

   Staphylococcus aureus 

   Pseudomonas aeruginosa 

    Common pollutants  

   Nitrogen dioxide 

   Particulates 

   Sulphur dioxide 

   Ozone 

study of acute infective exacerbations of chronic bronchitis 
found that one of the factors predicting exacerbation was also 
the number in the previous year  [8] , though this study was 
limited to exacerbations presenting with purulent sputum 
and no physiological data was available during the study. 

   In a further prospective analysis of 504 exacerbations, 
where daily monitoring was performed, there was some dete-
rioration in symptoms, though no there were signifi cant peak 
expiratory fl ow changes  [9] . Falls in peak expiratory fl ow and 
FEV 1  at exacerbation were generally small and not useful in 
predicting exacerbations, but larger falls in peak expiratory 
fl ow were associated with symptoms of dyspnoea,  presence 

 FIG. 67.1            Impact of COPD exacerbations.    
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changes in CD4 or CD8        T-cells, macrophages, or mast cells. 
Qiu and co-workers have studied biopsies from COPD 
patients who were intubated and showed that there was 
considerable airway neutrophilia, neutrophil elastase expres-
sion with upregulation of neutrophil chemokine expression 
 [15] . However, intubated COPD patients may have sec-
ondary airway infection and thus results may be diffi  cult to 
interpret. Oxidative stress also plays an important role in the 
development of airway infl ammation at COPD exacerba-
tion. Markers of oxidative stress have been shown to rise in 
the airways during exacerbations such as hydrogen peroxide 
and 8-isoprostane, and these markers may take some time 
to recover to baseline stable levels  [16] . Patients with severe 
exacerbations associated with hospitalization-assisted venti-
lation showed evidence of increased oxidative stress  [17] . 

   Most studies on airway infl ammatory markers at exac-
erbation have been performed using sputum samples, either 
spontaneous or induced. Sputum infl ammatory markers such 
as IL-6, IL-8, and myeloperoxidase (MPO) rise at the start 
of the exacerbation and usually recover to normal by 14 days, 
though in some cases higher airway infl ammatory markers 
may persist for some time, suggesting incomplete recovery 
of exacerbations. Perera and colleagues also showed that sys-
temic infl ammation may persist after the exacerbation and 
those patients with an elevated C-reactive protein (CRP), 2 
weeks after the onset of an exacerbation were more likely to 
develop an early recurrent exacerbation  [13] . Patients with a 
history of frequent exacerbations have also increased airway 
and systemic infl ammation in the stable state, compared to 
patients with infrequent exacerbations        [2, 18] . 

    ETIOLOGY of COPD exacerbation 

   COPD exacerbations have been associated with a number 
of aetiological factors, including infection and pollution 
episodes ( Table 67.1 ). COPD exacerbations are frequently 
triggered by upper respiratory tract infections  [19] , and 
these are commoner in the winter months, when there are 
more respiratory viral infections in the community. Patients 
may also be more prone to exacerbations in the winter 
months as lung function in COPD patients shows small 
but signifi cant falls with reduction in outdoor temperature 
during the winter months  [4] . COPD patients have been 
found to have increased hospital admissions, suggesting 
increased exacerbation when increasing environmental pol-
lution occurs. During the December 1991 pollution episode 
in the UK, COPD mortality was increased together with 
an increase in hospital admission in elderly COPD patients 
 [20] . However, common pollutants especially oxides of 
nitrogen and particulates may interact with viral infection 
to precipitate exacerbation rather than acting alone  [21] .  

    Viral infections 

   Viral infections are an important trigger for COPD exac-
erbations          [19, 22, 23] . Studies have shown that at least 
one-third of COPD exacerbations were associated with 
viral infections, and that the majority of these were due 
to human rhinovirus, the cause of the common cold 

         [19, 22, 23] . Viral exacerbations were associated with symp-
tomatic colds and prolonged recovery of the exacerbation 
 [9] . Using molecular techniques, Seemungal and colleagues 
also showed that rhinovirus can be recovered from induced 
sputum more frequently than from nasal aspirates at exac-
erbation, suggesting that wild-type rhinovirus can infect 
the lower airway and contribute to infl ammatory changes at 
exacerbation  [22] . Th ey also found that exacerbations asso-
ciated with the presence of rhinovirus in induced sputum 
had larger increases in airway IL-6 levels  [22] , suggesting 
that viruses increase the severity of airway infl ammation 
at exacerbation. Th is fi nding is in agreement with the data 
that respiratory viruses produce longer and more severe 
exacerbations and have a major impact on health care utili-
zation        [9, 24] . Other viruses may trigger COPD exacerba-
tion, though coronavirus was associated with only a small 
proportion of asthmatic exacerbations and is unlikely to 
play a major role in COPD  [25] . RSV (respiratory syncytial 
virus), infl uenza, parainfl uenza, and adenovirus can all trig-
ger exacerbations. Infl uenza has become a less prominent 
cause of exacerbation with the introduction of immuniza-
tion, though this is still likely to be an important factor at 
times of infl uenza epidemics. RSV infection has been found 
at COPD exacerbation  [26] , but it is not clear if RSV is 
a cause of COPD exacerbation as RSV can be frequently 
detected in the airways of COPD patients when stable  [27] .  

    Bacterial infection 

   Over the past years, the role of bacterial infection at 
COPD exacerbation has been somewhat controversial as 
airway bacterial colonization is found when patients are 
stable state and the same organisms are isolated exacerba-
tions  . Th ese include  Haemophilus Infl uenzae, Streptococcus 
Pneumoniae ,  Branhamella cattarhalis, Staphylococcus aureus , 
and  Pseudomonas aeruginosa.   [28] . In a study in patients 
with moderate-to-severe COPD, bacteria were found in 
48.2% of patients in the stable state and at exacerbation, 
bacterial detection rose to 69.6%, with an associated rise 
in airway bacterial load  [29] . Th e case for involvement of 
bacteria has come from the studies of antibiotic therapy as 
exacerbations often present with increased sputum puru-
lence and volume and antibiotics have traditionally been 
used as fi rst-line therapy in such exacerbations. Anthonisen 
and colleagues in a classical paper investigating the ben-
efi t of antibiotics in over 300 acute exacerbations demon-
strated a greater treatment success rate in patients treated 
with antibiotics, especially if their initial presentation was 
with the symptoms of increased dyspnoea, sputum volume, 
and purulence  [5] . Patients with mild COPD obtained less 
benefi t from antibiotic therapy. A meta-analysis of trials of 
antibiotic therapy in COPD has concluded that antibiotic 
therapy off ered a small but signifi cant benefi t in outcome in 
exacerbations  [30] . Sethi and colleagues have suggested that 
isolation of a new bacterial strain in COPD patients who 
were regularly sampled was associated with an increased 
risk of exacerbation  [31] , though this also does not conclu-
sively prove that bacteria are direct causes of exacerbations 
as not all exacerbations were associated with strain change, 
and not all strain changes resulted in exacerbation. 
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   At COPD exacerbations both respiratory viruses and 
bacteria may be isolated. A greater systemic infl ammatory 
response has been reported in those exacerbations associ-
ated with both  H. infl uenzae  and rhinovirus isolations, and 
if the isolation of  Haemophilus  was associated with new or 
worsening coryzal symptoms (a surrogate of viral infection) 
such infections were more severe as assessed by changes in 
symptoms and lung function at exacerbation onset  [29] . 
Th is has been confi rmed in a further study demonstrating 
greater lung function impairment and longer hospitaliza-
tons in exacerbations associated with viral and bacterial 
co-infection  [32] . It has also been suggested that atypical 
micro-organisms such as chlamydia and mycoplasma may 
cause COPD exacerbations, though evidence on their role 
is confl icting and these infective agents may interact with 
other bacteria and viruses in the airways        [33, 34] .   

    PATHOPHYSIOLOGICAL CHANGES AT COPD 
EXACERBATION 

   In patients with moderate and severe COPD, the mechanical 
performance of the respiratory muscles is reduced. Th e air-
fl ow obstruction leads to hyperinfl ation, with the respiratory 
muscles acting at a mechanical disadvantage and generating 
reduced inspiratory pressures. Th e load on the respiratory 
muscles is also increased in patients with airfl ow obstruc-
tion by the presence of intrinsic positive end-expiratory 
pressure (PEEP). With an exacerbation of COPD, the 
increase in airfl ow obstruction will further increase the load 
on the respiratory muscles and increase the work of breath-
ing, precipitating respiratory failure in more severe cases. 
Th e minute ventilation may be normal, but the respira-
tory pattern will be irregular with increased frequency and 
decreased tidal volume. Th e resultant hypercapnia and aci-
dosis will then reduce inspiratory muscle function, contrib-
uting to further deterioration of the respiratory failure. 

