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Preface to the 2nd Edition

In the 6 years since the publication of the first 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 firmly 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 differences 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? The answer is simple. The 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 find 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
Jeffery M. Drazen
Stephen I. Rennard
Neil C. Thomson
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Definitions,
Epidemiology, ano
Genetics of Asthma
and COPD




Definitions 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-
flow obstruction the hallmark of asthma, and
irreversible airflow obstruction the hallmark of
COPD. Better understanding of both diseases
has brought new definitions that acknowl-
edge the overlap and highlight the similarities
and differences between them. The important
change in our understanding is the recognition
that chronic inflammation underlies both dis-
eases. The nature of the inflammation differs,
however, as does the response to anti-inflam-
matory medications, as described in detail in
later chapters. This 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.

Asthma

Most of the definitions for asthma have empha-
sized the characteristics of fluctuations over
time in bronchoconstriction and the reversible
nature of the disease [1, 3]. As the pathophysi-
ological basis of asthma became clearer, defini-
tions began to include a statement about the
pathological characteristics. The 2006 revision

Definitions

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

a chronic inflammatory disorder of the air-
ways in which many cells and cellular ele-
ments play a role. The chronic inflammation
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. These episodes are usually associated with
widespread, but variable, airflow obstruction
within the lung that is often reversible either
spontaneously or with treatment.

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

COoPD

Until quite recently, definitions of COPD used
to include the terms “chronic bronchitis” and
“emphysema”. The GOLD Guidelines, first
published in 2002 [6], and revised in 2006
[2], the American Thoracic 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. The main reason for this is that
the use of many different terms for COPD has
led to confusion on the part of health-care pro-
viders and the public. This in turn has stood in
the way of COPD becoming widely recognized.

CHAPTER



Asthma and COPD: Basic Mechanisms and Clinical Management

The 2006 revision of the GOLD guidelines [2]defines
COPD as:

a preventable and treatable disease with some significant
extrapulmonary effects that may contribute to severity in
individual patients. Its pulmonary component is charac-
terized by airflow limitation that is not fully reversible.
The airflow limitation is usually progressive and associ-
ated with an abnormal inflammatory response of the lung
to noxious particles of gases.

This definition 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. This definition also stresses that extrapulmonary
effects [10, 11] are an integral part of COPD and need to be

taken into consideration in the diagnosis and management.

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
airflow obstruction, to the concept of them as very differ-
ent diseases, and most recently to them both being inflam-
matory diseases with important similarities and differences,
a theme that is taken up more fully in subsequent chapters.
The present thinking is illustrated in Fig. 1.1 from the 2006
GOLD guidelines, which shows both diseases involving an
inflammatory response that causes airflow limitation, but
through gene—environment interactions with different sen-
sitizing agents, cell populations, and mediators. The airflow
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 reflect
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 inflammatory cells; some patients with longstanding
asthma develop the pathological features of COPD.
Although the similarities between the diseases are
striking, it is the differences in the inflammatory processes
between the two diseases that define their natural histories,
clinical presentations, and approaches to management. The
major differences in the pulmonary inflammation between
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TABLE 1.1 Differences in pulmonary inflammation in COPD and asthma.

Cells

Key mediators

Oxidative stress

Site of disease

COopPD

Neutrophils ++
Macrophages +++
CD8™ T-cells (Tc1)

IL-8
TNF-o, IL-16, IL-6
NO +

+++

Peripheral airways

Asthma

Eosinophils ++
Macrophages +
CD4™ T-cells (Th2)

Eotaxin
IL-4, IL-5, 1L-13
NO +++

+

Proximal airways

Definitions

Severe asthma

Neutrophils +
Macrophages
CD4™ T-cells (Th2), CD8™ T-cells (Tc1)

IL-8
IL-5, IL-13
NO ++

+++

Proximal airways

Lung parenchyma
Pulmonary vessels

Consequences Squamous metaplasia
Mucous metaplasia
Small airway fibrosis
Parenchymal destruction

Pulmonary vascular remodeling

Response to therapy Small b/d response

Poor response to steroids

Source: From Ref. [2] with permission.
Notes: NO: nitric oxide; b/d: bronchodilator.

asthma and COPD are described in Table 1.1 from the
2006 GOLD report. These differences are further explored
in later chapters.

Severity classification

Both asthma and COPD are often stratified by severity,
but the reason for this stratification is different for the two
conditions. In the 2006 GINA guidelines, the emphasis has
changed from using a severity classification to guide man-
agement to using a classification based on asthma control to
guide management. The GINA guidelines now recommend
that asthma classification based on severity should now only
be used for research purposes. Tables 1.2 and 1.3 show the
GINA severity classifications based on lung function and
asthma control, respectively.

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

Differentiating between asthma
and COPD

It would be easy to differentiate 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 individual, so many

will have the clinical and pathophysiological features of both

Peripheral airways

Fragile epithelium
Mucous metaplasia

T Basement membrane
Bronchoconstriction

Large b/d response
Good response to steroids

Smaller b/d response
Reduced response to steroids

TABLE 1.2 Classification 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, or PEF = 80% predicted

® PEF or FEV, variability < 20%

Mild persistent

Symptoms more than once a week but less than once a day
Exacerbations may affect activity and sleep

Nocturnal symptoms more than twice a month

® FEV, or PEF = 80% predicted

® PEF or FEV; variability < 20-30%

Moderate persistent

Symptoms daily

Exacerbations may affect activity and sleep
Nocturnal symptoms more than once a week
Daily use of inhaled short-acting 32-agonist
® FEV, or PEF 60-80% predicted

® PEF or FEV, variability > 30%

Severe persistent

Symptoms daily

Frequent exacerbations

Frequent nocturnal asthma symptoms
Limitation of physical activities

® FEV, or PEFs 60% = predicted

® PEF or FEV, variability > 30%

Source: From Ref. [1] with permission.
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TABLE 1.3 Levels of asthma control.

Controlled (all of the

Characteristic following)

Daytime symptoms None (twice or less/week)
Limitations of activities

Nocturnal symptoms/awakening
Meed for reliever/rescue treatment None (twice or less/week)

Lung function (PEF or FEV,)? Normal

None Any
None Any

More than twice/week

Partly controlled (any measure
present in any week)

Uncontrolled

More than twice/week

Three or more features of partly
controlled asthma present in any week

<80% predicted or personal best

(if known)

Exacerbations None

Source: From Ref. [1] with permission.
@Lung function is not a reliable test for children 5 years and younger.

One or more/year®

Once in any week®

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

By definition, an exacerbation in any week makes that an uncontrolled asthma week.

TABLE 1.4 Spirometric classification of COPD severity based on post-
bronchodilator FEV;.

Stage 1: Mild FEV,/FVC < 0.70

FEV; > 80% predicted

Stage Il: Moderate FEV,/FVC < 0.70

50% < FEV, < 80% predicted

Stage lII: Severe FEV,/FVC < 0.70

30% < FEV, < 50% predicted

Stage IV: Very severe FEV,/FVC < 0.70
FEV; < 30% predicted or FEV, <
50% predicted plus chronic

respiratory failure

Source: From Ref. [2] with permission.

Notes: FEV,: forced expiratory volume in 1s; FVC: forced vital capacity: respiratory
failure: arterial partial pressure of oxygen (PaQ;) less than 8.0kPa (60 mmHg) with
or without arterial partial pressure of CO, (PaCO,) greater than 6.7 kPa (50 mmHg)
while breathing air at sea level.

diseases. This makes differentiating the diseases sometimes
challenging for the clinician, especially in older adults who
are or have been smokers.

'The 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. Therefore, 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. This is not necessarily true in developing countries

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 airflow 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 airflow limitation

Source: From Ref. [2] with permission.

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]. The 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 airflow 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
deficiency is the model for such a genotype.

Pulmonary function tests can also provide guidance.
Both diseases are characterized by airflow 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 defined by irreversible



airflow 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
flow (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. The GINA guide-
lines [1] recommend that reversibility be defined as a =20%
improvement post-bronchodilator in the 1-second forced
expiratory volume (FEV;) or peak flow (PEF). GINA fur-
ther defines variability as a diurnal variation in PEF of more
than 20% (with twice daily reading, more than 10%).

The GOLD COPD guidelines [2] recommend that
spirometry be used to establish that the airflow limitation is
not fully reversible (defined as a post-bronchodilator
FEV{/FVC ratio of <0.7 and FEV; < 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.

Not acknowledged in the definitions is the fact that long-
standing asthma can lead to airway remodeling and partly
irreversible airflow obstruction [16]. So, in many (but not
all) with longstanding asthma, there is an appreciable com-
ponent of chronic irreversible airflow 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]. This complicates
the diagnosis of asthma in older adults, and requires that
the goals of treatment be modified 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 airflow 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.

'The definition of asthma highlights the importance of exac-
erbations as a feature of asthma, and emphasizes the fluctua-
tions of the disease [1, 3]. The definition 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].

Definitions

Definitions for both asthma and COPD have limitations since
they can reflect only our current understanding of the diseases,
which is quite limited. Both diseases will continue to be rede-
fined as our understanding of them deepens, and as new effec-
tive preventive strategies and treatments become available.
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Asthma

The study of asthma epidemiology has been
plagued by lack of consensus regarding standards
for diagnosis. Most definitions have included var-
iable airflow obstruction, but asthma is a clinical
syndrome, without a widely accepted case defini-
tion. Epidemiology studies have used question-
naires to assess for the presence of disease, but are
limited by recall and misclassification 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 physician-diagnosed
asthma versus a sensitivity of greater than 90% in
clinic studies [3]. A standard definition of asthma
is as a chronic inflammatory disease of the air-
ways. A commonly referenced formal defini-
tion is that promulgated in the Global Initiative
for Asthma (GINA) guideline, which defines

asthma as

a chronic inflammatory disorder of the airways
in which many cells and cellular elements play a
role. The chronic inflammation 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.
These episodes are usually associated with wide-
spread but variable airflow obstruction that is
often reversible either spontaneously or with
treatment [4].

Epidemiology

However, this definition is non-specific
and does not provide absolute criteria to facili-
tate differentiating asthma from other airway
diseases [5].

Beyond definitions, there are differences
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]. This 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 fixed or only partially
reversible. The diagnosis of COPD attached to
a given patient varies depending on the degree
of airflow obstruction considered diagnostic
within a given set of guidelines. Thus the long-
standing lack of international standardization of
criteria for diagnosis of COPD makes under-
standing relative incidence and prevalence quite
challenging. This is well illustrated by a study by
Lindberg ez al. [7], who compared COPD prev-
alence rates using European Respiratory Society
(ERS), British Thoracic Society (BTS), Global
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(GOLD), and clinical and spirometric American Thoracic
Society (ATS) criteria. In this study, ERS criteria revealed a
14.0% prevalence of COPD, BT criteria 7.6% prevalence,
GOLD criteria 14.1% prevalence, clinical ATS criteria
12.2% prevalence, and spirometric AT'S criteria 34.1%.

This example highlights the difficulty of comparison
between international studies/standards and the efforts to
understand COPD epidemiology on a global scale. Similar
prevalence differences 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
refine and promote standardization of a COPD definition.
The GOLD has defined COPD as

a preventable and treatable disease with some significant
extra pulmonary effects that may contribute to the severity
in individual patients. Its pulmonary component is char-
acterized by airflow limitation that is not fully reversible.
The airflow limitation is usually progressive and associ-
ated with an abnormal inflammatory response of the lungs
to noxious particles or gases [10].

GOLD stages are defined using post-bronchodilator
spirometry, with an FEV/FVC ratio of less than 0.7 defin-
ing the presence of obstruction, and the FEV; reduction
translating into the severity of COPD. A key element of
this updated definition is that it includes capturing features
of extra-pulmonary co-morbidities which have relevance
for disease severity [11]. The 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 definitions, but international
efforts have been developed to rectify this. Definitions of both
diseases include both symptoms and spirometric features.
Refining the standardization of clinical diagnosis will facili-
tate comparability in epidemiological studies. However, given
the wide variability in disease definitions for both diseases,
comparisons of studies of asthma and COPD between popu-
lations and between countries must be viewed in the light of
differences 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
refinement of these guidelines is an important goal.

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 common
hormonal influence 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
person-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. The
most significant increase was in children aged 1-14 years,
suggesting a potential cohort effect 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]. This study by de Marco and colleagues focused
on a cohort of 5002 subjects without asthma and with nor-
mal lung function. The 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 ez al. [25], and a 9-year cumulative
incidence of 6.1% in a study by Johannessen ez al. [26].

Trends in the prevalence of obstructive lung disease have
been suggested by an analysis of the Third National Health
and Nutrition Examination Survey (NHANES III) [27].
This survey included subjects with asthma, chronic bron-
chitis, and emphysema (Fig. 2.1). In this cohort, the case
definitions were a physician diagnosis of chronic bronchitis,
asthma or emphysema, respiratory symptoms, and low lung
function. Of note, the investigators defined low lung func-
tion as present when the FEV/FVC ratio was <0.70 and
the FEV was less than 80% of predicted. Of the investigated
population of 20,050 adults, 6.8% had low lung function as
thus defined; 7.2% of the population had an FEV/FVC
ratio less than 0.70 with an FEV; 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 significant 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. This trend was demonstrated in all age
and race strata as well as in both genders. The 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].

The 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 The Republic
of Ireland [15]. In parallel with urbanization, the rates of
asthma have increased in developing countries as well.

The 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 defining preva-
lence rates, the ISAAC study represents an effort to estab-
lish an international standard to facilitate comparability of
data from epidemiological studies of asthma. The 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 first the trends
for smoking in populations. Although projected smoking rates
throughout the world have increased, smoking prevalence in
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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.

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). The 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 ez 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.

The World Health Organization prediction is that by
2020 COPD will rise from being the twelfth to the fifth
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]. These 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 definitions. The 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 Espafia) was a population-based study of prevalence of
COPD in Spain [45]. The prevalence of COPD in this
population (26% current smokers, 24% ex-smokers, 76%
men), defined according to ERS criteria, was 9.1%. Only
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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.

The high-prevalence estimates for both asthma and
COPD have translated into significant 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 definitions 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 efforts under-
way to standardize the definitions used in studies to enhance
comparisons of incidence, prevalence, and burden of disease.

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 countries,
including the United Kingdom, Canada, and the United
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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, office 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
definitions; more than half of the discharge diagnoses were
non-specifically 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.

Asthma

'The 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]. The 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 differences in recording statistics of cause of
death [62]. There is variability in the mortality rates ascribed
to asthma, with significant 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 difficult also because of the
lack of standardized definitions for the disease, and because
of environmental, genetic, socioeconomic, and occupational
influences unique to a given population.
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Countries shaded according to case fatality rate (per 100,000 asthmatics)
- >10.0 - 0-5.0 |:| 5.1-10.0 |:| 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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FIG. 2.5 Age-adjusted death rates for COPD by country and sex, for individuals aged 35-77. The year of data is shown in parentheses. Reproduced from Ref.

[12], with permission.

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 respectively)

[64]. In longitudinal 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. These differences



may be accounted for in part by different smoking behav-
iors, which include tobacco type, along with other environ-
mental, infectious, and genetic factors. Differences among
these death rates are striking (Fig. 2.5), but again lack of
standardization in coding practices and death certification
as well as practice differences 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. Differences in
death rates for asthma and COPD between countries are
multifactorial (genetic, environmental, occupational, socioe-
conomic), but differential coding of cause-of-death statistics
hinders accuracy of estimates for both diseases.

Burrows and colleagues [38] have demonstrated that,
for a given level of tobacco smoke exposure, FEV; varies
substantially (Fig. 2.6). In addition, the dose—effect relation-
ship between cigarette smoking and FEV; decline depends
on the year of life when an individual is exposed. Dose and
timing of tobacco smoke exposure have a differential effect
on FEV; depending on the stage of the life cycle (Table 2.1).
Cunningham e# al. [66] observed that maternal smoking
during pregnancy resulted in a 1.3% reduction in FEV; when
children were 8-12 years old. Tager e# al. [67] found that

adolescents who smoke when aged 15-20 have an estimated
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8% reduction in FEV;. The Vlagtwedde/Vlaardingen study
[68] demonstrated a large effect of cigarette smoking in
decreasing maximal lung function in individuals less than
age 20; this effect exceeded the effect 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) inflammation. 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]. There has also been a suggestion that
non-specific 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 follow-up,
the odds ratio for asthma among those exposed to maternal
smoking was 3.8 [81].

As noted above, the single most significant 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 individuals

—-18S.D. Mean +1S.D.
T
Median
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FIG. 2.6 Distribution of percentage predicted forced expiratory volume in 1s (FEV;) in adults with varying smoking histories as measured in pack-years. The
proportion of smokers with normal flow decreased with increasing pack-year histories. Yet, many have near-normal FEV, 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; of 60% of predicted or less. Reproduced from Ref. [38], with permission.
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TABLE 2.1 Effects of cigarette smoking at different stages of the life cycle.

FEV, reduction

Life phase Total FEV, (ml/year per
(gender) Cigarette dose reduction packs/day)
In utero Variable exposure ~ 27.3ml? 36
(Mand F) for 9 months

Adolescence 15 cigarettes/day 390 ml 104
(M) for 5 years®

Adolescence 10 cigarettes/day 340ml 136

(F) for 5 years®

Adult (M) Variable N/A 13¢
Adult (F) Variable N/A 7¢

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.

@Adjusted for gender and maternal smoking in the past year; based on 1.3% reduction
and mean FEV; = 2.11, 1 pack/day in smoking mothers during pregnancy is assumed
for relative FEV, reduction (Ref. [65]).

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

“Estimated values (Ref. [67]).

who smoke will go on to develop COPD. Among those
smokers already with a decreased FEV, 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; between 55% and 90%)
who continued smoking for 5 years had further losses of
several hundred milliliters of FEV; [82]. However, COPD
has been identified 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 affluent individuals
[83]. Recent data from NHANES III suggests that 25% of
cases of COPD in the United States occurs in lifelong non-
smokers [84], a finding that is echoed by estimates of 23%
in the United Kingdom [85] and 23% in Spain [86]. These
observations reinforce that although cigarette smoking is the
most important risk factor for COPD, it is not necessary for
the development of irreversible airflow obstruction.

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

Allergy

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

immunoglobulin by sensitized lymphocytes. Elevations in
specific IgE and/or total IgE, total eosinophil counts, and
skin test reactivity to specific 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. The decline in skin test reactivity
after age 35 confounds the measurement of this phenotype
in older individuals. This reported association between skin
test reactivity and decline in FEV; is not consistent in the
literature. In retrospective studies, Taylor ez al. [87] and Frew
et al. [88] demonstrated no relation of skin test positivity to
decline in FEV;. However, Gottlieb ez a/. [89] investigated
this prospectively in the Normative Aging Study and found
that skin test positivity predicted increased annual rates of
decline in both FEV; and FEV/FVC ratio.

Allergic inflammation 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 influ-
ence childhood asthma and limit maximal lung function,
accelerate FEV decline, and potentially enhance interaction
with cigarette smoking to result in FEV; decline progressing
to the development of COPD [93]. Hargreave and Leigh
[94] demonstrated, in a subset of COPD patients, that eosi-
nophilic inflammation 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/FVC
ratio has been observed [95]. These 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 define indi-
viduals susceptible to the development of obstructive lung
disease. This 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 influence 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]. The 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].



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 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 effects of ciga-
rette smoke and had an accelerated decline in FEV; [104].
Thus, airway hyperresponsiveness, together with features of
allergy and smoking, likely represent common risk factors for
both asthma and COPD.

Gender/sex-related influences

The 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) influences.

The epidemiology of asthma is characterized by age-
related sex differences. Asthma and wheezing have been
demonstrated to be more prevalent in young boys than
young girls [20]. This 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 ef 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, per pack-year of cigarette smoked, when compared
to male smokers. Mannino ¢f a/. [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 reflecting 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 effects of tobacco smoking [113],

Epidemiology

more susceptible to develop severe early-onset COPD [14],
have worse quality of life [114], and higher mortality from
COPD [115] than men. These gender/sex differences most
likely represent influences 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. The prevalence of COPD in women
is increasing, in keeping with the historical trends of ciga-
rette smoking and disease. The gender and sex differences
between asthma and COPD highlight the importance of
hormonal and genetic influences relevant to disease expres-
sion in men versus women.

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 different 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 differing 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]. The association of lower socioeconomic
status with increased asthma prevalence is most likely mul-
tifactorial: the effects 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 e7 a/ [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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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]. There
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 iz ufero 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 affected 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]. The 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.

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. Thus,
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. These
intermediate phenotypes represent definable 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.

The most clearly defined (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 defined as syndromes,
and the definitions 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 fixed airflow
obstruction, and hence asthma and COPD at the same time.

The importance of early life and i utero events for the
subsequent development of disease is a theme that is com-
mon to a variety of complex traits. These same issues also
present themselves with disorders of the airways. The 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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There 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). The 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 disease are extremely effec-
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. These 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 insufficient 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]. This
overlap may be explained by the fact that asthma

Natural History

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

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

There is first 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. This model applies to both asthma
and COPD, as they are both likely to represent
heterogeneous diseases with multiple ways to
reach final 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 susceptibility
were identified that could be measured during
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FIG. 3.1 Hypothetical representation of the natural history of a chronic
condition. For explanation see text.

this pre-illness phase. But the absence of a marker in a spe-
cific individual may not exclude susceptibility if that is not the
pathway that may be active in that individual. Thus, because
the marker phenotype may be influenced by determinants
other than the factors that influence asthma or COPD risk,
ascertainment of a marker may be fraught with difficulties.
This “context-dependency” [5] of the phenotypes of markers
of disease creates a further layer of complexity for the identifi-
cation of susceptible individuals.

The 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 modified 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 affected 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 history becomes essential.

Asthma is a heterogeneous condition, and one of the main
obstacles in understanding its natural history has been
the lack of well-defined markers for the different disease
phenotypes grouped under this common label. This hurdle
has been addressed lately by a series of longitudinal studies
that have assessed incidence and prevalence of asthma
at different ages or defined the outcome of persons with
asthma-like symptoms enrolled at different ages and espe-

cially during childhood [6-13].

Most cases of chronic, persistent asthma
start in early life

Several longitudinal studies have confirmed that, in most
cases of chronic, persistent asthma, the initial clinical
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FIG. 3.2 Hypothetical yearly peak prevalence of wheezing for three
different phenotypes in childhood. Prevalence for each age interval should
be the sum of the areas under each curve. The dashed curves suggest
wheezing can present different curve shapes due to many different factors,
including overlap of groups. Adapted from Ref. [15].

manifestations of asthma occur during the first 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 different 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]. Thus it is difficult 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).
The great majority of infants who wheeze during the first
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. This condition, which has been
identified as transient wheezing of infancy [16], is the most
frequent form of recurrent airway obstruction in this age
group, affecting over two-thirds of all infants with asthma-
like symptoms. The 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 first 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]. This has suggested the possibility
that both inherited and acquired characteristics of the lung,
the airways, or both may create the structural conditions for



the development of airway obstruction during lower respi-
ratory illnesses [18].

'The 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 airflow 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,5_s,
FEV, and FEV/FVC ratio values, throughout childhood
as compared with their peers who did not wheeze in the
first 6 years of life [22]. It is established that individuals
who enter adulthood with lung function deficits 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.

'The factors that determine enduring or newly devel-
oped abnormalities in lung function during the first 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 ez a/. [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. They 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 Alfernaria, inception of the disease had
occurred mainly during the first 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).

The 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
different in these two groups. Support for this contention
comes from a slightly different analysis of the data from
the same cohort on which Halonen and coworkers based
their report quoted above. Stein e a/. [14] assessed the out-
come of children with confirmed 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. They found that, as previously reported, risk
of wheezing during the school years was higher in children
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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].

with a history of RSV-LRI than in those with no such
history. However, the risk decreased with age and was not
statistically significant by early adolescence. There was also
no association between RSV-LRI and subsequent risk of
sensitization to local aeroallergens either at age 6 or at age
11 years. The only factor that was strongly associated with
RSV-LRI in early life was diminished baseline levels of
FEV, as measured at age 11. Interestingly, these deficits
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 different 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-
fined to the first 3 years of life, may be associated with
long-term lung function deficits. Other children who
wheeze during viral infections in early life continue to have
recurrent respiratory symptoms during the early school
years. This 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

There 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
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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 specific IgE is well established, the
nature of the association is not well understood. For years
it was thought that sensitization to specific allergens, espe-
cially in early life, was a cause of asthma [28], and that
development of specific IgE against these allergens was the
first step in the natural history of the disease. The 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 significantly higher
IgE levels than nonasthmatic children [31]. These obser-
vations suggest that, regardless of the nature of the asso-
ciation between elevated IgE and asthma, this link is not
allergen-specific.

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]. These relationships remained significant after adjusting
for the intensity and other characteristics of parental atopy,
supporting independent effects 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 specific allergen, but more likely is an alteration in the
regulation of responses to many different antigens with
the potential of eliciting IgE responses, and especially to
aeroallergens. IFN~ 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~ production from polyclonally stimu-
lated peripheral blood mononuclear cells in the first year of
life and the subsequent development of both allergic sensi-
tization and asthma-related respiratory symptoms. Reduced
IFN~ 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 Th2 skewed polarization of the
immune system, and affect airway growth. Whether deficits
of early IFN~ 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.
These 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].

The 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-confirmed diagnosis of asthma expe-
rienced wheezing at some point during adolescence. These
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.

This link between severity and persistence of asthma
has been confirmed by long-term prospective studies that
have followed cohorts of children into mid-adult life. The
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. These 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]. The 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 first 7 years of
life was obtained retrospectively at age 7. Similarly, in the
Dunedin Multidisciplinary Health and Development Study
(New Zealand) parents completed first 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 first contacted at age 7



[10]. Two thousand randomly chosen individuals were
re-examined when they were 29-32 years of age.

'The most important findings 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 significantly with age. This second
point is important because it reflects 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.

e Children enrolled in the Melbourne study were divided
at the time of enrollment into five groups according to
their previous history of wheezing: a control group (no
wheezing), a group with mild wheezy bronchitis (less
than five lifetime episodes of wheezing associated with
colds), a group with wheezy bronchitis (five 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].

e 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].

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

e 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 significantly higher prevalence of allergic
rhinitis at age 35. In the British cohort, allergic symptoms
(e.g. allergic rhinitis or eczema) were significantly 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 significantly associated with
persistent wheezing at ages 29-32.

Childhood deficits in lung function are another fac-
tor that has been consistently associated with persistence
of asthma into adult life across different cohorts. In the
Tasmanian, the Melbourne, and the Dunedin studies, low
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lung function as measured in early school age was a sig-
nificant predictor of subsequent persistent wheezing. In the
Melbourne study, lung function for each subgroup of sub-
jects classified 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 deficits
in lung function were used to classify them as having severe
asthma in the first place. When compared with their peers,
these children did not show further deficits 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;/
FVC ratio from age 9 up to age 26, as compared with con-
trols. The mean deficit was almost 7%, but no significant
differences in the slopes of change in the FEV/FVC ratio
were found between persistent wheezers and controls. Thus,
persistent wheezers had decreased values of FEV/FVC, but
not steeper slopes of decline. These findings are very rele-
vant for our understanding of the natural history of COPD,
and will be discussed in more detail below.

'The 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 PCyy < 8mg/ml or
an increase of FEV| > 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 significantly 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 finding 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]. The 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. This
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]. These findings 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 inflammation,
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.

According to the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) [50], the pulmonary component
of COPD is characterized by airflow limitation that is not
fully reversible, usually progressive, and associated with
an abnormal inflammatory response of the lung to nox-
ious particles or gases. Thus, the natural history of COPD
overlaps extensively with that of the level of lung function
(usually FEV, expressed as percent of predicted value in
relation to a certain height) during adulthood. Three 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 significant decline in lung func-
tion growth during the first years of life (line “b”in Fig. 3.4).
The 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. The level of lung function attained by late adoles-
cence or early adult life will thus be lower. Through 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). This

may obviously occur both in individuals with a normal level
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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): (@) 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].