   Hypoxaemia in COPD usually occurs due to a com-
bination of ventilation–perfusion mismatch and hypoventi-
lation, although arterio-venous shunting can also contribute 
in the acute setting. Th is causes increase in pulmonary artery 
pressure, which can lead to salt and water retention and the 
development of edema. Th e degree of the ventilation per-
fusion abnormalities increases during acute exacerbations 
and then resolves over the following few weeks. Acidosis is 
an important prognostic factor in survival from respiratory 
failure during COPD exacerbation, and thus early correc-
tion of acidosis is an essential goal of therapy.  

    TREATMENT 

    Inhaled bronchodilator therapy 

   Beta 2  agonists and anti-cholinergic agents are the inhaled 
bronchodilators most frequently used in the treatment 

of acute exacerbations of COPD. In patients with stable 
COPD, symptomatic benefi t can be obtained with bron-
chodilator therapy in COPD, even without signifi cant 
changes in spirometry. Th is is probably due to a reduction in 
dynamic hyperinfl ation that is characteristic of COPD and 
hence leads to a decrease in the sensation of dyspnoea espe-
cially during exertion  [35] . In stable COPD greater bron-
chodilatation has been demonstrated with anti-cholinergic 
agents than with  β  2  agonists, which may be due to the 
excessive cholinergic neuronal bronchoconstrictor tone  [36] . 
However, studies investigating bronchodilator responses in 
acute exacerbations of COPD have shown no diff erences 
between agents used and no signifi cant additive eff ect of 
the combination therapy, even though combination of anti-
cholinergic and bronchodilator has benefi ts in the stable 
state        [37, 38] . Th is diff erence in eff ect between the acute 
and stable states may be due to the fact that the larger doses 
of drug delivered in the acute setting produce maximal 
bronchodilatation, whereas the smaller doses administered 
in the stable condition may be having a sub-maximal eff ect. 

   Methylxanthines such as theophylline are sometimes 
used in the management of acute exacerbations of COPD. 
Th ere is some evidence that theophyllines are useful in 
COPD, though the main limiting factor is the frequency 
of toxic side eff ects. Th e therapeutic action of theophylline 
is thought to be due to its inhibition of phosphodiesterase 
that breaks down cyclic 3’5 ’  adenosine monophosphate 
(AMP), an intracellular messenger, thus facilitating bron-
chodilatation. However studies of intravenous aminophyl-
line therapy in acute exacerbations of COPD have shown 
no signifi cant benefi cial eff ect over and above conventional 
therapy        [39, 40] . Th ere are some reports of benefi cial eff ects 
of methylxanthines upon diaphragmatic and cardiac func-
tion, though these mechanisms require further study in 
patients with COPD exacerbations.  

    Corticosteroids 

   Only about 10% to 15% of patients with stable COPD 
show a spirometric response to oral corticosteroids  [41]  
and, unlike the situation in asthma, steroids have little eff ect 
on airway infl ammatory markers in patients with COPD 
       [42, 43] . A number of early studies have investigated the 
eff ects of corticosteroid therapy at COPD exacerbation. In 
an early controlled trial in patients with COPD exacerba-
tions and acute respiratory failure, Albert and co-workers 
found that there were larger improvements in pre- and post-
bronchodilator FEV 1  when patients were treated for the fi rst 
3 days of the hospital admission with intravenous methyl-
prednislone than those treated with placebo  [44] . Another 
trial found that a single dose of methylprednisolone given 
within 30       min of arrival in the accident and emergency 
department produced no improvement after 5       h in spirom-
etry, and also had no eff ect on hospital admission, though 
another study reduced readmission        [45, 46] . A retrospective 
study comparing patients treated with steroids at exacerba-
tion compared to those not treated showed that the steroid 
group had a reduced chance of relapse after therapy  [47] . 

   Th ompson and colleagues gave a 9 day course of pred-
nisolone or placebo in a randomized manner to out-patients 
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presenting with acute exacerbations of COPD  [48] . Unlike 
the previous studies, these patients were either recruited 
from out-patients or from a group that were pre-enrolled 
and self reported the exacerbation to the study team. In this 
study patients with exacerbations associated with acidosis 
or pneumonia were excluded, so exacerbations of moder-
ate severity were generally included. Patients in the steroid-
treated group showed a more rapid improvement in PaO 2 , 
alveolar–arterial oxygen gradient, FEV 1 , peak expiratory 
fl ow rate, and a trend toward a more rapid improvement in 
dyspnoea in the steroid-treated group. 

   In a recent cohort study by Seemungal and colleagues, 
the eff ect of therapy with prednisolone on COPD exacerba-
tions diagnosed and treated in the community was studied 
 [9] . Exacerbations treated with steroids were more severe 
and associated with larger falls in peak expiratory fl ow. Th e 
treated exacerbations also had a longer recovery time to 
baseline for symptoms and peak expiratory fl ow. However, 
the rate of peak expiratory fl ow recovery was faster in the 
prednisolone-treated group, though not the rate of symp-
tom score recovery. An interesting fi nding in this study 
was that steroids signifi cantly prolonged the median time 
from the day of onset of the initial exacerbation to the next 
exacerbation from 60 days in the group not treated with 
prednisolone to 84 days in the patients treated with pred-
nisolone. In contrast, antibiotic therapy had no eff ect on the 
time to the next exacerbation. If short course oral steroid 
therapy at exacerbation does prolong the time to the next 
exacerbation, then this could be an important way to reduce 
exacerbation frequency in COPD patients, which is an 
important determinant of health status  [2] . 

   Davies and colleagues randomized patients admitted 
to hospital with COPD exacerbations to prednisolone or 
placebo  [49] . In the prednisolone group, the FEV 1  rose faster 
until day 5, when a plateau was observed in the steroid-
treated group. Changes in the pre-bronchodilator and post-
bronchodilator FEV 1  were similar suggesting that this is 
not just an eff ect on bronchomotor tone, but involves faster 
resolution of airway infl ammatory changes or airway wall 
edema with exacerbation. Length of hospital stay analy-
sis showed that patients treated with prednisolone had a 
signifi cantly shorter length of stay. Six weeks later, there 
were no diff erences in spirometry between the patient 
groups, and health status was similar to that measured at 
5 days after admission. Th us, the benefi ts of steroid therapy 
at exacerbation are most obvious in the early course of the 
exacerbation. A similar proportion of the patients, �32% in 
both study groups required further treatment for exacerba-
tions within 6 weeks of follow-up, emphasizing the high 
exacerbation frequency in these patients. 

   Niewoehner and colleagues performed a randomized 
controlled trial of either a 2-week or an 8-week pred-
nisolone course at exacerbation compared to placebo, in 
addition to other exacerbation therapy  [50] . Th e primary 
end point was a fi rst treatment failure, including death, 
need for intubation, readmission, or intensifi cation of 
therapy. Th ere was no diff erence in the results using the 2 
or 8 week treatment protocol. Th e rates of treatment failure 
were higher in the placebo group at 30 days, compared to 
the combined 2 and 8 week prednislone groups. As in the 
study by Davies and colleagues, the FEV 1  improved faster 

in the prednisolone-treated group, though there were no 
diff erences by 2 weeks. In contrast, Niewoehner and col-
leagues performed a detailed evaluation of steroid compli-
cations and found considerable evidence of hyperglycaemia 
in the steroid-treated patients. Th us, steroids should be used 
at COPD exacerbation in short courses of no more than 2 
weeks duration to avoid risk of complications.  

    Antibiotics 

   Acute exacerbations of COPD often present with increased 
sputum purulence and volume, and antibiotics have tradi-
tionally been used as fi rst-line therapy in such exacerbations. 
However, viral infections may be the triggers in a signifi cant 
proportion of acute infective exacerbations in COPD and 
antibiotics used for the consequences of secondary infec-
tion. As discussed previously, antibiotic therapy at exacer-
bations is most useful if patients present with symptoms of 
increased dyspnoea, sputum volume, and purulence  [30] . 
A randomized placebo-controlled study investigating the 
value of antibiotics in patients with mild obstructive lung 
disease in the community concluded that antibiotic therapy 
did not accelerate recovery or reduce the number of relapses, 
though patients had mixed pathologies  [51] .  

    Management of respiratory failure 

   Hypoxaemia occurs with more severe exacerbations and usu-
ally requires hospital admission. Caution should always be 
taken in providing supplemental oxygen to patients with 
COPD, particularly during acute exacerbations, when respi-
ratory drive and muscle strength can be impaired leading to 
signifi cant increases in carbon dioxide tension at relatively 
modest oxygen fl ow rates. However, in the vast majority of 
cases, the administration of supplemental oxygen increases 
arterial oxygen tension suffi  ciently without clinically signifi -
cant rises in carbon dioxide. It is suggested that supplemental 
oxygen is delivered at an initial fl ow rate of 1–2        l/min via nasal 
cannulae or 24–28% inspired oxygen via Venturi mask, with 
repeat blood gas analysis after 30–45       min of oxygen therapy. 

   Hypercapnia during COPD exacerbations may be 
managed initially with the use of respiratory stimulants. Th e 
most commonly used is doxapram, which acts centrally to 
increase respiratory drive and respiratory muscle activity. 
Th e eff ect is probably only appreciable for 24 to 48       h; the 
main factor limiting use being side eff ects which can lead 
to agitation and are often not tolerated by the patient. Th ere 
are only a few studies of the clinical effi  cacy of doxapram 
and short-term investigations suggest that improvements in 
acidosis and arterial carbon dioxide tension can be attained 
 [52] . A small study comparing doxapram with non-invasive 
ventilation (NPPV) in acute exacerbations of COPD sug-
gested that NPPV was superior with regard to correction 
of blood gases during the initial treatment phase  [53] . 
Increases in pulmonary artery pressure during acute exacer-
bations of COPD can result in right-sided cardiac dysfunc-
tion and development of peripheral edema. Diuretic therapy 
may thus be necessary if there is edema or a rise in jugular 
venous pressure.  
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    Ventilatory support 

    Non-invasive ventilation 

   Th e introduction of noninvasive positive pressure ventilation 
(NPPV) using nasal or face masks has had a major impact 
on the management of acute exacerbations and has enabled 
acidosis to be corrected at an early stage. Studies have shown 
that NIPPV can produce improvements in pH relatively 
rapidly, at 1       h after instituting ventilation        [54, 55] . Th is will 
allow time for other conventional therapy to work, such as 
oxygen therapy, bronchodilators, steroids, and antibiotics and 
thus reverse the progression of respiratory failure and reduce 
mortality. With NIPPV, there are improvements in minute 
ventilation, reductions in respiratory rate and in transdia-
phragmatic activity. Th us, NIPPV can improve gas exchange 
and allows respiratory muscle rest in respiratory failure. 

   With the use of NIPPV patient comfort is improved; 
there is also no requirement for sedation with preservation 
of speech and swallowing. Th e technique can be applied in 
a general ward, though a high-dependency area is prefer-
able and intensive care is unnecessary. Patient cooperation is 
important in application of NIPPV. Th e main advantage of 
the use of NIPPV is the avoidance of tracheal intubation and 
the ability to off er ventilatory support to patients with respi-
ratory failure due to severe COPD, who would be considered 
unsuitable for intubation. A lower incidence of nosocomial 
penumonia has also been reported with the use of NPPV 
compared with conventional intubation and ventilation. 

   Following a number of uncontrolled studies, rand-
omized controlled trials have shown benefi t of NIPPV in 
acute COPD exacerbations. A UK study showed that with 
the use of NIPPV in exacerbations of respiratory failure, 
earlier correction of pH can be achieved, together with 
reduction in breathlessness over the initial 3 days of ventila-
tion, compared with a control standard therapy group  [54] . 
A study from the United States showed a signifi cant reduc-
tion in intubation rates with NIPPV from 67% in a group 
receiving conventional therapy to 9% in the NIPPV group 
 [55] . A third study showed convincingly that in patients 
with exacerbations of respiratory failure, the use of NIPPV 
with pressure supports ventilation, reduces the need for intu-
bation and mortality is signifi cantly reduced from 29% in 
the conventionally treated group to 9% in the NIPPV group 
 [56] . Complications, which were specifi cally associated 
with the use of mechanical ventilation, were also reduced. 
Th e diff erence in mortality disappeared after adjustment for 
intubation, suggesting that the benefi ts with NIPPV are due 
to fewer patients requiring intubation. Th is was also the fi rst 
study to show that hospital length of stay can be reduced 
with use of NIPPV. A recent study showed that NPPV can 
be applied on general wards, though patients with more 
severe acidosis had a worse outcome  [57] . 

   Th ese studies have treated patients where the pH was 
below 7.35, rather than just below 7.26, when the prog-
nosis of COPD worsens  . A number of these patients may 
have improved without NIPPV, though it seems that the 
major eff ect of NIPPV is the earlier correction of acidosis 
and thus avoidance of tracheal intubation, with all its asso-
ciated complications. Studies have shown that NIPPV can 
be successfully implemented in up to 80% of cases        [58, 59] . 

NIPPV is less successful in patients who have worse blood 
gases at baseline before ventilation, are underweight, have a 
higher incidence of pneumonia, have a greater level of neu-
rological deterioration, and where compliance with the ven-
tilation is poor  [58] . Moretti and colleagues have recently 
shown that  “ late treatment failure ”  (after an initial 48       h of 
therapy with NPPV) is up to 20% and that patients with 
late failure were more likely to have severe functional and 
clinical disease with more complications at the time of 
admission  [60] . Identifi cation of patients with a potentially 
poor outcome is important as delay in intubation can have 
serious consequences for the patient.  

    Indications for invasive ventilation 

   If NIPPV fails, or is unavailable in the hospital, invasive 
ventilation may be required in the presence of increasing 
acidosis. It may be considered in any patient when the pH 
falls below 7.26. Decisions to ventilate these patients may 
be diffi  cult, though with improved modes of invasive ven-
tilatory support and better weaning techniques, the outlook 
for the COPD patient is better. 

   Patients will be suitable for tracheal intubation if this 
is the fi rst presentation of COPD exacerbation or respira-
tory failure, or there is a treatable cause of respiratory fail-
ure, such as pneumonia. Information will be required on the 
history and quality of life, especially the ability to perform 
daily activities. Patients with severe disabling and progres-
sive COPD may be less suitable, but it is important that 
adequate and appropriate therapy has been used in these 
patients, with documented disease progression. Th e patient’s 
wishes and those of any close relatives should be consid-
ered in any decision to institute or withhold life supporting 
therapy.   

    Supported discharge 

   Many hospital admissions are related to exacerbations of 
COPD and thus reductions of admissions especially during 
the winter months when they are most frequent  is  particu-
larly desirable. Over the last few years a number of diff er-
ent models of supported discharge have been developed 
and some evaluated          [61–63] . Patients have been discharged 
early with an appropriate package of care organized, includ-
ing domiciliary visits made to these patients after discharge 
by trained respiratory nurses. 

   Cotton and colleagues randomized patients to dis-
charge on the next day or usual management and found that 
there were no diff erences in mortality or readmission rates 
between the two groups    [61] . Th ere was a reduction in hos-
pital stay from a mean of 6.1 days to 3.2 days. In another 
larger study by Skwarska and colleagues, patients were ran-
domized to discharge on the day of assessment or conven-
tional management  [62] . Again there were no diff erences 
in readmission rates, no diff erences in visits to primary care 
physicians and health status measured 8 weeks after dis-
charge was similar in the two groups. Th e authors also dem-
onstrated that there were signifi cant cost savings of around 
50% for the home support group, compared to the admitted 
group. However, other considerations need to be taken into 
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account in organizing an assisted discharge service in that 
resources have to be released for the nurses to follow the 
patients and the benefi ts may be seasonal, as COPD admis-
sions are a particular problem in the winter. Further work 
is required on the diff erent models of supported discharge 
available and the cost eff ectiveness of these programmes.   

    PREVENTION OF COPD EXACERBATION 

   Th ere has been much recent emphasis on prevention of 
exacerbations in patients with COPD. As respiratory 
tract infections are common factors in causing exacerba-
tion, infl uenza, and pneumococcal vaccinations are recom-
mended for all patients with signifi cant COPD. A study 
that reviewed the outcome of infl uenza vaccination in a 
cohort of elderly patients with chronic lung disease found 
that infl uenza vaccinaiton is associated with signifi cant 
health benefi ts with fewer outpatient visits, fewer hospitali-
zations, and a reduced mortality  [64] . 

   Long-term antibiotic therapy has been used in the 
past in patients with very frequent exacerbations, though 
the evidence was not strong for benefi t. However with the 
advent of novel and more specifi c antibiotics against air-
way organisms, the topic of long-term antibiotic therapy in 
COPD is currently being revisited and results of the fi rst 
trials are awaited. Recently there has been a report of the 
eff ects of an immunostimulatory agent in patients with 
COPD exacerbations, with reduction in severe complica-
tions and hospital admissions in the actively treated group 
 [65] . However, the mechanisms of benefi t are not clear, and 
further studies on the eff ects of these agents in the preven-
tion of COPD exacerbation are required. 