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.

The 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

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

o the level of lung function at birth,

e the incidence of lower respiratory illnesses during the
first years of life,

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

Level of lung function at birth

'The 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 possible 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 significant 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]. This may explain, at least in

part, the strong association between lower respiratory illness



in early life and level of lung function in late childhood and
early adulthood (see the discussion below).

'The factors that determine growth of lung and air-
ways in utero are only partly understood. The 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 flows at functional residual capacity
(VaxFRC) throughout the first 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 influencing airway function and predisposing to
obstructive lung disease is not well understood. Maternal
smoking during pregnancy is associated with lower levels
of V. F'RC 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]. The effects of intrauterine expo-
sure to tobacco smoke products persist for the first year
of life [56], and even beyond the first year up to the early
adolescent years [59].

Independent of what factors determine in ufero lung
growth, evidence has been accumulating that lung func-
tion at birth affects lung health far beyond infancy. In addi-
tion to the well-established association between reduced
Vo' RC shortly after birth and wheezing in the first years
of life [18, 56, 59, 60], recent studies have associated lung
function measured in the first month of life to persistent
wheezing and asthma at 10-11 years [54, 61]. Turner ez al.
found wheezing at 11 years to be associated with a reduced
mean z score for 7, FRC at 1 month of age [54], whereas a
reduced fraction of expiratory time to peak tidal expiratory
flow to total expiratory time (tprpp/tg) 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 tprgp/tg at birth did not cor-
relate with FEV; or FVC at 10 years of age. These findings
are complemented by results from the Tucson Children’s
Respiratory Study, in which we found 7, FRC measured
at 2 month of age to correlate strongly with FEV; and the
FEV/FVC ratio assessed at age 11, 16, and 22 years [55].
Participants in the lowest quartile for infant V,,, FRC had
a 5% mean deficit in the FEV/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 influence 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 first 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
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of lung function [63]. This 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].
'The 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 deficits 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. Therefore, 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 significant 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 significant linear trend was found between birth
weight and FEV; at age 45-50 years after adjusting for
confounders, including smoking [65]. This association was
confirmed by a recent meta-analysis [66] of eight stud-
ies reporting a pooled increase of 48ml in FEV; per 1kg
in birth weight. As modest as this association may appear,
these findings support a direct influence of in utero growth
on lung function in adulthood. However, another very long-
term study in England provides evidence in support of addi-
tional effects 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, and respiratory symptoms were the main
outcome variables. The main early life determinants of the
level of FEV] in old age were birth weight and history of
bronchitis or pneumonia in infancy, and these effects were
independent of smoking habit and social class. These data
would thus suggest that both intrauterine growth (and
presumably lung development) and lower respiratory ill-
nesses during the first years of life exert independent effects
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 significant 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 inflammation is associated with significant
lung remodeling and that the latter fosters a significant
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. The
Childhood Asthma Management Program (CAMP) study
was specifically designed to test the hypothesis that mild to
moderate childhood asthma is associated with significant
deterioration in airway growth and that treatment with
inhaled anti-inflammatory 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; was considered the outcome variable,
because pre-bronchodilator FEV; could be affected by the
degree of activity of the disease at the time of testing. The
results of the study showed that, although children with
asthma have levels of lung function that are significantly
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-inflammatory therapy. Moreover, system-
atic treatment with anti-inflammatory therapy improves
bronchial hyperresponsiveness, but is not associated with a
significant improvement in lung function with time. Based
on these findings, more recently the Prevention of Early
Asthma in Kids (PEAK) trial was designed to determine
whether the lack of sustained effects 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 effects
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 beneficial effects 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. The 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 affects lung function
through mechanisms that are at least partly unrelated to
airway inflammation 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 ez a/.
[72] observed that, between the ages of 17 and 19 years,
when growth in height had stopped, FEV; 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 effects on the
plateau level of lung function. Holberg ez al. [73] showed
that, at age 16, the level of lung function achieved by males
who had started smoking was significantly lower than
that of those who had not. No such effect 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. The role of ciga-
rette smoking has been clearly and consistently established.
Camilli ¢f al. [74] examined changes in FEV; 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; as
compared with nonsmokers. The 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; val-
ues that were similar to those of nonsmokers. The authors
also examined the effect of quitting smoking on the decline
of FEV. In subjects younger than 35 years, quitting smok-
ing during follow-up was associated with an actual increase
in FEV;. 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 effect 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 confirmed 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



impairment (<55% FEV/FVC ratio) at the beginning of
the study. They reported that a more favorable rate of change
in FEV; was not only associated with fewer pack-years of
smoking but also with less nonspecific bronchial hyperreac-
tivity and a higher degree of reversibility of airflow obstruc-
tion. These effects were independent of baseline FEV 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
inflammatory process and to what extent this inflammatory
process differs from that associated with bronchial hyperre-
sponsiveness in asthma remain at present open questions.

Airway inflammation and its structural seguelae 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; 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
effects 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 significantly faster decline of FEV than infrequent exac-
erbators. Lower respiratory illnesses had a similar deleteri-
ous effect on decline of FEV; over 5 years among smokers
in the Lung Health Study [91].

Of note, airway infections may also affect 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]. This effect was inde-
pendent of a current or past diagnosis of asthma. It thus
appears that intrinsic factors that modify the effects of
smoking may be related to events occurring during the first
years of life. This 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 effects 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 significant 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 identification of the genetic com-
ponents of COPD, as well as of those of asthma, is proving
a challenging task and at present deficiency of al-antit-
rypsin remains the only established genetic risk factor for
this disease.

Natural History

It is not uncommon in the clinical setting to observe
patients with asthma showing COPD-like phenotypes,
and wvice versa. Consistently, it has been long known that
diagnoses of asthma, chronic bronchitis, and emphysema
are frequently associated at the population level [2]. This
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 significant
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 airflow 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 deficits can develop mainly as a result
of either lower FEV; levels at the beginning of adult age
or an accelerated FEV; 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 significant
proportion of cases of persistent childhood asthma, lung
function deficits are established before the early adult years,
and track over time. These findings, together with the obser-
vation that, among children who start life with low levels
of lung function, expiratory flows remain lower than those
of their peers throughout childhood and adolescence [22],
point toward the importance of early events in affecting
lung growth and/or airway remodeling in childhood and, in
turn, in influencing 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 findings. In the Busselton
Health Study [95] and in the Copenhagen City Heart
Study [96], asthmatics showed both initial FEV; deficits
at age 20 years and an increased slope of FEV; decline in
adulthood. However, the increase in FEV; decline associ-
ated with asthma was only 4ml/year in the Busselton Study.
A possible reconciliation for these inconsistent results
is provided by a recent study from the TESAOD cohort.
We identified adult participants who had FEV/FVC ratio
consistently lower than 70% (as a hallmark of persistent air-
flow 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 airflow limitation. Persistent airflow 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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FIG. 3.5 Natural history of lung function among participants
in the TESAOD study who had persistent airflow limitation
with or without asthma. The black line refers to subjects with
no asthma and persistent airflow limitation. The red line refers
to subjects with asthma onset =< 25 years and persistent
airflow limitation. The gold line refers to subjects with asthma
onset >25 years and persistent airflow limitation. Predicted

values for subjects with no asthma and no airflow limitation
(healthy controls, green line) are also reported for comparison.
Depicted values represent predicted values for a 175-cm
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Adapted from Ref. [96].

lung function differed substantially between the two groups
(Fig. 3.5), with subjects with asthma onset = 25 years
having lower FEV; levels at age 25 but not steeper FEV;
decline in adulthood as compared with expected values
from healthy controls. In contrast, subjects who developed
persistent airflow limitation but had no asthma showed only
moderate FEV deficits at age 25 years but had greater than
expected FEV; 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; deficits in young adulthood and accelerated
FEV; decline thereafter.

Taken together, findings 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 airflow limitation through
pathways that are independent of smoking and related to
allergic and eosinophilic inflammation; (3) among sub-
jects who had severe and/or persistent asthma in childhood
significant deficits in lung function are already present in
early adult life; (4) during adulthood accelerated decline of
FEV; might be present for subgroups of asthmatics, but this
accelerated decline is likely to account for a limited propor-
tion of the asthma-related deficits in lung function up to
mid-adult life; (5) childhood versus adult-onset asthma may
be associated with a different natural history of lung func-
tion that might explain part of the inconsistencies of results
on FEV] decline in asthmatics across different studies.

The 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 different 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 airflow 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 different trajectories by which patients with
traditional COPD and patients with asthma may develop
chronic airflow 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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Genetics of Asthma and COPD

It is now a well-established fact that genetic fac-
tors contribute to the development of asthma and
chronic obstructive pulmonary disease (COPD).
This 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.

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

The first 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 fit 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. The
identification of alpha 1-antitrypsin (AAT)
deficiency in the 1960s proved that genes could
influence COPD susceptibility [2]. AAT defi-
ciency is largely caused by homozygosity for
the Z allele (P1 ZZ) at the SERPINA1 locus,
although multiple other rare deficiency alle-
les have been identified. 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 confirmed
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
deficiency is also influenced 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 confirmed
familial aggregation of COPD, probably related
to gene-by-smoking interactions. Silverman and
colleagues found that first-degree relatives of
severe, early-onset COPD subjects who smoke,
had an approximately threefold increased risk
of airflow obstruction and chronic bronchitis
[5]; nonsmoking relatives had increased risk for
abnormalities in sensitive spirometric measures
such as FEF25-75 but not for severe airflow
obstruction [6]. McCloskey and colleagues con-
firmed 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, different genes can be involved
in the same phenotype (genetic heterogeneity) or the
same genotype may result in different phenotypes (pleiot-
ropy). Mutated genes do not always express the phenotype
(incomplete penetrance) and vice versa. The specific phe-
notype under study can be expressed without the genetic
mutation (phenocopy).

The human genome consists of approximately 3 billion base
pairs. The sequence of the whole human genome has recently
been published [8]. The 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. This means that one crossing-over event between
two loci that are one cM apart occurs in every hundred
meioses. The 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.

The 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 finding of linkage between a
particular marker and a phenotype, further fine spaced typ-
ing of genetic markers (fine mapping) is required to pin-
point the exact gene causing the linkage. The 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. The gene is screened for polymor-
phisms, which are tested for association with the disease
or phenotype in question. The results can be interpreted in
three ways, as shown in Box 4.1.

Replication of any genetic study is required to exclude
spurious findings 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 differential 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. The hypothesis that can be tested is
that mutations in the gene with a milder functional effect
can contribute to the development of a complex genetic
disorder in the general population. The gene SPINKS 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 cornification and severe atopic mani-
festations. A common coding polymorphism of SPINKS,
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 first base of the last exon of ELN in an early-onset
COPD subject [16]. This variant, which was not a private
mutation in that pedigree, interfered with the assembly of
the elastic fiber, changed the proteolytic pattern of the ELN
protein, and altered cellular adhesion of the ELN molecule.
'Thus, 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 affected 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 difficult to
sufficiently narrow a region of linkage to just a single gene.
Nevertheless positional cloning in asthma has identified
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.

genotyped variant is very close to the disease gene.

with the trait.

POTENTIAL CAUSES OF GENOTYPE-PHENOTYPE ASSOCIATION

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

2. The trait is determined by one or more genetic variants in linkage disequilibrium with a genotyped variant; that is, a

3. 'The association is the result of population admixture, that is, a certain trait has a higher prevalence in a specific ethnic
subgroup within a mixed population. Any allele with a higher frequency within this subgroup will show association




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 different worldwide populations (http://www.
hapmap.org). This 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. The 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 specific region. If a causal variant is not
genotyped, its effect can be indirectly tested with the corre-
lated tag SNP that has been genotyped.

The 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. This
allows us to undertake genome-wide association studies,
combining the fine mapping and power of association anal-
ysis and the ease of case—control cohort recruitment with
a genome-wide hypothesis—independent approach. These
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, Moffatt and colleagues have per-
formed a genome-wide association analysis in asthma [22].
They identified a region of highly significant 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 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
influencing 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
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the linkage between the markers and a hypothetical disease
susceptibility locus is determined. The 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 significant 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 affection 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].
The 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 identified chromosome
2q, a location of significant linkage to COPD, and chromo-
some 5q, a location of significant linkage to asthma, as likely
locations for genetic influences on FEV/FVC in the gen-
eral population [33]. In an adjacent region on chromosome
2q, Postma and colleagues found significant evidence for
linkage to FEV;/VC in families ascertained through asth-
matic probands [34]. Thus, there may be genetic influences
on asthma, COPD, and pulmonary function in the general
population located within chromosome 2q.

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. There are now over
500 studies that have examined polymorphisms in over 200
genes for association with atopy and allergic disease pheno-
types [35-37]. These 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 five of the candidate genes
that have the best evidence for involvement in asthma sus-
ceptibility (Table 4.1); these genes have been identified in
various ways, including positional cloning (4DAM33) and
positional and/or biological candidates (IL-13, IL-4, IL-4R,
CD-14). We will also review an example from asthma phar-
macogenetics (/DRB2).

Subsequently, we will consider five of the COPD
candidate genes with the strongest evidence for associa-
tion to COPD susceptibility, including positional candi-
dates (TGFBI and SERPINE?2) and biological candidates
(GSTP1, EPHX1, and SOD3) (Table 4.2).
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TABLE 4.1 Summary of positive and negative association studies in the genes ADAM33, IL-3, IL-4, and I[-4Ra with asthma and its related phenotypes.

Studies supporting
association

Studies refuting

Gene association
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Comments

Raby children

Cheng allergic rhinitis
Schedel children. Positive and negative associations with various phenotypes
Jongepier association with FEV, decline

Simpson low lung function in children

Noguchi children

Celedon IL-13 83 trios children
Deichmann IL-13+, IL-4R+

IL-13+

IL-13+

IL-13 + Children

IL-13 + Children

IL-4R +/IL.-4—Children

IL-13 +/IL-4R—

IL-4R+

IL-13+

IL-13+, IL-4+ Interaction+
IL-13+ Children

IL-13+

IL-4R—

IL-13+/Il-4R+ Interaction+
IL.-13+ Children
IL-13+/IL-4+ Children
IL-13+/1-4/1L-4R Children, Interaction—

IL-4+/IL-4R+ Interaction—
IL-13+ Children

IL-4+/ IL-4R+ Children
Children

IL-13+

IL-13+/Il-4+/Il-4R—Interaction+ Children
IL-4R/IL-13 Interaction + Children

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 —.

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, specifically when bron-
chial hyperresponsiveness (BHR) was present, and there
were variations in total and as well as specific IgE levels

[25]. Multiple SNPs within ADAM33 were significantly
associated with asthma and BHR in a US or UK popula-
tion, or with these two populations combined. The 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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TABLE 4.2 Summary genetic association evidence for five candidate genes in COPD.

Studies supporting

Gene association

Microsomal epoxide hydrolase (EPHX1) [75

Glutathione S-transferase P1 (GSTP1) [83]

Extracellular superoxide dismutase (SOD3) [87]

Transforming growth factor beta 1 (TGFB1)

Serpin peptidase inhibitor, Clade E, Member [95]
2 (SERPINE2)

a plus sign (e.g. F + 1 is an intronic SNP after exon F).
The 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], confirming the original finding
(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-
nificant 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 ez 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 significantly associated with excess
decline in FEV; 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; decline at a population

Studies refuting

association Comments
[76] Yoshikawa reported association with COPD severity
[78]
[80]
[81] Hersh found association in their case-control study but
not their family study
[82] Cheng reported association with COPD severity
[84]
[81] He found increased risk for Val105 as opposed to lle105
[82] Cheng found increased COPD risk for combination of

lle105 with GSTM1 and EPHX1 variants

Arg213Gly variant has low frequency

[90]

[92]
Van Diemen found association with COPD affection
status but not FEV, decline

[96]

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 significantly accelerated FEV; 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, 5_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. Thus, in addition to asthma, it seems that
polymorphic variation in ADAM33 also influences the rate
of decline of lung function at a population level, which may
then lead to COPD. Subsequently, the authors confirmed
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. This 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; (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). This may

a1
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then contribute to an accelerated loss of lung function and
contribute as well to BHR. Given the associations with
different SNPs, ADAM33 may have differential function

inducing different phenotypes in men.

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

11-13 and IL-4 are cytokines produced by Th2 cells that are
capable of inducing isotype class switching of B-cells to pro-
duce IgE. They also share a receptor component, IL-4Rq,
which is an important factor in the development or expres-
sion of atopy and asthma. The IL-13 receptor consists of one
IL-4Ra subunit and either a low-affinity IL-13Ral or a
high-affinity IL-13Ra2 subunit. The complete receptor for
IL-4 is composed of one IL-4Ra subunit and an IL-4R~
subunit, or IL-13« subunit (Fig. 4.2). IL-4 and IL-13 are
located on chromosome 5q and share the IL-4 receptor
a-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].
This SNP and two other polymorphisms in the promoter
(A-1512C and C-1112T) showed association with asthma
and IgE regulation in different populations [54, 65]. Results

Lung function (FEV,)

Age (years)
FIG. 4.1The 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.

Type | IL-4
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&
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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 identified 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 GIn551Arg in
the intracellular domain of the IL-4Ra chain, respectively.
Different studies have assessed the effect 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.
The SNP in IL-13 (C-1112T) was previously found to be
associated with BHR in this population. The 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 fivefold.

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]. The
I7.-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.

Three 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]. The risk for asthma increased up to an

IL-13 receptor

I IL-13Ra IL-13Ra

IL-4Ra

FIG. 4.2 Interaction between IL4 and IL13 and their respective receptors, that have some similarities.



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 significant effects. The
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). This study extends the initial findings 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
I1e50Val, respectively) and two in the IL-# gene (the highly
linked SNPs C-589T and C-33T, respectively) were ana-
lyzed concomitantly. While transmission disequilibrium tests
and haplotype analysis showed significant 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. The effects of genetic variation in the IL-4/IL-13
pathway on specific and total serum IgE levels were ana-
lyzed [65]. The authors confirmed a role of IL-13 polymor-
phisms in the regulation of total and specific IgE, but SNPs
in IL-4 and IL4-Ra were only associated with specific 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-13Ral 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
etal. [72] and Chan ef al. [73] found significant interactions
between the genes in the IL-4/IL-13 pathway.

Differences in observations may result from small
study population sizes and from characteristics of the popu-
lation under study, for example the differences due to age,
gender, prevalence of atopy, high- and low-risk population
and so on. Thus the findings 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 specific 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 affinity of the interaction between the
microbial products and TLRs by formation of a receptor
complex. Downstream effects include the upregulation of
accessory molecules and release of cytokines, such as IL-10
and IL-12. These cytokines are potentially important in
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directing the adaptive immune response. The 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].

The initial study by Baldini e a/ [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 effect of CD14 polymorphisms
[105]. A number of recent studies have supported this notion.

Endotoxin. ‘The 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]. The timing, dose, and route of microbial exposures,
such as endotoxin, are likely to interact with genetic influ-
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 specific
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
significantly 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. The type of microbial exposure
during immune system maturation may influence 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].
The 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 1s 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. The mechanism for this interaction could involve
exposure to endotoxin found in cigarettes. Sex differences
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,-adrenergic receptor

'The therapeutic response to betay-agonists is heterogeneous
in asthmatic subjects [113], a finding suggested to be due
in part to genetic variation in the betay-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 Glyl6Arg and the GIn27Glu polymor-
phisms [115, 116]. Many of the early studies on the acute
bronchodilator response to a beta-agonist differed 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 Arglé homozygotes as compared to Glyl6
homozygotes and heterozygotes [119, 120].

The 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 (180pg 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 flow rate (PEF)).
No difference in PEF variation was observed between treat-
ment groups [121]. However, Argl6 homozygotes sig-
nificantly decreased their pre-albuterol PEF with regular
utilization of albuterol therapy, compared to both Arglé
homozygotes receiving as-needed albuterol and Glyl16
homozygotes in either treatment group [121]. The differ-
ence in evening PEF between these groups was 31.6 = 10.2
I/min comparing Argl6 homozygous regular users ver-
sus Glyl6 homozygous regular users (p = 0.002) and
31.1 = 13.0 I/min versus the Arg1l6 homozygous as needed
group (p = 0.02) [122]. Similar differences in morning PEF
were noted (Fig. 4.3).

B,AR desensitization was further evaluated in a

prospective, genotype-stratified study of Argl6Gly on
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FIG. 4.3 Change in morning PEF (Peak Expiratory Flow) with beta-agonist
(albuterol) treatment, according to ADRB2 genetic variants.

treatment-related changes in lung function. Israel ez al
[123] matched asthmatic individuals homozygous Arg/Arg
(n = 37) to those Gly/Gly (n = 41), by level of FEV;. The
genotype-stratified individuals were then randomized in a
double-blind, cross-over study of regularly scheduled gid
albuterol therapy versus placebo over two 16-week periods.
Again, those with the Arg/Arg genotype had lower morn-
ing PEF versus placebo (—101/min, p = 0.02), while those
with Gly/Gly had higher PEF (141/min, p = 0.02).The dif-
ference between Arg/Arg and Gly/Gly genotypes was sig-
nificant for morning PEF (—241/min, p = 0.0003), evening
PEF, FEV;, 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 significant decre-
ments in PC,; 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 effects of long-
acting beta-agonists [126-128]. Wechsler ¢ 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 flow worsened
in Arg/Arg asthmatic subjects (» = 12) who were treated
with salmeterol alone after inhaled corticosteroids (ICS)
withdrawal when compared with subjects who received
placebo; no decrease in morning peak flow was observed
in Gly/Gly subjects (z = 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 firmly establish whether polymor-
phisms in the ADRB2 gene do affect the beneficial clinical
effects of long-acting betay-antagonists (LABA) treatment
when added to inhaled steroids. The 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 4BRB2 haplotypes account for the majority of
the haplotypic diversity of this gene, and that the frequency
of common haplotypes differs between population groups
[115, 129]. An effect 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 Argl6
demonstrate significant 3,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.



Biological candidate gene: Microsomal
epoxide hydrolase

Microsomal epoxide hydrolase is a xenobiotic enzyme that
detoxifies highly reactive epoxides, which are created by cig-
arette smoking. Thus, 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). They analyzed two small case
groups that included 68 subjects with spirometrically proven
COPD and 94 patients with both pathologically proven
emphysema and lung cancer. Their control group of 203
blood donors was not phenotyped. Both their COPD and
emphysema/lung cancer case groups had significantly 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; < 70% predicted) and the remaining 140 subjects
[76]. No significant differences were observed in allele fre-
quencies between these groups. However, when they sub-
divided their 40 COPD cases into 20 mild (FEV; > 60%
predicted) and 20 moderate/severe (FEV; < 60% pre-
dicted) subjects, a higher frequency of the “slow” His113
allele was observed in the more severely affected subjects.
'Thus, 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 differ 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 significant difference
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]. They 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; among continuing smokers in the
Lung Health Study [79]. They selected 283 subjects with the
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most rapid FEV decline and 308 subjects who had no meas-
urable FEV; decline over 5 years. EPHX1 haplotypes were
associated with rate of FEV; decline, and this association
was more significant 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]. The 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. The small sample sizes of many of these studies
could contribute to inconsistent replication. A further expla-
nation might be differences 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 different 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 C'T scans with den-
sitometric and radiologist assessment of emphysema sever-
ity and distribution [131]. The EPHX1 His139Arg SNP
was significantly associated with emphysema distribution
assessed by densitometry (p = 0.005) and by radiologist
scoring (p = 0.01). To determine whether utilizing a more

omogeneous 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 Argl39 “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). These 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)
detoxifies oxygen radicals produced by cigarette smoke; it
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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; values (mean FEV; = 91.8%
predicted) to 554 subjects with the lowest baseline FEV;
values (mean FEV; = 62.6% predicted); all of these subjects
had COPD based on reduced FEV/FVC ratio [85]. They
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 decline in high lung function subjects
who were Val105 homozygotes.

'There are multiple potential explanations for the incon-
sistent results of these previous studies, including population
differences (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 find a higher fre-
quency of Ile105 homozygotes in a male Turkish population
of 149 COPD cases (61%) compared to 150 control subjects
(38%) [86]. They 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 I1le105Val variant in their set of 184 COPD cases
and 212 control subjects from Taiwan [41]. Although the
I1e105Val 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 significantly
more common in COPD cases (36%) versus controls (8.5%).
Formal tests of interaction in large samples will be required
to replicate these findings and to determine whether these
results represent the combination of susceptibility alleles act-
ing independently or significant 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) detoxifies oxy-
gen radicals by scavenging superoxide anions. A variant in this
gene, Arg213Gly, has been shown to have a functional effect
on the processing of the EC-SOD protein, leading to substan-
tially elevated plasma levels of the protein [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). The 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 significantly 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]. They confirmed the marked effect of this variant
on EC-SOD plasma levels, with mean values of 142 ng/ml
in Arg213 homozygotes, 1278ng/ml in Arg213/Gly213
heterozygotes, and 4147ng/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 effect of the
Gly213 variant for COPD was observed. Only two Gly213
homozygous subjects were identified in the entire cohort.
This confirms the potentially protective effect 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 (T'GFB1) is a cytokine
that acts as a central regulator of the inflammatory response;
thus, it is a logical biological candidate gene for COPD.
A potentially functional variant has been identified at
codon 10, which changes a leucine to a proline (Leul0Pro);
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. They included 165 COPD
cases and two control groups — 76 control smokers and 140
unphenotyped blood donors [89]. The Pro10 allele was less
common in COPD cases (33%) than in either the blood
donor controls (45%) or smoking controls (45%).

Celedon and colleagues identified 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].
'The initial evidence for linkage of FEV; 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-
fied analysis in smokers only (to identify genomic regions
likely influenced by gene-by-smoking interactions), led to
more substantial evidence for linkage (LOD score = 3.30).
TGFB1 is located within the linkage region, and five 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. Three



SNPs were significantly associated with COPD phenotypes
in each population, and one SNP in the promoter region of
TGFB1 (rs2241718) replicated in both study populations.
'The Leul0Pro variant was only significantly associated in the
case—control analysis, but a lower Pro10 allele frequency was
noted in COPD cases — indicating the same directionality of
effect as in the study by Wu and colleagues.

Following these initially supportive studies using the
biological and positional candidate gene approaches, further
replication efforts of TGFB1 in COPD susceptibility have
had mixed results. In a small study comparing 84 COPD
cases and 97 control subjects from China, significant dif-
ferences in both allele and genotype frequencies were noted
for two TGFB1 promoter SNPs [93]. However, association
analysis of the LeulOPro 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;
decline versus 307 continuing smokers with slow FEV;
decline in the Lung Health Study, Ogawa and colleagues
found no association between three TGFB1 SNPs (includ-
ing the Leul0Pro SNP) and FEV; decline [92]. van Diemen
and colleagues studied three TGFB1 SNPs including one
promoter SNP (rs1800469, C-509T), one nonsynonymous
SNP (rs1982073, Leul0Pro), 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; decline, 16957 was significantly
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 definitively confirm 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
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were associated with airflow 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]. The
family-based association analysis demonstrated association
of five SNPs to COPD, with p values as low as 0.002. The
case—control analysis only found one SNP with » < 0.05
for COPD affection status; however, five SNPs were associ-
ated with FEV;/FVC in COPD cases; these were the same
five SNPs associated with COPD in the family-based asso-
ciation analysis. Thus, reasonable evidence for replication
has been found, supporting the utility of future studies of
SERPINE?2 association and function to confirm whether it
is a valid COPD susceptibility gene.