   Long-acting bronchodilators (LABA) have been 
shown to reduce exacerbations. In the recently reported 
TORCH (Towards a Revolution in COPD Health) study, 
salmeterol, a long-acting beta agonist, reduced the fre-
quency of exacerbations  [66] , while a number of other 
studies have shown that the long-acting anticholinergic tio-
tropium reduces the exacerbation rate and also a trend to 
reduction in hospital admission          [67–69] . However, there is 
no good evidence at present that long-acting anticholiner-
gic agents possess anti-infl ammatory activity  [70] , and it 
is likely that tiotropium reduces exacerbations by reducing 
dynamic hyperinfl ation and thus dyspnoea. Combinations 
of long-acting beta agonists and inhaled corticosteroids 
have been also evaluated and reduced exacerbations more 
than the individual components  [66] . A direct comparison 
of inhaled tiotropium with the salmeterol/fl uticasone (SFC) 
combination in the recently reported INSPIRE study 
 in moderate-to-severe COPD patients showed that both 
interventions had an equal eff ect on exacerbation rates  [71] . 
However, patients taking tiotropium required more courses 
of oral corticosteroids with exacerbations whereas patients 
on the SFC combination required more courses of antibiot-
ics  [71] . Th is for the fi rst time, it has been shown that dif-
ferent interventions have diff erent eff ects on exacerbations. 

   Th e Optimal study recently evaluated the combina-
tion of tiotropium with inhaled LABA (salmeterol) and 

inhaled steroids (fl luticasone) [72]  . Th e triple combination 
reduced hospitalization as a result of exacerbation, but not 
the total number of exacerbations. In addition a trend was 
observed in the reduction of the number of exacerbations 
with the triple combination, which did not reach statistical 
signifi cance due to the relatively small size of the study and 
the high dropout rate. Triple therapy may be more eff ective 
than other therapies and further studies of these combina-
tions are now required with adequately powered studies.  
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    Education and Self-Management 

   Globally, twice as many people have asthma as 
the total population of the Russian Federation. 
In the United States of America alone, the 
number of people with chronic obstructive pul-
monary disease is equivalent to the combined 
populations of Denmark, Sweden, Finland, 
Norway, and the Baltic States. For some of these 
people, we have therapies that can dramatically 
infl uence their diseases. Others have persisting 
and regular symptoms, and all have to live with a 
long-term condition. It is likely that the major-
ity have only 30–60       min of contact on average 
with a health professional in any 1 year and this 
means that for the other 364 days and 23       h, these 
patients are self managing their own condition. 
As health professionals we have a responsibility 
to ensure that these patients are equipped with 
the tools, knowledge, and skills necessary to self 
manage and self treat their own condition  . 

   Th is chapter is concerned with patient 
education and self-management and will review 
the evidence in favor of those interventions and 
highlight similarities and diff erences between 
self-management education in asthma and 
chronic obstructive pulmonary disease (COPD). 

    WHAT IS PATIENT EDUCATION? 

   Th e term patient education has an unpleasant 
inference suggesting some inadequacy on the 
patient’s behalf which needs rectifying. It seems 
preferable to make the concept more positive 
and to list the constituent parts. Van den Borne 
 [1]  has defi ned patient education as  “ a system-
atic learning experience in which a combination 
of methods is generally used, such as the pro-
vision of information and advice and behavior 
modifi cation techniques, which infl uence the 

way the patient experiences their illness and/or 
their knowledge and health behavior, aimed at 
improving or maintaining health or learning to 
cope with a condition, usually a chronic one. ”  

   For the health care professional an essen-
tial prerequisite to patient education is an 
understanding of how the patient feels about 
their long-term condition and its management.  

    HOW DOES IT FEEL TO HAVE COPD? 

   COPD is largely a smoking-related disease. In 
many countries the prevalence of smoking is 
low amongst health care professionals, espe-
cially amongst doctors. Personal experience of 
the condition is therefore likely to be uncom-
mon. Surveys of the views, opinions, and con-
cerns of those with COPD are less numerous 
than are those amongst people with asthma, 
and the population aff ected less diverse – being 
mainly a disease of the fi fth, sixth, and seventh 
decades. Currently more men than women are 
aff ected, but this is rapidly changing. 

   Th ose with COPD frequently suff er feel-
ings of guilt about having caused the disease by 
smoking, and they experience great sadness when 
they see others around them smoking and pro-
ceeding along their path. Th ey frequently report 
lack of support on social issues, fi nancial issues, 
and from health care professionals. Professionals 
imbued with a culture of curing and obsessed 
with the writing of prescriptions may not actu-
ally say  “ Th ere is nothing I can do for you, ”  but 
they can convey such negativity by body lan-
guage or attitude. Th e late Trevor Clay, a nurse 
who died from lung disease associated with an 
inherited condition wrote  “ Th ere is no cure, no 
magic, but there is always something that can be 
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done! ”  He also wrote  “ Having a long-term condition is not 
about dying – that only takes a few minutes or less – but I’ve 
been struggling to breathe for over 20 years and I’ve been 
living a lot and suff ering as little as possible ”  [2] . 

   Others may fi nd it less easy to be positive. Anxiety, 
frustration, and depression are frequently experienced by 
suff erers and they may become socially isolated  [3].  

   Psychiatric disorders may reach a prevalence of 50% in 
those with COPD,  [4]  and Dudley  et al .  [5]  observed those 
with severe COPD to be in  “ emotional strait jackets ”  – no 
longer able to become angry, depressed, or even happy, as any 
signifi cant emotional changes triggered distressing symp-
toms. Th e mind/body interaction can thus become a vicious 
cycle with symptoms leading to anxiety, and emotional dis-
tress aggravating the symptoms. Psychological impairment 
may also follow from derangement of blood gases leading to 
diminished levels of alertness, irritability, restlessness, head-
aches, and confusion and loved ones may be unaware of the 
reasons for these factors in their partners. Psychological and 
personality profi les of those with severe COPD may also 
infl uence survival. One study of males with severe COPD 
showed a signifi cant diff erence in personality and psycholog-
ical profi le between those who died and those who were alive 
at the end of 4 years of follow-up, irrespective of the degree 
of impairment of pulmonary function or oxygenation  [6] . 

   In those at the severe end of the spectrum of COPD, 
a common therapeutic intervention is the use of supplemen-
tary oxygen. When this is recommended to be used long term, 
it could impact signifi cantly upon the patient’s life and may 
enhance feelings of social isolation  [7] . In another survey of 
those on long-term oxygen from oxygen concentrators, the 
results were more positive. Eighty-three percent of those sur-
veyed reported marked improvement in general well-being 
on oxygen, 82% reported improvement in breathing and 62% 
mobility, and 52% reported improvement in sleep pattern. A 
third thought that the concentrator was too noisy. Sadly, a third 
of those prescribed long term oxygen continued to smoke  [8]   . 

   It is also important to be aware of patients ’  fears, con-
cerns and expectations. Studies of those with COPD which 
have used rigorous mathematical techniques such as discrete 
choice modeling, have shown that patients most fear being 
hospitalized, housebound or bedridden and they fear more 
attacks in the future        [9, 10] . Th ese fears and concerns are 
greater than those related to the symptoms of the disease, 
such as breathlessness or a productive cough. Indeed exacer-
bations of COPD have the most negative impact upon our 
patients and 50% need additional help with simple tasks 
during exacerbations and nearly half of all patients have to 
stop all activities during such exacerbations. It should also 
be noted that the word  “ exacerbation ”  whilst used between 
health professionals, is not understood by over 60% of 
patients who are more likely to talk of  “ a crisis, ”   “ an attack, ”  
breathing diffi  culty or  “ a chest infection. ”   

    HOW DOES IT FEEL TO HAVE ASTHMA? 

   Th e ages of those suff ering from asthma is more diverse than 
those suff ering from COPD. Furthermore, whilst long-term 
disability and daily symptoms are common in asthma, the 

symptoms may be more variable. Such variability can induce 
additional stresses, and uncertainty invokes an unpleasant 
emotion with fears of holidays, celebrations, or important 
work events being interrupted by unexpected exacerbations. 
Denial of the diagnosis or its implication is common  [11]  
and feelings of stigma frequent, but there is no easy compar-
ison to suggest whether it is higher or lower than in COPD. 
Fears and concerns regarding the medication are common, 
although steroid phobia amongst patients and parents may 
be perceived by health professionals to be more common 
than it really is. Dissatisfaction with dependency on long-
term medication may be one of the most common reac-
tions and patients frequently stop medication just to confi rm 
continued need. What is unclear is why there is such a large 
diff erence between the goals for asthma management as 
outlined in guidelines, and the control as discovered by sur-
veys of patients. In one large UK study, 44% of respondents 
reported at least one activity was  “ totally or very limited ”  
by their asthma and 20% reported three or more activities 
to be so limited  [12] . Another survey conducted 400 inter-
views with current asthma patients in seven countries. Over 
one-third of children and half of the adults reported daytime 
symptoms at least once a week. Sleep disruption every night 
was reported by 6.7% of children and 5.3% of adults. A total 
of 36% of children and 27.9% of adults required an unsched-
uled urgent care visit in the past 12 months. One or more 
emergency room visits due to asthma were reported for 18% 
of children and 11% of adults in the past year  [13] . In that 
survey, only 25% of the patients were taking regular mainte-
nance therapy and it is not therefore clear whether the ongo-
ing morbidity refl ected undertreatment or an inadequacy 
of treatment. A more recent study has looked only at those 
using regular maintenance therapy and studied over 3400 
adults with asthma in several European countries and also 
in North America and Australia. No signifi cant diff erences 
were seen between countries but despite the use of regular 
medication, over three quarters of these patients needed res-
cue therapy each day and using the Juniper asthma control 
questionnaire, only 28% of these patients were shown to be 
well-controlled. Furthermore, many of these patients per-
ceived their asthma to be better controlled than the ACQ 
suggested  [14] . Some of this morbidity may genuinely refl ect 
the fact that we do not have treatments to control the asthma 
symptoms of all our patients, but in other cases the patients 
may be undertreated or may not be reviewed by health care 
professionals with the result that treatment is not optimized. 
Only half of those surveyed in the UK  [12]  had their peak 
fl ow measured by a doctor or a nurse in the past year, and 
45% of respondents said they had neither had, nor wanted, 
regular asthma review. Without such review there is a dan-
ger that adaptation leads to acceptance of ongoing morbidity. 
Even with review, there is a danger that the patient may not 
 “ off er ”  symptoms for fear that it may lead to further prescrip-
tions, and the doctor may falsely conclude that all is well. 

   For these reasons it has been recommended that at 
each consultation every patient with asthma is asked three 
questions:  [15]  

   In the last week or month 

      ●      Have you had diffi  culty sleeping because of your asthma 
symptoms (including cough)?  
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 TABLE 68.2          General guidelines on ways to improve communication 

with patients and their families.  

   Be attentive 

   Elicit underlying concerns 

   Off er reassuring messages that alleviate fears 

   Immediately address any concerns that are mentioned 

   Use interactive dialog (open-ended questions, analogies) 

   Tailor the therapeutic regimen to lifestyle 

   Provide a written management plan 

   Use appropriate nonverbal engagement 

   Use praise when patient has undertaken correct management 

strategies 

   Elicit goals; share goals 

   Help the patient plan longer-term care and self-management 

  Adapted from Ref.  [47] .  

      ●      Have you had your asthma symptoms during the day 
(cough, wheeze, chest tightness, or breathlessness)?  

      ●      Has there been any limitation of activities (time off  work 
or school or inability to undertake hobbies) because of 
asthma. Has your asthma interfered with your usual 
activities (e.g. housework, work/school, etc.)?    

   Other validated measures of control also exist. 
   Th e willingness of patients with asthma to take con-

trol of their condition is probably greater than doctors rec-
ognize. In one study, whilst patients varied in their desire to 
be involved in treatment decisions, 55% were less involved 
than they wished to be  [16]  and in another study, only 20% of 
patients had actually been off ered a written asthma action plan 
but when questioned regarding their possession of asthma 
action plans, over 60% of patients wished to have one  [17] . It 
has also been shown that those with asthma willingly admit to 
using medication as and when necessary, and express a desire 
to adjust their dose of maintenance therapy to the changes of 
their asthma and express concern at being on too much medi-
cation when they are well  [14]   . Th is suggests an intrinsic will-
ingness on behalf of our patients to take control of their own 
condition if instructed in the appropriate manner.  

    COMPLIANCE IN ASTHMA AND COPD 

   Th e term noncompliance is used to describe a situation 
where, for whatever reason, the patient does not take treat-
ment or other actions in a manner as previously discussed 
with their health professional. Recent trends have been to 
replace the word compliance with  “ adherence ”  or  “ concord-
ance, ”  but this seems unnecessary if it is emphasized from 
the outset that the term is not being used in any way in a 
pejorative sense. Noncompliance may involve noncompli-
ance with lifestyle advice (e.g. continued smoking), failure 
to attend for follow-up, failure to undertake recommended 
monitoring, or failure to take therapy. Th e size of the prob-
lem is likely to be large and underestimated. 

   Noncompliance with medication is either inferred 
from the presence of poorly controlled disease or confi rmed 
by monitoring drug taking, which may involve measurement 
of drug levels in urine, plasma or saliva, or by prescription 
monitoring. More modern methods involve the fi tting of 
microprocessors to the lids of bottles or inhaler devices          [18–
20] . Such methods are inappropriate at a clinical level and it 
is preferable to accept that noncompliance is common, and 
instead make eff orts to consider the factors involved and 
work with the patient to tackle the underlying causes. It is 
likely that the size of the problem is of similar magnitude 
in asthma as in COPD, and these two diseases probably do 
not diff er from other long-term conditions such as hyper-
tension or arthritis. Some of the causes may however be dis-
ease-specifi c and possibilities are listed in  Table 68.1   . 

   Perhaps the most essential is to understand the impor-
tance of good communication between patient and health 
care professional. In one UK study,  [21]  only 22% of those 
with asthma reported having had a good discussion with 
their doctor, and in another study a median dissatisfaction 

rate of 38% with medical communication was reported  [22] . 
Th e eff ect of this upon compliance may be considerable. In 
one study, 50 adults with moderate to severe asthma were 
studied and compliance with inhaled steroid therapy elec-
tronically monitored. Mean adherence was 63%. Factors 
associated with poor adherence included less than 12 years 
of formal education, and a low household income, but poor 
patient/clinician communication was independently associ-
ated with poor adherence. Th ose with at least 70% adherence 
scored the patient/clinician communication signifi cantly 
better than those with less than 70% adherence  [23] . Key 
elements of good communication are shown in  Table 68.2   .  

 TABLE 68.1          Factors which may be involved in noncompliance with the 

taking of medication in asthma and COPD.  

   Factors associated with medication 

         Use of the word  “ drug ”  

         Diffi  culties with inhaler devices 

         Regimens involving multiple medications 

         Awkward four times daily dosing regimens 

         Side-eff ects 

         Cost of medication 

          Diffi  culty getting to the doctor (for a prescription) or the pharmacy (for 

it to be dispensed) 

         Perceived lack of eff ectiveness of medication 

   Nonmedication factors 

         Denial of diagnosis 

         Fears of side-eff ects 

         Unexpressed/unanswered concerns 

         Dissatisfaction with health care professionals 

         Misunderstanding or lack of instruction 

         Anger, stigma, or depression 

         Underestimation of severity 

         Forgetfulness or complacency 

         Cultural issues 
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   One study of such interventions allocated 56 sub-
jects with COPD to either usual care or to receiving a 
booklet (outlining advice presumed to be similar to that in  
Table 68.3 ), an action plan, and a reserve supply of steroids 
and antibiotics. After 6 months there were no diff erences 
in quality of life scores or pulmonary function, but those 
given the self-treatment advice were signifi cantly more 
likely to have started steroids or antibiotics in response to 
deteriorating symptoms  [24] . Numbers were too small to 
look at eff ects upon hospitalization rates and larger studies 
would need to include cost-eff ectiveness evaluation. Some 
pretest/posttest nonrandomized studies have suggested 
that   “ education ”  may reduce hospitalization rates,  [25]  but 
a 2003 systematic review of eight previous studies which 
looked at self-management education in COPD  alone  (i.e. 
excluding studies which included multiple interventions 
such as pulmonary rehabilitation) concluded that there 
was too little evidence to yet say that self-management in 
COPD was associated with positive outcomes  [26] . Th e 
reasons why the benefi ts of self-management education in 
COPD appears equivocal compared to the defi nite advan-
tages in asthma are unclear but the systematic review did 
highlight the fact that, whereas action plans have been 

 TABLE 68.3          Self-management advice for those with COPD.  

   Lifestyle changes  Treatment changes 

        1.     Stop smoking (and avoid smoky environments)  

    2.     Use nicotine replacement therapies as appropriate as advised  

    3.     Use eff ective breathing methods  

    4.     Use eff ective coughing methods  

    5 .     Undertake your exercise program as advised during your pulmonary 

rehabilitation course  

    6.      Eat a balanced diet: include plenty of fresh fruits and vegetables and drink 

plenty of fl uids to help keep mucus thin. Avoid gas-forming foods such 

as broccoli, cabbage, onions, beans, and sauerkraut. If eating makes you 

breathless, use supplementary oxygen whilst chewing, or liquidize solids  

    7.      Adjust daily activities of living. Sit down to do personal tasks such as washing 

or shaving or doing household tasks such as washing up or preparing meals. 