As demonstrated in this chapter, the research on genetics of
asthma and COPD has become a promising new field. The
main goal of the industries and the research institutes is to
find 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 find 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 defini-
tively identified; 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. This 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

finally prevention of asthma and COPD.
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by the Netherlands Asthma Foundation, ZonMW and
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Asthma is an inflammatory disease principally
of the small airways but current understanding is
that all the airways are involved [1]. The physi-
ological manifestations of lung inflammation are
reversible airflow limitation and airflow limita-
tion that fluctuates widely with time; asthma
can also result in persistent loss of lung function.
In contrast, airflow obstruction in patients with
chronic obstructive pulmonary disease (COPD)
presents with both reversible and irreversible air-
flow limitation, the latter linked to loss of static
elastic recoil due in part to the destruction of the
architecture of the lung. The airflow 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 definitive diagnosis.
'This 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]. The 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. This
chapter will also examine the physiological proc-
esses that characterize airways disease.

Lung volumes and capacities

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

'The most useful lung volumes and capaci-
ties to measure are those that assess the physical
limits of the lung and chest wall and define the
extremes of the vital capacity (VC); TLC and
RV. The volume in the lung at end expiratory
position, the functional residual capacity (FRC),
is important because of the influence that lung
volume has on airway caliber and in turn on
airflow 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. The 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 if the rise in
TLC had not ameliorated the fall in FVC [4,
7]. The 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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FIG. 5.1 (A) The figure 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 figure 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 first (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 flexibility
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,

(see text).

TABLE 5.1 Boundaries of lung volume and physical determinants.

Volume or
capacity TLC (%) Determinants
TLC: total lung ® Respiratory muscle function
capacity @ Structural limits of chest wall distortion
® Compliance of chest wall and lung
FRC: function 50 ® Compliance of chest wall and lung
residual capacity ® Expiratory time constants
® Respiratory muscle activity
RV: residual 20-30 @ Airway closure
volume ® Adequate expiratory effort
@ Children (<18 years): chest wall
compliance

Note: TLC (%): total lung capacity for normal persons.

during an exacerbation of disease (Fig. 5.1B). The cause
of the increase in TLC is unknown but the possibilities
include either a loss of an inhibitory reflex 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 effect 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, specifically the maximal excursion of the chest wall
as assessed by TLC and RV [6]. Second, the elastic recoil
as influenced by changes in lung volume, alters intrapulmo-
nary airway caliber [13-15, 21, 22]. Thirdly, elastic recoil is
the most important load to smooth muscle contraction as
changes in lung volumes have a profound effect on ASM
performance [18, 22]. Lastly, elastic recoil is the major driv-
ing force for effort-independent maximal airflow, influencing

peak flow and in particular FEV; [23,24].
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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).

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 inflammation or as a result of airway luminal fibrin 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, finding 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 effect 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
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volume increases or decreases the airway caliber increases
or decreases [13-15]. Since, the contraction of ASM is
dependent upon muscle fiber length and constitutes the
load against which ASM must contract, lung volume sets
the starting load. The observation explains why at low lung
volumes the response to an inhaled bronchoconstricting
agent is enhanced [16, 18, 19]. Hyperinflation diminishes
luminal narrowing caused by ASM activation as shown by

animal [16, 17] or human studies [18, 19].

The 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 stiffness of the airway wall, and (5) tether-
ing forces of the attached alveolar wall or lung volume.
Transmural pressure (Pg,), 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

The biological processes that lead to obstructive lung disease
leave the airway lumen filled 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 significant 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]. These 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

Inflammation of the airway wall characterizes all forms of
obstructive airway disease. Structural alterations include
increased extracellular deposits of the extracellular matrix
that include fibronectin, collagen, vitronectin, and a host
of other components [43]. The apparent thickening of the
basement membrane below the airway epithelium is due
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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.: elastic recoil forces; Palv:
alveolar pressure; Pbr: pressure in the lumen of the bronchiole; Transmural pressure: the difference in Pbr Palv; ASM: airway smooth muscle. (B) Balance of

forces favoring airway narrowing or airway opening.

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]. The 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: first, depending
on the compliance of the airway wall, smooth muscle tone
narrows airways and reduces airflow but, secondly, smooth
muscle tone also stiffens the airway wall as it contracts.
A decrease of airway wall compliance would serve to pre-
vent further collapse [45, 46]. This 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 flow [31, 47].

Compliance of the airway wall

The 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 effect thought to
be due to inflammatory 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. The 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 filled 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 conflicting results. Measurements from autopsy
specimens of patients with COPD showed reduced



compliance only in very small (<1mm) 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
stiffness have been reported. Decreased wall compliance or
stiffening is likely the result of inflammation 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. These 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

The 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. These attachments
form the physical linkage system that result in airways wid-
ening and the fall in airways resistance as lung volumes
increase. This tethering force is the single most important
factor stabilizing and influencing airway lumen integrity
[13-15]. This fact is evidenced by the profound effect lung
volume has on airflow. 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]. The effects of lung vol-
ume on airways resistance are very sensitive to even small
losses (~1cmH,0) in lung elastic recoil pressure [16,17, 35].
'This 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]. The mech-
anism for this phenomenon is most likely the loss of the
tethering forces, as estimated by P,;. These 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 inflammatory events, resultant airway wall thickening,
and mechanical uncoupling [21]. In COPD the loss of elas-
tic recoil (P,) 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, with aging,
accounts for the progressive loss of FEV over the years.

The loss of P, 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
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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;. The
dilemma for the clinician is to ascertain what portion of
the loss of structure and function is reversible and what
portion is not.

Chronic obstructive pulmonary disease

A common feature of the patient with COPD is airflow
limitation; this is most often assessed by the fall in FEV;.
'The current Global Initiative for Chronic Obstructive Lung
Disease (GOLD) classification system for COPD uses
post-bronchodilator FEV; as a major factor in classifica-
tion of disease severity and in practice this variable makes
up a significant part of the case definition for COPD [59].
Airflow limitation in COPD arises in the small (<2mm
diameter at FRC) airways which exhibit neutrophilic
inflammation even in asymptomatic smokers [60, 61].
When patients have mild, asymptomatic disease there are
subtle changes in airflow 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; 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 inflated to a standard inflation pressure (typi-
cally 30cmH,0) 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].

These 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
deflation 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 airflow lim-
itation is observed at all lung volumes and often occurs even
when there is a minimal expiratory effort; in these patients
expiratory airflow limitation occurs on expiration with each
breath [67]. In more mild cases, the airflow limitation is
observed only on forced expiration because: (1) flow and
volume during eupnea do not reach their structural limits
due to the reserve in the respiratory system and (2) dynamic
hyperinflation, which increases elastic recoil by increasing
lung volume, further prevents reaching these limits during
eupnea. The pathogenesis of airflow limitation in patents
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FIG.5.4 (A) The role of the loss of lung recoil and airway wall collapse in affecting a fall in maximal expiratory flow (FEV;) can be assessed by constructing

a MFSR curve [73, 74]. (B) The conductance (resistance) of airways downstream of the point (equal pressure point) of airflow limitation is determined as the
slope of V/P,, relationship. This V/P,, relationship or MFSR curve comes from selecting points from the both flow—volume and pressure—volume relationships
at points of isovolume (horizontal dashed lines in A). The dotted line, flow-volume loop is from volume displacement of body plethysmograph whereas

the solid line flow—volume loop is integrated volume from the mouth flow signal. The shaded area in (B) is from normal subjects [75]. MFSR A’is the V/Py
without the effect of gas (airway wall compression) whereas MFSR A includes the effect 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 flow 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,, relationship to the right.

with COPD or more severe forms of bronchitis and asthma
accordingly is quite complex and is a reflection 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].

The severity of COPD is defined as the post-
bronchodilator FEV; [59], so it is useful to consider what a
fall in FEV] signifies. The forced expiratory volume in 1s —
the FEV; — is 2 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,
is a volume (liters) not a measure of airflow (liters per sec-
ond) but it reflects the average airflow over the first second
of a forced exhalation. A decrease in the FEV, as a percent-
age of its predicted value, indicates that the patient is unable
to exhale a volume of air in 1s 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 influence the magnitude of the FEV7, but only one
of these factors is airway luminal size. The magnitude of the
FEV, is very much influenced 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, filling or destruction, the VC,
FVC, and hence FEV; decreases. It is important to realize
that FEV; 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;
might signify, the cause of the decrease or even the best
treatment needed to reverse the loss in FEV.

Empirically the FEV; 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]. The
techniques used to measure FEV; have been well codified
[71, 72]. The general performance and in particular the

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

Useful insight into the causes of airflow limitation can
be gained by the construction of isovolume pressure—flow
curves or maximum flow static recoil (MFSR) relationships
which are determined from flow—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. The subject then inhales to
TLC and expires slowly to construct a deflation PV curve
(Fig. 5.4A) and then the subject performs a maximal flow—
volume curve. By taking a series of data pairs of flow and
pressure from points of isovolume on the PV and flow—
volume relationship, the MFSR curve can be constructed
(Fig. 5.4B).

The slope (AV/AP) 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, is zero.
Because there is still elastic recoil of the lung at RV, the
MFSR relationship does not intersect with zero pressure.
Patients with airflow limitation will exhibit different MFSR
curves depending upon the cause of the airflow limitation.
For patients where airflow 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 airflow
is due solely to the loss of static elastic recoil. However, in
a patient with airway narrowing due to inflammation, col-
lagen deposition and/or collapse, the slope is decreased, that



is resistance is elevated. By comparing flow—volume curves
constructed from measuring both lung volumes by integrat-
ing the flow at the mouth to lung volume measured by the
chest wall, the role of airway wall compression on the loss of
airflow can be assessed [76]. The flow—volume curve derived
from the flow and volume exiting the lung is displaced such
that peak flow occurs at a higher volume but, after this ini-
tial peak, flow 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 airflow limitation [73-76]. Determining
MSEFR 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 effect 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 includes either the acute response
to a one-time treatment with a bronchodilator — usually a
B,-receptor antagonist — or the response to a constrictor
bronchial challenge. Determination of bronchial responsive-
ness better defines and classifies 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 inflammation, 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 differentiate 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 identifies a significant
response as one where a 12% or greater change in the post-
bronchodilator FEV; or FVC from pre-bronchodilator val-
ues and a >200ml absolute change occurs (Table 5.2).
Establishing a criterion that indicates a significant
bronchodilator response has been controversial because of
uncertainty as to just what constitutes a signiﬁcant 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. 400ml). Bronchodilator responses are reported as a
percent change from the volumes obtained prior to use of a

Pulmonary Physiology

TABLE 5.2 Criteria recommended for acute bronchodilator responses in

adults [79, 811.
FEV, (%) FVC(%) Comments
ACCP 15-25 15-25 9% of baseline in 2 of 3 tests
Intermountain 15 15 % of baseline
ATS
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].

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

There are several approaches used to deliver bron-
chodilators to patients for assessing reversibility but two to
four puffs 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 effects 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 effects, for example 15-20min 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 difficult.

Bronchodilator responsiveness is commonly meas-
ured as a change in the FEV; but can also be assessed by
expiratory flow—volume loops, specific 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, [4, 81, 82]. Such findings are of great interest in
determining the inferred site of the functional defect such
as central airways versus peripheral airways and have obvi-
ous ramifications to drug delivery.

Bronchoconstriction responses

AHR is either a bronchoconstricting response (fall in
FEV,) 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 define the diagnosis of asthma, however, the presence of
AHR is not specific since many lung diseases are associated
with hyperresponsiveness including COPD [83].

61




62

Asthma and COPD: Basic Mechanisms and Clinical Management

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]. This 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 defined 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]. The inhaled
dose of bronchial constricting agent is plotted against the
fall in lung function and from this relationship the PCy,
is then measured. The PCy, is the interpolated dose of
inhaled agonist that causes FEV; to fall exactly 20%. The
PCyy, decreases as asthma severity increases [83, 87]. The
relationship between the amount of inhaled bronchocon-
strictor agent and FEV; 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]. This 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 PCy; only assesses the position (sensitiv-
ity) of the airways responsiveness relationship (Fig. 5.5).

Although there is considerable variability among
subjects, AHR 1is considered present when the PCy, using
methacholine chloride as the bronchoconstrictor agonist, is
less than 8 mg/ml [83, 87, 90]. Asthmatics will often dem-
onstrate a reduced PCyy even though the FEV] is normal
at the onset of the test; moreover, the PC,, in most studies
does not correlate with the FEV; [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; to PC,, which suggests more of
a structural mechanism for AHR consistent with the
observed airway wall thickening [44, 91-93]. Moreover
patients with a-1-antitrypsin deficiency demonstrated an
elevated response in FEV] in concert with the loss of elastic
recoil [94]. The mechanism of the fall in PC,; 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,, decreases)
there is accelerated decline in FEV/ 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 different.
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FIG.5.5 Dose response curves for the dose of inhaled methacholine
(mg/ml) versus FEV, expressed as a percent decrease from the starting
baseline. Data points are individual values up until there is a plateau in
the response or 50% fall in FEV, has occurred. The dashed line is the PCy,
that is interpolated. Both mild asthma and COPD patients exhibit leftward
(hyperresponsiveness) shifts of the curve without increase in the maximal
response plateau. The patients with severe asthma show marked shift to
the left without a plateau. Modified and redrawn from Ref. [91].

Lung volume also influences AHR based on recent
studies on the effects of deep inspiration (DI). Large TLC
breaths are known to be effective 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 inflammation [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 effect 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 effects of DI are lost and this loss has been shown to be
related to the loss of alveolar attachments [103].

The respiratory system provides oxygen (O,) and removes
carbon dioxide (CO,) from the body and failure of this
critical role of gas exchange leads to CO, 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. The diffu-
sion capacity (DLc() or transfer factor assesses the passive
transfer of a test gas, carbon monoxide (CO), from alveolus
to the blood. The DL test is a frequently used measure-
ment in the pulmonary function laboratory and is quite use-
ful in categorizing the different types of airway disease.