Use a stool in the shower and use a hairdryer to dry feet or back.    

      1.      Continue regular bronchodilators – usually a combination of 

anticholinergic agents and  β -agonists  

    2.      At times of worsening symptoms increase dose, frequency, and 

possibly route of administration for example, spacer or nebulizer  

    3.      If sputum changes color, consider starting reserve 

course of antibiotics  

    4.      If much more breathless, and lessening response to 

bronchodilators, consider a course of steroid tablets according to 

doctor’s advice  

    5.      Use oxygen as advised – either long-term or supplementary 

during exertion – know when to increase this and be aware of the 

importance of early morning confusion or headaches which might 

suggest CO 2  retention.    

 TABLE 68.4          Self-management advice for those with asthma.  

   Lifestyle changes  Treatment changes 

        1.     Allergen avoidance  

    2.      Avoiding smoking and smokey 

environments  

    3.      Avoid exercising outdoors, 

especially on the outskirts of cities, 

at times of high pollution levels  

    4.     Eat a balanced diet    

      1.      If you have no symptoms and your peak fl ow is better than 80–85% of your best peak fl ow, continue your 

regular preventative treatment, or talk to your doctor or nurse about taking less treatment  

    2.      If you get a cold, or have your asthma symptoms during the day or at night, or if your peak fl ow is less than 

80–85% of your best peak fl ow, increase your preventer treatment according to your written personal action 

plan  

    3.      If you are increasingly breathless, and your reliever therapy is less eff ective and your peak fl ow is less than 

60–70% of your usual best peak fl ow, start steroid tablets according to your written personal action plan and 

contact your doctor  

    4.      If you are too breathless to speak, or your peak fl ow is less than 40–50% of your usual best peak fl ow, 

continue to use your reliever, take 8 of the 5       mg prednisolone tablets, and call your doctor or an ambulance 

urgently    

    WHAT ARE THE CONSTITUENT PARTS 
NECESSARY FOR SUCCESSFUL EDUCATION AND 
SELF-MANAGEMENT IN COPD: WHO SHOULD 
PROVIDE IT AND WHERE? 

   Clear, evidence-based advice regarding education and 
self-management is far harder to off er to those with 
COPD than it is for asthma. In both disease groups there 
is a  problem in published reports that often give too lit-
tle information about the intervention off ered and do not 
describe the self-management advice given  . In studies 
involving COPD, this is further compounded by a diffi  culty 
in separating the educational components from the sup-
port and the physical exercise components of pulmonary 
 rehabilitation programs. It is likely that education and self-
 management programs for COPD should cover the ground 
outlined in  Table 68.3   . Self-management involves both 
alterations in lifestyle and alterations in treatment, and it is 
immediately apparent that the balance between these two 
is diff erent for COPD than it is for asthma (as shown in 
 Table 68.4   ). 
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shown to be an important part of asthma self-management, 
in only two of the studies included in the COPD system-
atic review were action plans part of the intervention. In 
one of those studies, the action plan which had been issued 
was in fact an asthma action plan and did not include the 
patient self-treating with antibiotics and in the other an 
appropriate COPD action plan was given but the study was 
not powered to look at harder outcomes. A subsequent sys-
tematic review of the use of action plans in COPD was still 
only able to fi nd three studies and whilst this demonstrated 
that use of an action plan in COPD increased the patients ’  
ability to recognize a severe exacerbation and increased 
their use of antibiotics and steroid tablets, it was not able 
to demonstrate any eff ect on health care utilization, quality 
of life, or symptom scores  [27] . A study of the use of self-
management plans in the primary care of patients with 
COPD in New Zealand showed that the use of self-
 management plans within a structured education program 
was associated with higher levels of self-management 
knowledge but actually had no eff ect on quality of life, 
health care utilization, or self-reported outcomes  [28] . It 
seems likely that the magnitude of any benefi t from self-
management education in COPD alone is limited, despite 
the fact that such tools can alter patient behavior. Th is may 
refl ect the lesser magnitude of benefi t of, for example, ster-
oid tablets in the treatment of exacerbations of COPD 
compared with that in asthma. We should not preclude the 
use of action plans on these grounds alone, for we know, 
for example, that the quicker an exacerbation of COPD is
treated, the more eff ective the intervention and self-
treatment is always likely to be quicker than that associated 
with the inevitable delay in contacting health professionals. 
Such self-management advice probably begins to contrib-
ute to improved outcomes when it is combined with other 
interventions, such as case management and pulmonary 
rehabilitation. A multicenter French-Canadian study sug-
gested that amongst those who had one hospitalization for 
an exacerbation of COPD, such multiple interventions may 
lead to up to 40% reduction in further emergency depart-
ment attendances or admissions to hospitals  [29] . 

   Most reports of educational and self-management 
activities in COPD have involved respiratory nurse special-
ists, physiotherapists, or respiratory therapists. Most studies 
have been outpatient based. Where outreach home-based 
programs have been assessed, they have shown no signifi -
cant reductions in hospitalization rates, but there may be 
some health-related quality of life gains  [30] .  

    PATIENT EDUCATION AND SELF-MANAGEMENT 
IN ASTHMA 

   In contrast to the situation in COPD, studies of this area 
involving those with asthma are numerous and the results 
in adults and older children are almost always positive, 
especially involving those who have attended hospital-based 
programs          [31–33] . Th e key constituents of such interven-
tions are shown in  Table 68.4 . 

   A Cochrane review of the subject of self-management 
education for adults with asthma was undertaken by Gibson 
and colleagues in 2002 and compared self-management 
education and follow up with usual care in 36 studies  [34] . 
Self-management education was associated with reduction 
in hospitalization rates, emergency room visits, unscheduled 
visits to the doctor, days off  work or school, and nighttime 
asthma. Self-management programs that involved a written 
action plan showed greater reduction in hospitalization rates 
than those that did not, and people who managed their 
asthma by self-adjustment of their asthma treatment using 
an individualized written plan had better lung function than 
those whose medications were adjusted by a doctor. 

   Fewer studies have been undertaken of the value of 
self-management in children, but good randomized con-
trolled trials involving self-management interventions in 
those who have been hospitalized, have shown signifi cant 
reduction in readmission rates        [35–36] . Studies of the cost-
eff ectiveness of the teaching of self-management skills in 
those with asthma have shown signifi cantly benefi cial cost-
benefi t ratios        [37–38] . 

   Th is wealth of evidence in favor of self-management 
education, regular follow up, and the use of written action 
plans has not unfortunately led to widespread implemen-
tation. In the fi rst British Asthma Guidelines, published 
in 1990  [39] , it said:  “ As far as possible, patients should be 
trained to manage their own treatment rather than being 
required to consult their doctor before making changes. ”  
Unfortunately, if we use the possession of a written asthma 
action plan as a marker of how satisfactorily this proc-
ess has been undertaken, a UK study 10 years after those 
Guidelines showed that only 3% of patients had such a plan 
 [40] . However, that fi gure did rise to 28% of 378 individu-
als who were surveyed 1 week after need for unscheduled 
health care because of out-of-control asthma and this could 
imply some targeting of advice to those most at risk  [41] . 
A more recent study again showed 20% of patients having 
such a plan  [17] . Even in Australia, where with national 
publicity campaigns they had once reached 48% of patients 
having action plans, the latest fi gures show that has fallen to 
18.5% of patients owning an asthma plan  [42] . Th e reasons 
why doctors are not implementing a core part of self-man-
agement education which is of proven benefi t are not clear, 
but probably revolve around a perceived lack of time, lack 
of suitable templates, and possibly a lack of understanding 
as to what is involved in this process and what needs to be 
written down for patients. As computer decision support 
systems evolve, and it becomes easier to link consultation 
records with information materials, it’s likely that ease of 
issuing of personalized action plans will improve.  