Ventilation/perfusion relationship

The concept of ventilation to perfusion matching V3/Q
is commonly used in understanding how airway disease



pathology affects gas exchange. There are four mechanisms
used to explain gas exchange abnormalities and include: (1)
alveolar hypoventilation, (2) impaired O,,CO, diffusion, (3)
shunt, and (4) ¥4/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

The obstruction of airflow to specific regions of the lung
parenchyma and widespread airway narrowing coupled with
the well-described pulmonary vascular abnormalities leads
to marked V3/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 diftfusion probably because
there is little ventilation of the areas that have emphysema.
Va/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; of
80% predicted or greater, patients have an abnormal slope
of phase III on the single breath N, test, a widened A-a O,
gradient and mild ¥3/Q mismatch but with a normal PaO,
[107]. During an exacerbation of COPD the V3/Q mis-
match increases and accounts for about half of the observed
hypoxemia whereas the remainder is low mixed venous O,
due to increased O, consumption of the body presumably
due to metabolic requirements of the disease [105, 107]. The
A-a O, 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 flow with about 25% of
the blood flow going to units with low (<0.1) ¥,/Q ratios.
There was no evidence of areas of shunt or areas of high
Va/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
flow. Patients in this latter study were receiving treatment
with inhaled glucocorticosteroids which could explain the
differences between studies. The 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 ¥3/Q relationship [112] but most patients still
exhibit a near normal PaO, 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 flows by these closed airways and unventilated
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exchange units yet this is not the case [109-112]. The
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 affected 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].
The 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 airflow rates [115,
116]. This pattern of recovery does not occur with leuko-
triene challenge, presumably because LI'D, causes a more
selective central airway constriction [117]. However, follow-
ing exercise-induced bronchospasm airflow normalization
occurs after the return of V3/Q to normal, consistent with
different mechanisms of action in contrast to a naturally
occurring asthma exacerbation [118]. Taken together these
findings suggest that our understanding of gas exchange in
asthma, unlike COPD, is unclear.

Therapy has a marked effect on gas exchange.
Paradoxical hypoxemia has long been noted as a result of
acute 3-agonist administration [119] and has been attrib-
uted to effects of 3-agonists on pulmonary blood flow. V3/Q
measurement made after isoproterenol [110] showed tran-
sient (5min) alterations in blood flow to areas low in V4/Q;
however, studies with a more selective 3-agonist, salbuterol

were without this effect [112, 120].

Diffusion capacity (transfer factor)

The diffusion capacity, DL, is a measure of the disappear-
ance of CO, from the alveolus over a 10s 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 flow, hematocrit,
and cardiac output significantly influence the magnitude
of DL¢o. The 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. The standard single breath
DLco yields two useful measurements; the DLco and a
measurement of TLC (VA) [121].

Asthma & DL

The DL in patients with asthma is either within normal
limits or high depending on several factors. In asthmatic
patients with preserved lung function, the DL is typically
normal [122]. In moderate to severe asthma the DLcq is
usually elevated and will also increase with bronchodila-
tor treatment. The high DL¢q values [123, 124] have been
explained by hyperinflation, increased intrathoracic pressure,
and a more likely cause, increases in pulmonary capillary
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FIG.5.6 The V,/Q relationship as determined by the multiple inert gas elimination technique (MIGET). Note the different scaling for both axes in the various
examples. The normal distribution of ventilation (open circles) and blood flow (solid circles) is over a narrow range of V,/Q ratios and is unimodal. Patients
with mild or chronic asthma have wider distributions but still exhibit unimodal distributions whereas acute severe asthma is bimodal. In emphysema (COPD,
type A) there is a bimodal distribution in ventilation whereas chronic bronchitis (COPD, type B) exhibits bimodal blood flow. Shunt is not present in any of
the examples. Reproduced from Refs [105, 111] with permission.

blood volume or extravasation of red blood cells into particularly those who are more severe [125]. Increased vac-
the alveolus. Although not frequently commented on or  ularization of the lung and airways might also increase the
because current practice is to lyse the lavage sample, the red apparent pulmonary capillary blood volume and account for
blood cell content is high in lavage samples of asthmatics, the elevated DL¢q [43].



Chronic obstructive pulmonary disease & DL¢o

In contrast to asthma patients with emphysema exhibit
a reduction in DL¢cg [121, 126]. This reduction in DLcq
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¢q 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 DL to disease
severity in the individual patients is poor, perhaps reflecting
the heterogeneity of the pathology of a given patient. The
DLco is typically within normal limits for COPD patients
with primary chronic bronchitis. One study showed a sig-
nificant relationship between the DL and 3-year survival
[131], although another study did not find this to be the
case [132].

The 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 affected
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
(=200ml) with TLC by body plethysmograph; however,
patients with asthma or COPD will exhibit greater than
200ml difference between TLC and VA [133]. The degree
of difference 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.

The 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. This is because the physiological mecha-
nisms of asthma and COPD that differ in the details of
the inflammatory processes, cells, mediators, and pathology
may be very similar physiologically in terms of hyperinfla-
tion, loss of static recoil, and expiratory airflow limitation.
Bronchodilator responsiveness is also not unique to asthma
since patients with COPD often demonstrate reversibility
of airflow 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 V4/Q mis-
match but with little evidence of shunt or global hypoven-
tilation. The DL¢q represents an important distinguishing
feature between emphysema and other airways diseases and
provides a means of discriminating the disease process when
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TABLE 5.3 Physiological features of asthma contrasted with COPD.

Physiological
assessment COPD Asthma
Airflow limitation Present Sometimes present

Loss of elastic recoil Frequently present  Sometimes present

Bronchodilator * Usually present
response

AHR & 4
Exercise-induced AHR = 4

Vi/Q Widened Widened

DLco 1* WNLor T

Notes: AHR: airways hyperresponsiveness; V,/Q: ventilation to perfusion ration; DLcq.
diffusion capacity of the lung.
*For emphysema, chronic bronchitis would be WNL.

TABLE 5.4 Pattern of changes in DLo and VA in patients with obstructive

lung disease.
Clinical condition FEV, VA DLco
Emphysema ! ! !
Bronchitis ! ! WNL
Asthma ! ! WNL or T

Notes: DL o, diffusion capacity of carbon monoxide; FEV,: forced expiratory volume in
1's; WNL: within normal limit.

coupled with the measurement of spirometry and the
response to a bronchodilator [135-137] (Table 5.4).
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'The normal human bronchogram (Fig. 6.1) shows
that the length of pathways from the trachea to
the terminal airways differs 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]. The small
bronchi and bronchioles 2mm in diameter are
spread out from the fourth to the fourteenth
generation of airway branching [2]. The total air-
way cross-sectional area expands rapidly beyond
the 2mm airways to provide for rapid diffusion
of gas between the distal conducting airways and
the gas-exchanging surface. The central conduct-
ing airways larger than 2mm internal diameter
are the major site of resistance to airflow in the
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normal lung because of their much smaller total
cross-sectional area [3,4].

The conducting airways are lined by epi-
thelium and surrounded by an adventitial layer
[5]. The 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
defined by the presence of a layer of fibrocartilage
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]. The lining of the trachea and major bronchi
consists of pseudostratified, ciliated columnar epi-
thelium which gradually becomes more cuboidal

FIG. 6.1 Postmortem bronchogram from

an otherwise normal 19-year-old man who
died suddenly for reasons unrelated to the
lung. Note the difference in airway length
depending upon the pathway that is followed.
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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 magnification.

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
(80-90nm 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:

o 30% cartilage;
e 15% mucous glands;
e 5% smooth muscle; and

e 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.

The 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 effect on the caliber of the trachea and cen-
tral airways than on the distal bronchi and bronchioles [14].
The 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. These alveolar attachments have the ability to limit the
amount of airway narrowing produced by smooth muscle
contraction, particularly at higher lung volumes [14].

The 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. They may originate from the first 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].

The venous blood from the first two or three subdivi-
sions of the bronchial tree drains into the azygous and hemi-
azygous venous systems that empty into the vena cava. The
remainder of the bronchial venous flow 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 flow
between the pulmonary and the bronchial vascular systems;
and in diseases such as bronchiectasis, injection of the bron-
chial arteries can result in rapid filling of the entire pulmo-
nary vascular tree right back to the pulmonic valve [15].

The bronchial circulation accounts for about 1% of car-
diac output and an average cardiac output of 5/min deliv-
ers approximately 721 of blood to the conducting airways
over 24h. Each liter of blood contains between 4 and
11 X 10° white blood cells, made up of approximately 60%
neutrophils, 30% lymphocytes, 5% monocytes, 3% eosi-
nophils, and 2% basophils. The 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 inflammatory 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 inflammatory stimu-
lus and divide in the tissue to form the alveolar macrophages
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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 fibrosed and the arrow pints to the smooth muscle in the airway wall. Adapted from Ref. [17] with

permission.

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
five 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; 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]. The 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].
These accumulations of lymphocytes (Fig. 6.3) are part of the
bronchial associated lymphoid system or bronchial-alveolar
lymphoid tissue (BALT) and differ from the regional lymph
nodes in that they have no capsule and no afferent lymphat-
ics. They 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.
They are organized in the same way as other lymph follicles
(Fig. 6.3) in that the B-cells are found in the germinal center

of the follicle and the CD4 and CD8 T-cells are located
around the edges of the germinal center. Thus 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. The
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].

Postmortem studies

At postmortem, the lungs of patients who have died in sta-
tus asthmaticus remain markedly hyperinflated after the
thorax is opened. This hyperinflation 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 fill the alveolar airspaces.
Examination of the cut surface of the lung reveals the
plugged airways, but — in contrast to parenchymal destruc-
tion seen in hyperinflated 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. They noted that the pathology
consisted of common features that allowed asthma to be
distinguished from other conditions. They emphasized the
presence of intraluminal mucus secretion, airway epithelial
desquamation, and repair (e.g. goblet cell metaplasia), and
airway inflammatory infiltrates 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 fibrils 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 fill
the airway lumen consist of an exudate of plasma contain-
ing inflammatory 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
difference was due to an increased thickness of all of the
components of the airway wall.

Over the next several decades, other reports con-
firmed and extended these findings [22-29]. Comparing
Florey’s [30] basic studies of the inflammatory process with
these pathological findings show that the structural changes
associated with asthma are consistent with an inflamma-
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 specific antigen challenge.

Bronchoscopic studies

'The nature of the airway pathology in persons with asthma
was further revealed by studies of tissue obtained through the
rigid and flexible bronchoscope. These techniques allowed
investigators to obtain cells from living asthmatic patients by
both bronchoalveolar lavage and bronchial biopsies [31-34].
'This brought physiologists and clinicians into closer agree-
ment with the pathologist’s view that the inflammatory
process was important to the pathogenesis of both bronchial
hyperresponsiveness and reversible airflow 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].
These experiments established that one type of T-cell clone
(Th-1) produced IL-2 and interferon-v but no IL-4 or
IL-5; whereas the second (Th-2) produced IL-4 and IL-5,
but no IL-2 or interferon-~. 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 differentiation
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 findings. And subsequent studies of surgically
resected lung specimens from asthmatic patients estab-
lished that a similar inflammatory 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 inflam-
matory process involving tissue with a mucus-secreting
surface. This 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. The
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

The 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 effect 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
caliber. Subsequent studies by James ez a/. [40] showed that
the increase in wall thickness observed in the small airways
of asthmatics was sufficient to close the lumen of these
airways, even when smooth muscle shortening remained
within the accepted normal range. This 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. This 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 inflaimmatory
process. The 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 effect of these structural changes on
the airway lumen.
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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 1cmH,O per liter per second to reach a
plateau of 12cmH,0 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 effect on overall airway function than changes that occur in
the central airways. Reproduced from Ref. [38] with permission.
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Wiggs et al. [41, 42] extended this concept using a
computer model to test the effect of these structural changes
on airway function. Their 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. This finding was consistent with previous observations
by Woolcock ez al. [43], who reported that the changes in
the maximum volume of air that can be expired from the
lung in 1s (FEV;) 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 effect 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 effect of disease on the peripheral airways, where
smooth muscle shortening produced widespread airway clo-
sure. The concept that the peripheral airways are the major
site of obstruction in asthma has now been confirmed by
direct measurements in living asthmatic patients reported
by Yanai ez al. [44].

The changes that are produced in the airway tis-
sue also reduce the function of the conducting airways.
Lambert [45] was the first 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 stiffness of the subepithelial layer rela-
tive to that of the surrounding airway tissue. This 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 ez a/. 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.

The caliber of the airway lumen is also influenced 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. The analysis of induced sputum has con-
firmed that plasma proteins, mucus, and inflammatory 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
inflammatory 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. They concluded that widespread airway occlusion
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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 inflammatory 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 define COPD. As tobacco
smoking produces lung inflammation in everyone, and only
15-20% of heavy smokers develop COPD, clinical disease
from cigarette smoke-induced airway inflammation must
develop in this minority of people because it amplified by
either genetic or environmental risk factors [52].

Chronic bronchitis

Cough and sputum production are the features of airways
disease that define 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 influence
of inflammation in driving mucus production. However, a
reevaluation of this problem some years later showed that
chronic bronchitis was associated with inflammation of
the airway mucosal surface, the submucosal glands, and
gland ducts, particularly in the smaller bronchi between
2 and 4mm in diameter [49]. The nature of the inflam-
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 inflammatory exudate from the lumen of the bronchi.
This exudate contains plasma proteins, inflammatory 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, Thurlbeck 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].

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 inflammatory 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.

The site of airways obstruction

'The site of airways obstruction in COPD is in the smaller
conducting airways that include bronchi and bronchioles of
less than 2mm 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 offer very little resist-
ance to air flow. Although van Brabant e a/. [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].
'The causes of the reduced forced expiratory flow that
define 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 flow 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 different degrees of severity of
COPD shows a progressive increase in the magnitude of the
inflammatory process with thickening of the airway walls
accompanied by occlusion of the airway lumen by inflamma-
tory mucous exudates [17]. However, multivariate analysis of
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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 fixed 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 inflated
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,. Adapted from Ref. [17] with permission.

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

The lung inflammatory 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 fluid [76-78]. Collectively these data support the
concept that cigarette smoke-induced lung inflammation
is present in all smokers, including those with normal lung
function and that it persists long after people have stopped
smoking [17]. The reasons for both the amplification of the
smoking-related inflammatory process in individual that
develop COPD, the persistence of this response after the
smoking has stopped and the precise relationship between
the inflammatory response and the remodeling process
needs further clarification.