    HEALTH LITERACY 

   When off ering education and information materials to our 
patients, it is important to ensure that the patients have the 
capacity to process and understand the information which 
we have given them. Th is entails ensuring not only that spo-
ken information is provided at an appropriate level but that 
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written materials are readable and reliable. It is possible to 
formally test patients ’  ability to use materials using tests 
such as the Rapid Estimate of Adult Literacy in Medicine 
(REALM)  [43]  or the Test of Functional Health Literacy in 
Adults (TOFHLA)  [44] . When such tests have been utilized 
in studies, 15% of those with rheumatoid arthritis attending 
a hospital rheumatology clinic in Glasgow had been shown 
to be functionally illiterate  [45]  and 13% of patients with 
asthma attending a US hospital were similarly unable to use 
the written word in a meaningful manner  [46] . Such formal 
testing is neither possible nor appropriate in clinical practice 
but we should be aware of the likely magnitude of this prob-
lem and consideration should be given not only to producing 
written materials with an appropriate reading age but also to 
the possibility of reinforcing the spoken word, not with the 
written word but for example by the use of pictograms. Such 
tools have been shown to enhance retention of information, 
even amongst the fully literate. An example of a pictorial 
asthma action plan is shown in the  Fig. 68.1   .  

    SUMMARY 

          ●      Living with a long-term illness can be diffi  cult.  

      ●      Health care professionals need an understanding of how 
their patients feel, and good communication is essential if 
we are to understand fully what our patients want of us, 
and how best we can provide optimal care.  

      ●      It is important to off er the information the patient wants, 
rather than what we perceive they need.  

      ●      Personalized self-management advice which helps them 
to adjust their lifestyle or treatment to keep themselves 
well, is necessary. Such advice needs to be produced in 

a suitable format to ensure it is usable by those with 
varying literacy skills.    

   Current evidence is that self-management educa-
tion is of signifi cant value in those with asthma but more 
marginal value in COPD, where it may only be benefi cial if 
combined with other interventions such as pulmonary reha-
bilitation and case management.   

  References  

       1 .         van den Borne     HW             .  Th e patient: From receiver of information to 
informed decision maker .         Patient Edu Couns         34         :  89  –       102      ,  1998   .        

       2 .         Clay     T             .  How to keep the customer satisfi ed .         Th orax         49         :  279  –       80      ,  1994   .        
       3 .         Dudley     DL  ,   Glaser     EM  ,   Jorgenson     BN  ,   Logan     DL             .  Psychological 

concomitants to rehabilitation in chronic obstructive pulmonary dis-
ease. Part I: Psychosocial and psychological considerations .         Chest         77         : 
 413  –       20      ,  1980   .        

       4 .         Rutter     BM             .  Some psychological concomitants of chronic bronchitis . 
        Psych Med         7         :  459  –       64      ,  1977   .        

       5 .         Dudley     DL  ,   Wermuth     C  ,   Hague     W             .  Psychological aspects of care in 
chronic obstructive pulmonary disease .         Heart Lung         2         :  289  –       303      ,  1973   .        

       6 .         Ashutosh     K  ,   Haldipur     C  ,   Boucher     ML             .  Clinical and personality pro-
fi les and survival in patients with COPD .         Chest         111         :  95  –       98      ,  1997   .        

       7 .         Ring     L  ,   Danielson     E             .  Patients experiences of long term oxygen therapy . 
        J Adv Nurs         26         :  337  –       44      ,  1997   .        

       8 .         Dilworth     JP  ,   Higgs     CMB  ,   Jones     PA  ,   White     RJ             .  Acceptability of 
oxygen concentrators: Th e patient’s view .         Br J Gen Pract         40         :  415  –       17      , 
 1990   .        

       9 .         Kessler     R  ,   Stahl     E  ,   Vogelmeier     C  ,   Haughney     J  ,   Trudeau     E  ,   Lofdahl     C-G  , 
  Partridge     MR             .  Patient understanding, detection and experience of 
COPD exacerbations: An observational, interview-based study .         Chest        
 130         :  133  –       42      ,  2006   .        

      10 .         Haughney     J  ,   Partridge     MR  ,   Vogelmeier     C  ,   Larsson     T  ,   Kessler     R  ,   Stahl     E  , 
  Brice     R  ,   Lofdahl     C-G             .  Exacerbations of COPD: Quantifying the 
patient’s perspective using discrete choice modeling .         Eur Respir J         26         : 
 623  –       29      ,  2005   .        

 FIG. 68.1          An example of a pictorial asthma 

action plan.    



68Education and Self-Management

853

      11 .         Adams     S  ,   Pill     R  ,   Jones     A             .  Medication, chronic illness and identity. Th e 
perspective of people with asthma .         Soc Sci Med         45         :  189  –       201      ,  1997   .        

      12 .         Price     D  ,   Wolfe     S             .  Delivery of asthma care: Patients use of and views on 
healthcare services as determined from a nationwide interview survey . 
        Asthma J         5         :  141  –       44      ,  2000   .        

      13 .         Rabe     KF  ,   Vermeire     PA  ,   Soriano     JB  ,   Maier     WC             .  Clinical management 
of asthma in 1999: Th e asthma insights and reality in Europe (AIRE) 
study .         Eur Respir J         16         :  802  –       7      ,  2000   .        

      14 .         Partridge     MR  ,   van der Molen     T  ,   Myrseth     S-E  ,   Busse     WW             .  Attitudes 
and actions of asthma patients on regular maintenance therapy: Th e 
INSPIRE Study .         BMC Pulm Med         6         :  13         ,  2006   .        

      15 .          Clinical Eff ectiveness and Evaluation Unit          .  Measuring Clinical 
Outcome in Asthma. A Patient-Focused Approach .                      London :       Royal 
College of Physicians of London      ,  1999   .        

      16 .         Caress     AL  ,   Beaver     K  ,   Luker     K  ,   Campbell     M  ,   Woodcock     A             . 
 Involvement in treatment decisions: What do adults with asthma want 
and what do they get? Results of a cross sectional survey .         Th orax         60      ( 3 )       : 
 177  –       78      ,  2005   .        

      17 .         Haughney     J  ,   Barnes     G  ,   Partridge     MR  ,   Cleland     J             .  Th e Living and 
Breathing Study: A study of patients views of asthma and its treat-
ment .         Prim Care Respir J         13         :  28  –       35      ,  2004   .        

      18 .         Cranmer     JA  ,   Mattson     RH  ,   Prevey     MC  ,   Scheyer     RD  ,   Ovelette     VL             .  How 
often is medication taken as prescribed .         JAMA         261         :  3273  –       77      ,  1989   .        

      19 .         Rand     CS  ,   Wise     RA  ,   Nide     S          et al        .  Metered dose inhaler adherence in a 
clinical trial .         Am Rev Respir Dis         146         :  1559  –       64      ,  1992   .        

      20 .         Cochrane     GM             .  Compliance in asthma: A European perspective .         Eur 
Respir Rev         5         :  116  –       19      ,  1995   .        

      21 .         Partridge     MR             .  Asthma: Lessons from patient education .         Patient Edu 
Couns         26         :  81  –       86      ,  1995   .        

      22 .         Ley     P             .  Communicating with Patients .                       London :       Croon Helm      ,  1988   .        
      23 .         Apter     AT  ,   Reising     ST  ,   Affl  eck     G  ,   Barrows     C  ,   ZuWallack     RL             .  Adherence 

with twice daily dosing of inhaled steroids: Socio-economic and health 
belief diff erence .         Am J Respir Crit Care Med         157         :  1810  –       17      ,  1998   .        

      24 .         Watson     PB  ,   Town     GI  ,   Holbrook     N  ,   Dwan     C  ,   Toop     LJ  ,   Drennan     CJ             . 
 Evaluation of a self-management plan for chronic obstructive pulmo-
nary disease .         Eur Respir J         10         :  1267  –       71      ,  1997   .        

      25 .         Howard     JE  ,   Davies     JL  ,   Roghmann     KJ             .  Respiratory teaching of patients: 
How eff ective is it?          J Adv Nurs         12         :  207  –       14      ,  1987   .        

      26 .         Monningkhof     E  ,   van der Valk     P  ,   van der Palen     J  ,   van Herwaarden     C  , 
  Partridge     MR  ,   Zielhuis     G             .  Self management education for patients 
with chronic obstructive pulmonary disease: A systematic review . 
        Th orax         58      ( 5 )       :  394  –       98      ,  2003   .        

      27 .        Turnock AC, Walters EH, Walters JAE, Wood-Baker R. Action plans 
for chronic obstructive pulmonary disease.  Cochrane Database Syst Rev  4: 
2005, Art. No.: CD005074. DOI:10.1002/14651858.CD005074.pub2.      

      28 .         McGeoch     GRB  ,   Willsman     KJ  ,   Dowson     CA  ,   Town     GI  ,   Frampton     CM  , 
  McCartin     FJ  ,   Cook     JM  ,   Epton     MJ             .  Self management plans in the 
primary care of patients with chronic obstructive pulmonary disease . 
        Respirology         11         :  611  –       18      ,  2006   .        

      29 .         Bourbeau     J  ,   Julien     M  ,   Maltais     F  ,   Rouleau     M  ,   Beaupre     A  ,   Begin     R  , 
  Renzi     P  ,   Nault     D  ,   Borycki     E  ,   Schwartzman     K  ,   Singh     R  ,   Collet     J-P             . 

 Reduction of hospital utilization in patients with chronic obstructive 
pulmonary disease: A disease-specifi c self-management intervention . 
        Arch Intern Med         163         :  585  –       91      ,  2003   .        

      30 .        Smith B, Appleton S, Adams R, Southcott A, Ruffi  n R. Home care 
by outreach nursing for COPD (Cochrane Review).  Cochrane Libr  4: 
Oxford: Update Software, 2000.      

      31 .         Ignacio-Garcia     JM  ,   Gonalez-Santos     P             .  Asthma self-management 
education program by home monitoring of peak expiratory fl ow .         Am J 
Respir Crit Care Med         151         :  353  –       59      ,  1995   .        

      32 .         Lahdensuo     A  ,   Haahtela     T  ,   Herrala     J          et al        .  Randomised comparison of 
self management .         BMJ         312         :  748  –       52      ,  1996   .        

      33 .         Adams     RJ  ,   Smith     BJ  ,   Ruffi  n     RC             .  Factors associated with hospital 
admissions and repeat emergency department visits for adults with 
asthma .         Th orax         55         :  566  –       73      ,  2000   .        

      34 .        Gibson PG, Powell H, Coughlan J, Wilson AJ, Abramson M, 
Haywood P, Bauman A, Hensley MJ, Walters EH. Self-management 
education and regular practitioner review for adults with asthma. 
 Cochrane Database of Syst Rev  3: 2002, Art. No.: CD001117. DOI: 
10.1002/14651858.CD001117.      

      35 .         Madge     P  ,   McColl     J  ,   Paton     J             .  Impact of a nurse led home manage-
ment training programme in children admitted to hospital with acute 
asthma: A randomised controlled study .         Th orax         52         :  223  –       28      ,  1997   .        

      36 .         Wesseldine     L  ,   McCarthy     P  ,   Silverman     MA             .  structured discharge proce-
dure for children admitted to hospital with acute asthma: a randomised 
controlled trial of nursing practice .         Arch Dis Child         80         :  110  –       14      ,  1999   .        

      37 .         Lahdensuo     A  ,   Haahtela     T  ,   Herrala     J             .  Randomised comparison of cost-
eff ectiveness of guided self-management and traditional treatments of 
asthma in Finland .         BMJ         316         :  1138  –       39      ,  1998   .        

      38 .         Clark     NM  ,   Feldman     CH  ,   Evans     D  ,   Levison     MJ  ,   Wasilewski     Y  , 
  Mellins     RB             .  Th e impact of health education and cost of health care 
use by low income children with asthma .         J Allergy Clin Immunol         78         : 
 108  –       15      ,  1986   .        

      39 .        Guidelines for Management of Asthma in Adults: I – Chronic 
Persistent Asthma. Statement by the British Th oracic Society, Research 
Unit of the Royal College of Physicians of London, Kings Fund 
Centre, National Asthma Campaign.  BMJ  301: 651–3, 1990.      

      40 .          National Asthma Campaign          .  Needs of People with Asthma Survey . 
        Asthma J         5         :  141  –       44      ,  2000   .        

      41 .         Pinnock     H.                Asthma J         5         :  130  –       32      ,  2000   .        
      42 .         Ruffi  n     RE  ,   Wilson     D  ,   Adams     R.                ERJ         22      ( 2 )       :  295s         ,  2003   .        
      43 .         Davis     TC  ,   Long     SW  ,   Jackson     RH          et al        .  Rapid estimate of adult literacy 

in medicine: A shortened screening instrument .         Fam Med         25         :  391  –       95      , 
 1993   .        

      44 .         Parker     RM  ,   Baker     DW  ,   Williams     MV          et al        .  Th e test of functional 
health literacy in adults: A new instrument for measing patients lit-
eracy skills .         J Gen Intern Med         10         :  537  –       41      ,  1995   .        

      45 .         Gordon     M-M          et al          . Rheumatology         41         :  750  –       54      ,  2002   .        
      46 .         Williams     MV          et al          . Chest         114         :  1008  –       15      ,  1998   .        
      47 .         Partridge     MR  ,   Hill     SR             .  Enhancing care for people with asthma: 

Th e role of communication, education, training and self-management . 
        Eur Respir J         16         :  333  –       48      ,  2000   .              


	cover
	Preface to the 2nd Edition
	About the Editors
	List of Contributors
	Part I- Definitions, Epidemiology, And Genetics Of Asthma And COPD
	Chapter 1 - Definitions
	Chapter 2 - Epidemiology
	Chapter 3 - Natural History
	Chapter 4 - Genetics of Asthma and COPD

	Part II- Physiology And Pathology Of Asthma And COPD
	Chapter 5 - Pulmonary Physiology
	Chapter 6 - Airway Pathology
	Chapter 7 - Airway Remodeling
	Chapter 8 - Asthma and COPD- Animal Models

	Part III- Inflammatory Cells And Extracellular Matrix
	Chapter 9 - Mast Cells and Basophils
	Chapter 10 - Dendritic Cells in Asthma and COPD
	Chapter 11 - Macrophages
	Chapter 12 - Eosinophils
	Chapter 13 - The Lymphocyte in Asthma and COPD
	Chapter 14 - The Neutrophil and Its Special Role in Chronic Obstructive Pulmonary Disease
	Chapter 15 - Fibroblasts
	Chapter 16 - Epithelial Cells
	Chapter 17 - Airway Mucus Hypersecretion in Asthma and COPD- Not the Same
	Chapter 18 - Airway Smooth Muscle
	Chapter 19 - Tracheobronchial Circulation
	Chapter 20 - Pulmonary Vessels
	Chapter 21 - Adhesion Molecules in Asthma and Airway Diseases
	Chapter 22 - Extracellular Matrix

	Part IV- Inflammatory Mediators And Pathways
	Chapter 23 - Prostanoids
	Chapter 24 - Leukotrienes and Lipoxins
	Chapter 25 - Reactive Oxygen Species and Antioxidant Therapeutic Approaches
	Chapter 26 - Chemokines
	Chapter 27 - Cytokines
	Chapter 28 - Matrix Degrading Proteinases in COPD and Asthma
	Chapter 29 - Growth Factors
	Chapter 30 - Nitric Oxide
	Chapter 31 - Transcription Factors
	Chapter 32 - Neural and Humoral Control of the Airways

	Part V- Pathogenic Mechanisms In Asthma And COPD
	Chapter 33 - Pathophysiology of Asthma
	Chapter 34 - Pathophysiology of COPD

	Part VI- Triggers Of Asthma And COPD
	Chapter 35 - Allergens
	Chapter 36 - Occupational Agents
	Chapter 37 - Infections
	Chapter 38 - Exercise as a Stimulus
	Chapter 39 - Atmospheric Pollutants
	Chapter 40 - Drugs

	Part VII- Clinical Assessment Of Asthma And COPD
	Chapter 41 - Diagnosis of Asthma and COPD
	Chapter 42 - Non-invasive Assessment of Airway Inflammation
	Chapter 43 - Quantitative Imaging of the Lung
	Chapter 44 - Systemic Manifestations

	Part VIII- Therapies For Asthma And COPD
	Chapter 45 - Cardiovascular Effects
	Chapter 46 - Allergen Avoidance
	Chapter 47 - Smoking Cessation
	Chapter 48 - β2-Adrenoceptor Agonists
	Chapter 49 - Anticholinergic Bronchodilators
	Chapter 50 - Theophylline
	Chapter 51 - Corticosteroids
	Chapter 52 - Mediator Antagonists
	Chapter 53 - Antibiotics
	Chapter 54 - Long-Term Oxygen Therapy
	Chapter 55 - Immunomodulators
	Chapter 56 - Pulmonary Vasodilators in COPD
	Chapter 57 - Ventilator Support
	Chapter 58 - Pulmonary Rehabilitation
	Chapter 59 - Surgical and Other Mechanical Procedures
	Chapter 60 - Other Therapies
	Chapter 61 - Future Therapies
	Chapter 62 - Health Economics in Asthma and COPD

	Part IX- Clinical Management Of Asthma And COPD
	Chapter 63 - Management of Chronic Asthma- In Adults
	Chapter 64 - Asthma Exacerbations
	Chapter 65 - Pediatric Asthma- How Early Life Events Cause Lifelong Respiratory Disease
	Chapter 66 - Treatment for Stable COPD
	Chapter 67 - Acute Exacerbations of COPD
	Chapter 68 - Education and Self-Management