Emphysema

Emphysema has been defined as “abnormal permanent
enlargement of airspaces distal to terminal bronchioles,
accompanied by destruction of their walls without obvi-
ous fibrosis” [79]. This definition 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. The 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]. The 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 oy-antitrypsin deficiency
[83]. The 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. These 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

77




78

Asthma and COPD: Basic Mechanisms and Clinical Management

CENTRILOBULAR EMPHYSEMA

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 fine 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.

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.

The destruction of the lung by centrilobular emphy-
sema results in a loss of elastic recoil with subsequent
hyperinflation 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]. This decrease in lung elastic recoil
diminishes expiratory flow 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 five 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]. Streprococcus pneumonia,
Staphylococcus aureus, and Hemophilus influenzae are the most
common bacteria infecting the lower airways during an acute
viral infection [90, 91], and these infections account for the
positive effect 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]. The devel-

opment of polymerized chain reaction (PCR)-based viral



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 specificity.
Early reports of studies based on these techniques indicate
the importance of rhinoviral infection in causing acute exac-
erbations in an outpatient setting with influenza A and the
corona virus OC-43 being more prominent causes of exacer-
bations that require admission to hospital [95-97].

The pathological features of the lung during acute
exacerbations of COPD are incompletely defined. 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 ¢f al. [98] in less severely
ill patients with GOLD class 2 disease and a mean FEV;
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.

Asthma

The pathology of asthma is dominated by widespread plug-
ging of the segmental, subsegmental, and smaller conducting
airways that leads to hyperinflation but not destruction of
the parenchyma. These airway plugs are a manifestation of
the fluid and cellular exudative phase of an inflammatory
process based in the airway tissue (Fig. 6.6). The 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
'The chronic bronchitis of COPD is defined by excess cough

with sputum production and is associated with an inflam-
matory process located in the mucosa, gland ducts, and
glands of intermediate-sized bronchi between 2 and 4mm
internal diameter. The airway obstruction in COPD is the
result of a similar inflammatory response in the smaller
bronchi and bronchioles under 2mm internal diameter,
where the repair process associated with chronic inflam-
mation thickens the airway wall and narrows the lumen to
cause fixed airway obstruction. Emphysematous destruction
of the lung surface contributes to the decline in FEV; by
reducing the elastic recoil force available to drive air out of
the lung and is responsible for reduced gas exchange. The
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.

Airway Pathology
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Airway remodeling may be defined as a process of
sustained disruption and modification 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 inflam-
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 different. Principal
among these changes are airway fibrosis, an ele-
vation in smooth muscle mass, mucous meta-
plasia, and glandular hypertrophy, in addition
to less well defined 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]. The peripheral airways (~2mm
diameter), normally devoid of either supporting
cartilage or bronchial glands, are also conspicu-

ously remodeled in COPD [5, 6].

The natural history of remodeling is not well
understood. Though it is surmised to be a

Airway Remodeling

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 inflammation. 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 differs
[14], The accelerated decline in lung function in
asthma may reflect not only the presence of air-
way structural modification, 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 effects of overall airway wall thickening,
in addition to airway inflammation 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.

Epithelial damage, airway inflammation,
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)fibroblast sheet, to influence 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 proinflam-
matory cytokines and multiple growth factors leading to
some permanent changes to airway wall morphology. These
epithelial-mesenchymal interactions have invited parallels
with the intercellular communication found during branch-
ing morphogenesis, and remodeling has been suggested to
reflect a reactivation of these early life processes (discussed
later).

In contrast to asthma, COPD is thought to be due
almost exclusively to the toxic effects 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. The airway obstruction that accompanies
these changes is resistant to corticosteroids and in this
respect becomes permanent or “fixed.”

The importance of airway inflammation, 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 Th2 type phenotype as the orchestrator of an immune
response to allergens [20]. The predominant pattern of Th2
cytokine expression results in an inflammatory phenotype
where eosinophils and mast cells are prominent, but macro-
phages, fibroblasts, and dendritic cells are also involved [21].
The inflammatory milieu differs 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 significance 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 effects being augmented
by the airway inflammatory responses induced by these
agents. Thus, the generation of reactive oxygen species and
the products of infiltrating inflammatory 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. The 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. This 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 finding 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 differentiated 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 inflammatory
response at this site. Epithelial expression of the epidermal
growth factor receptor (EGFR) family is also increased
in asthma, and reflects an injury and repair response seen
in other epithelial tissues by interacting with six distinct

ligands:
e cpidermal growth factor (EGF)
e transforming growth factor o (TGF-o)

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]. This impairment may explain why EGFR
expression, as a marker of tissue injury, correlates positively
with both asthma severity, neutrophil influx [50], and the
extent of subepithelial fibrosis [51]. The impaired epithelial
repair response in asthma may be well linked to the actions
of the profibrogenic transforming growth factor beta
(TGF-p) 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-§ have been observed in
subjects with chronic bronchitis [53]. Thus 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.

'The relationship between epithelial injury and fibrosis
has been examined using co-cultures of bronchial epithelial
cells and fibroblasts. In these studies, damage inflicted on
the epithelial cells that resulted in enhanced myofibroblast
proliferation and collagen gene expression secondary to the
release of a number of growth factors including
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FIG. 7.1 Schematic representation

of airway epithelial tight junction
showing their localisation at the apex

of epithelial cells (A). Confocal images

of airway biopsies from atopic normal
and asthmatic subjects stained by
immunoflurescence for the tight junction
protein ZO-1. Note the disrupted staining
pattern in asthma (B).

e Dbasic fibroblast growth factor (FGF1)
e acidic fibroblast growth factor (FGF2)
e insulin-like growth factor (IGF)

e platelet-derived growth factor (PDGF)
e transforming growth factor 3 (TGF-(3)
e 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, fibronectin,
(an extracellular matrix component with potent chemotactic
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properties for fibroblasts [56]) and a range of proinflamma-
tory cytokines [57-60] are produced by epithelial cells dur-

ing the repair process.

Remodeling of the extracellular matrix

The extracellular matrix is composed of a network of fibrous
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 fibroblast activ-
ity being most directly responsible.

The repair environment in the airways produces a
number of changes in cytokine and growth factor expression
to which the fibroblast is receptive. Studies in asthma have
indicated that myofibroblasts, a cell population with morpho-
logical and biochemical features intermediate between those
of fibroblasts and smooth muscle cells [61], are responsible
for the particular pattern of matrix deposition in this disease.
These cells, lying below and adjacent to the lamina reticularis
in a layer referred to as the “attenuated fibroblast sheath” are
major producers of collagen and proteoglycans implicated in
matrix accumulation, as well as wound contraction [62]. In
the absence of specific immunohistochemical markers for this
cell type, myofibroblasts are identified by ultrastructural cri-
teria and the expression of a-smooth muscle actin (-SMA)
which is also found in abundance in smooth muscle cells.
Though myofibroblast 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 significance of this finding 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. Myofibroblasts (or fibromyocyte as
they have also been called) appear early after allergen chal-
lenge, perhaps implying a quiescent precursor cell that differ-
entiates to acquire myofibroblast features [61]. Candidates for
this include fibroblasts, smooth muscle cells, or perhaps other
primitive mesenchymal or structural cells. Recent interest in
the recruitment of CD32" bone marrow-derived fibrocytes
from the circulation into the airways following allergen chal-
lenge is another possible source of these cells [65]. A further
source of myofibroblasts is through epithelial-mesenchymal
transition involving TGF-f as described in pulmonary fibro-
sis [66]. A number of factors have been identified which alter
fibroblast a-SMA expression:

e TGF-31[67]
e Heparin [68]
e Interferon-~

e granulocyte macrophage colony stimulating factor

(GM-CSF).

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

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

The role of growth factors and
inflammatory mediators

The use of transgenic animal models of mediator’s over-
expression has provided further evidence to link epithelial
growth factor and inflammatory cytokine generation with
matrix remodeling. Specifically, TGF-3, over-expressed
in the rat airway epithelium by adenoviral gene transfer
results in severe interstitial and pleural fibrosis [72], while
over-expression of TGF-(3, IL-6, or IL-11 as transgenes in
the airway epithelium induces subepithelial fibrosis in the
lungs of mouse models [73, 74]. Mouse models expressing
the Th2 cytokines IL-5 [75], IL-9 [76], and IL-13 [77] all
developed remodeling responses in their airways, although
interestingly in mice over-expressing I1L-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, Th2 inflammation,
mucous metaplasia and remodeling effects [81]. The TGF-3
superfamily of cytokines (that include the bone morpho-
genic proteins (BMPs)) are among the most studied with
respect to airway fibrosis and remodeling. TGF-§ is a mul-
tifunctional profibrotic growth factor and a key component
in the regulation of tissue growth and differentiation dur-
ing branching morphogenesis and wound repair as well as
promoting smooth muscle differentiation [82]. It stimulates
fibroblast growth and is responsible for the differentiation
of fibroblasts into myofibroblasts [55, 83, 84]. TGF-8 pro-
motes synthesis of extracellular matrix components by a
number of cells including fibroblasts, 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-3 production is elevated in both dis-
eases, while in asthma eosinophils and epithelial cells are
also important sources [53, 88, 89], a significant correla-
tion being demonstrated between the level of expression of
TGF-8 and the extent of subepithelial fibrosis and numbers
of fibroblasts [53]. TGF-3 levels in asthmatic airways are
unaftected by corticosteroid treatment.

Another growth factor cluster is platelet-derived
growth factor (PDGF). This is produced mainly in the air-
ways by macrophages, epithelium, and most airway inflam-
matory cell types including mast cells and eosinophils
as important sources of in asthma [90, 91]. PDGF pro-
motes fibroblast chemotaxis, fibrosis, and smooth muscle
mitogenesis [92] and would seem to be another very plau-
sible mediator of airway remodeling with asthmatic bron-
chial fibroblasts showing enhanced responsiveness [93].
Nevertheless, it has been difficult 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



clearly demonstrated. A family of profibrotic mediators are
the endothelins (1 and 2) whose levels are increased in both
diseases [96-98]. These agents, in addition to their well
described vasoconstrictor and bronchoconstrictor proper-
ties, the endothelins are potent activators of fibroblasts for
enhanced matrix production [99].

Although in asthma epithelial EGFR expression has
been shown to correlate with the extent of subepithelial
fibrosis, the EGFR as an effector of matrix remodeling mes-
enchymal cells is also important, along with platelet-derived
growth factor (PDGF), insulin-like growth factor, fibrob-
last growth factors and TGF-f. Stimulation of fibroblast-
bound EGF and PDGF receptors works in concert with
binding of 31 integrins also present on the surface of these
cells by matrix components such as laminin or fibronec-
tin to stimulate fibroblast chemotaxis and migration [100,
101]. Thus, alterations in growth factor and receptor expres-
sion, matrix composition, and adhesion molecule binding all
have the potential to influence fibroblast 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 fibroblast number [53]. Increased epithelial
expression of TGF-q, another ligand of the EGF family
results in lung fibrosis, but the effect is mediated via the epi-
thelium to enhance other fibroblast growth factor secretion
rather than through a direct action on fibroblasts [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 inflammatory 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 stiffness [107]. Thus, 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 al-antitrypsin [108, 109] which would favor fibrosis.
The 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-(3 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
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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 fibroblasts and smooth muscle cells to promote
both mitogenesis and collagen secretion [112] and is also
mitogenic for epithelialial cells and enhances profibrogenic
growth factor release [113].

Effects of the altered matrix on remodeling

The capacity of the extracellular matrix to directly and indi-
rectly influence 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 fibronectin provide stimuli
for inflammatory, 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-3 [116]. Glycosaminoglycans, such as
hyaluronic acid (HA), found to be increased in the BAL
fluid 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 fibronectin and laminin,
which inhibit apoptosis in part through the autocrine effect
of GM-CSF [120]. Indeed, fibronectin 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] fibroblasts, smooth muscle cells, and mac-
rophages [123] and is upregulated by growth factors such
as TGF-3 [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 fibroblasts [126]. Elevated quantities of fibronectin
have been detected in bronchial lavage fluid 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].

The pattern and distribution of matrix deposition in the
remodeled airway differs 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 fibronectin [129], laminin (3, [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 effects 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 effective since mepolizumab is highly effec-
tive in eosinophilic oesophagitis and nasal polyposis [135].

Studies of COPD have not revealed an equivalent to
the subepithelial fibrosis as observed in asthma, although in
post-transplant obliterative bronchiolitis, this change occurs
secondary to epithelial damage, epithelial-mesenchymal
transition, and proliferation of myofibroblasts [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 Jamina reticularis is apparent especially in
the presence of eosinophils [139]. These individuals, who
have a BAL eosinophilia and significant corticosteroid
reversibility, also show demonstrable basement membrane
thickening, but the composition remains unknown [140].
Further studies are needed to properly define the clinical
and pathological characteristics of this subgroup and any
overlap with late onset “intrinsic” asthma.

Diffuse 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 fibronectin [108]. Excess matrix dep-
osition in COPD has been identified 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].

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. Thus, the
smaller (<400pm 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. The 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 (<2mm 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 difficulty
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 inflammatory mediators [163] and cell
degranulation products [164, 165]. Acrolein, a low molecu-
lar weight component of cigarette smoke, induces epithelial
MUCS5AC gene expression, and mucous metaplasia in rats
in vivo [166] ,while the Th2 cytokines IL-4,1L.-9,and IL-13
have been closely linked to both augmented mucin gene
expression, particularly the MUC5AC and MUC2 genes,
and goblet cell differentiation both in wifro and in wvive
[167-170].

A central role has been postulated for the neutrophil
in stimulation of airway mucin production. This is based
on the observation of augmented MUCS5AC 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



MUCS5AC mRNA and protein expression [171-174]. The
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.

The 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. The 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]. The 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 different 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 inflammation.

The 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].

The 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].
The mitogenic influences of mediators involved in the
inflammatory 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].

Airway Remodeling

An extensive list of smooth muscle mitogens has been
identified:

e inflammatory mediators
e growth factors
e enzymes

e components of the extracellular matrix [192].

Group 1 are mediators, such as EGF and PDGEF, 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 I'TD4 are
smooth muscle mitogens in animal models, their effects 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-3 and PDGF isoforms are
both differentiation 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 inflaimmation 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-q, IL-1, LPS, and IFNs [195]. Furthermore,
the adherence of T-cells to smooth muscle cells results in
stimulation of DNA synthesis [195]. The capacity of these
ASM to express adhesion molecules, synthesize ECM
components, and release inflammatory cytokines and chem-
okines including RANTES [196], eotaxin, and IL-8 [192]
indicates that smooth muscle remodeling may itself be part
of the inflammatory 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 (ADAMS33) molecule is
strongly associated with BHR and an accelerated decline
in lung function over time [199, 200]. ADAMS33 is local-
ized to airway smooth muscle and is implicated in vascu-
logenesis through release of its soluble form [201]. There
is also much interest in the factors that are chemotractant
for smooth muscle cells, their relationship to myofibroblasts
and whether mechanisms for removal of muscle could be
therapeutically beneficial. Towards this end, bronchoscopic
thermoplasty is looking very promising as an entirely new
approach to asthma treatment [202, 203].

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-3, TNF-q, and
TGF-a that are involved in the inflammatory milieu of the
asthmatic airway. Of particular importance is VEGF which
is released from epithelial cells as well as a broad range of
inflammatory cells including mast cells. The pro-angiogenic
function of soluble ADAMS33 is also relevant here.

There is evidence in severe asthma of increased air-
way neural networks. This is most likely the consequence
of nerve growth factor (and related neurotrophins) release
from epithelial and inflammatory 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. Thus, the poten-
tial for release of neurotransmitters such as the tachykinins
substance P and neurokinin A is increased. These agents,
in addition to their effects on vascular and smooth muscle
homeostasis, can contribute to local inflammation with the
attraction and activation of inflammatory cells. Neurogenic
inflammation is one way sensory information received
from the inhaled environment could contribute to ongoing
inflammation, although this has been difficult to prove in
asthma or COPD but is easily shown in animal models of
airway inflammation [210].

Whether any of the current anti-inflammatory strategies
can significantly 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 airflow obstruction in some patients, despite both
oral and inhaled therapy [208]. The 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 effect on the natural history of asthma.
Similar findings have been reported in the large CAMP and
START inhaled corticosteroid intervention studies in older
asthmatic children [215, 216]. This is somewhat surpris-
ing if it is thought that airway remodeling and the increase
in smooth muscle is the direct consequence of chronic

inflammation. Another possibility is that the structural
changes either precede or occur in parallel rather than
sequential to inflammation. While in vitro studies suggest
possible inhibitory effects of bronchodilator drugs such as
B2-adrenoceptor agonists and xanthines (e.g. theophyl-
line) on smooth muscle and fibroblast proliferation [217,
218], similar effects on these measures iz vivo are far from
established.

It has been proposed that a more effective 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-$ in an attempt to limit smooth muscle differen-
tiation as well as fibrosis. Monoclonal antibodies targeted
to TGF-8 are in clinical trials in diffuse fibrotic disorders
such as scleroderma, but concerns over safety have so far
prevented their exploration in asthma. The other functions
of this growth factor such as the development of anti-
inflammatory T-regulatory cells need to be taken into
account as possible alternative on target side effects [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 effects of delayed airway
fibrosis is a concern. One exciting possibility, however, is
the inhibition of IL-13, a cytokine with multiple effects on
inflammation, 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. The
clear advantage here is that blockade of this pathway may
influence 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 influences 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 inflammatory cell
passage to the epithelial layer above, while smooth muscle
hypertrophy may possibly help to maintain bronchiolar
caliber in severe emphysema [164]. Thus if a new “anti-
remodeling” agent were to emerge, the beneficial effects
would have to be weighed against the consequences of
interfering with what may, in some ways, be a valuable
defence mechanism.

While airway wall remodeling undoubtedly occurs in both
asthma and COPD, its physiological significance in health

and disease remains speculative. Of concern is the lack
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of knowledge connecting inflammation 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). The inability of an
efficient epithelial wound healing response is responsible for
the production of a large number of growth factors impli-
cated in fibrosis, vascuogenesis and new nerve formation,
but whether this process is also involved in smooth muscle
enhancement in asthma remains conjectural. The chronically
damaged/repairing EMTU is also the source of a range of
cytokines and growth factors to support chronic inflamma-
tion. Thus directing new therapies to increase resistance of
the asthmatic airways to environmental insults may create a
new approach to treatment.
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Asthma and COPD: Animal Models

Animal models have been used extensively in
the discovery of the biological processes that
underlie asthma and COPD. For example, the
demonstration by Gross ef a/. [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.
'The 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
specific genes, sometimes conditionally, that is,
at specific times or in particular cells. This 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. The disadvan-
tages of using mice include differences 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
modifiers, and some differences in the immune
system (mice have a more polarized T-lym-
phocyte response than humans). These 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.

Human asthma is characterized by intermittent
reversible airway obstruction, AHR, and airway
inflammation. Pathologically, airway remodeling
including increased airway smooth muscle mass,
subepithelial fibrosis, 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. The 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 first sensitized to an
allergen and then challenged with that allergen
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via the lungs. The sensitization and the challenge protocols
vary widely among investigators, especially depending on
whether AHR or airway remodeling are being targeted. The
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 inflammation, and serum IgE.

Consistent features of the model are increased OVA-
specific IgE and IgG1, eosinophilia (intraluminal, peribron-
chial, and perivascular), and recruitment of lymphocytes to
the airways. Increases in Th2-type cytokines either in bron-
choalveolar lavage (BAL) fluid, in lung tissue, or in lymph
nodes draining the lungs also occur. These 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 differ: in humans, the
peak in T-lymphocyte recruitment occurs about 24h 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. There 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 vive AHR is not observed under
these conditions [10]. The 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/] mice, but more difficult to induce in other strains,
including C57BL/6 mice even though airway inflammation
is robust in this strain [9, 12-14]. The 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/] strain, eosinophilia and AHR are preserved over
several months, and these mice develop subepithelial fibro-
sis and airway smooth muscle hypertrophy [12]. However,
modifications to the protocols may improve the utility of
mouse models for studies of airway remodeling. A recent
report by Yu ez al. [16] indicates that elimination of adjuvant
during the sensitization phase results in preserved AHR,
eosinophilia, and subepithelial fibrosis even after 9 weeks of
repeated weekly intranasal challenges in mice on a C57BL/6
background. Others have observed subepithelial fibrosis 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.
These 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 findings.

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-
deficiency, 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 deficient mice lacking mature CD4*
T-lymphocytes and mice depleted of CD4" T-cells do
not develop AHR or airway inflammation following aller-
gen sensitization and challenge [20, 21]. The requirement
for CD4" T-cells was also underscored by the observation
that reconstitution of CD4" T-cells alone is sufficient 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 ~6-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 (FeeRI) on their surface that
bind the Fc portion of IgE with high affinity. Crosslinking
FceRI 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; 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 (Rp) (less than
50% increase) can be observed following systemic admin-
istration of activating anti-IgE antibodies [37], but Ry,
changes little after airway challenge with allergen [36]. This
is in marked contrast to many other species which develop
marked increases in Ry after inhalation of allergen [38—40].



Mast cells and IgE also appear to play a role in the
airway inflammation that occurs after allergen challenge in
asthmatics [41], but the ability of mouse models to repro-
duce this phenomenon has not been consistent. Kung ez a/.
[42] reported that aerosol OVA challenge of systemically
sensitized mast cell deficient mice resulted in fewer eosi-
nophils in BAL fluid and lung tissue compared to congenic
controls, whereas others [10, 43—45] have failed to observe
any effect of mast cell deficiency or IgE deficiency 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 ez a/. used two distinct pro-
tocols to sensitize and challenge mast cell deficient 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 difference between mast cell deficient 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 differentiation, 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 deficient 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]. The 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, (3-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 difficult
to control asthma) could have biased the study [52]. Did our
mouse models lead us astray? There 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
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cytokines involved. Refinements 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. The protocol used
to sensitize and challenge the mice, and the choice of mouse
strain are key issues and can influence 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. The efficacy 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.
These studies have established that obese mice exhibit a
pulmonary phenotype that includes both innate AHR,
as well as increased responses to ozone (Os) 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/0b mice are geneti-
cally deficient in leptin, a satiety hormone synthesized by
adipocytes and released into blood in proportion to adipose
tissue mass. In the absence of leptin, 04/04 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]. The increased body weight is entirely the result of an
increase in fat mass. D4/db mice are genetically deficient in
the long form of the leptin receptor, which is required for
leptin’s effect on satiety and metabolism [69]. Thus, db/db
mice are similar to 04/0b 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 differences between 0b/0b and db/db mice, includ-
ing differences in their pulmonary phenotype [60]. Cpe/
mice are genetically deficient in carboxypeptidase E (Cpe),
an enzyme involved in processing of neuropeptides involved
in eating behaviors. Obesity develops more slowly in these
mice than in 0b/0b 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 0b/0b, db/db, and Cpef”’
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-specific 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 04/0 and db/db mice
than in Cpe 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].

"The mechanistic basis for the AHR observed in obese
mice is not known. However, the mice do not have any overt
cellular inflammation in their lungs [60, 63]. All measure-
ments were made in open-chested mice, mechanically venti-
lated at a fixed positive end-expiratory pressure (PEEP) and
a fixed tidal volume, so changes in absolute or tidal volume
likely do not play a role. In 0b/0b and db/db mice, there are
effects on lung development: despite their massive obesity,
these mice have small lungs [60, 65]. However, lung size is
not affected in Cpef‘” 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 inflamma-
tion that characterizes the obese state [70] contributes to the
AHR observed in obese mice. For example, preliminary data
in both db/db and Cpef‘” mice indicate that treatment with
anti-I'NF-« antibodies reduces airway responsiveness [71].

Responses to O3: Exposure to O3, a common air pollut-
ant, is a trigger for asthma. Hospital admissions for asthma
are higher on days of high ambient O3 concentrations [72]
and in children, O3 increases asthmatic symptoms even at
concentrations below the US Environmental Protection
Agency standard [73]. O3 causes airway inflammation, as
well as AHR, both of which may contribute to the ability
of O3 to exacerbate asthma.

Obesity impacts the effects of Oj in the lung. Both the
changes in pulmonary function and the AHR induced by O;
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 Os
(2ppm for 3h) increases Ry, in obese but not lean mice and
induces greater AHR in obese versus lean mice [60, 62, 65].
Compared to lean controls, Os-induced injury and inflam-
mation are also greater in 0b/0b mice, db/db mice, Cpeﬁ”
mice, and mice with DIO [60-62, 65]. However, the factors
that contribute to the innate AHR of obese mice appear to
be different from those that contribute to their increased
response to acute Oj: increased Oj-induced inflammation
is observed as early as 7 weeks of age in C’pef‘” mice [76],
whereas AHR is not observed until they are 10 weeks old.

At least part of the increased response to O3 observed
in obese mice appears to derive from differences in 1L-6
signaling. Following acute Oj exposure, obese mice have
increased IL-6 release into BAL fluid compared to lean
mice [60, 62, 65]. Treatment with anti-IL-6 antibodies
ablates the accelerated neutrophil influx that is observed fol-
lowing acute O3 exposure in 04/06 mice and also attenuates
the enhanced Os-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 0b/0b 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 differences in Th2
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 0b/0b 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 04/06 mice [79]. This
could lead to greater leukotriene synthesis and subsequent
release from activated mast cells and thus enhance airway
responsiveness. In this context, Peters-Golden ez al. recently
reported a more beneficial effect 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-
sectional studies indicate that leptin is also increased in
asthmatics [81, 82]. Numerous reports indicate that lep-
tin is pro-inflammatory (see recent review [83]), and these
inflammatory effects could exacerbate asthma in the obese.
Leptin treatment has been shown to augment allergen-
induced AHR in lean mice, without affecting eosinophil
influx or Th2 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 inflammatory
response to acute O3 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
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leptin that contribute to the augmented O; responses of
obese mice, since such responses are observed not only in
Cpe/* and DIO mice [61, 62] that have marked increases in
serum leptin, but also in 04/06 and db/db mice [60, 65], that
lack either leptin or the leptin receptor.

In contrast to other adipokines, adiponectin, an insulin-
sensitizing hormone, declines in obesity [85, 86]. In contrast
to leptin, adiponectin has important anti-inflammatory
effects 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 inflammation, and
Th2 cytokine expression in the lung [67]. Adiponectin has
been shown to inhibit macrophage production of lymphocyte
chemotactic factors [87]. An adiponectin-induced reduc-
tion in lymphocyte influx into the lungs would be expected
to reduce pulmonary concentrations of Th2 cytokines and
could thus be responsible for attenuating eosinophilia and
AHR following OVA challenge. Three adiponectin receptors
have been cloned: adipoR1, adipoR2, and T-cadherin [88,
89]. Lung tissue expresses all three adiponectin receptors.
'The 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 effects of allergen
challenge.

Modeling COPD

Animal models were critical to the development of the
elastase:anti-elastase hypothesis generated 45 years ago. This
hypothesis remains the cornerstone of our understanding of
COPD pathogenesis today. The major finding 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 findings 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.
'This 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. This is likely due to the
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fact that elastin fragments themselves [101] are chemok-
ines, and that the events following PPE instillation are very
similar to the inflammatory cell cascade that one observes
in COPD following cigarette smoke exposure. That is, ini-
tially PPE leads to acute airspace enlargement with elastin
destruction and release of fragments of elastin and other
matrix proteins. This results in subsequent neutrophilia fol-
lowed within days by a predominant macrophage and T-cell
influx. These activated inflammatory 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 fibrosis
tethering open adjoining airspaces simulating emphysema.
While this mechanism differs 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]: The 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 differences in smoke
exposure as well as biological differences 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 inflammation
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. These
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 fibrosis, and also develop
goblet cell hypertophy [4, 104].

Apoprosis: 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-inflammatory air-
space enlargement. Clearly, to lose an acinar unit, one
must destroy both extracellular matrix (ECM) and struc-
tural cells. Traditionally, we believed that inflammatory
cell proteinases destroy ECM and cells unable to attach to
the ECM float away and die. The 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. They may also develop
progressive airspace enlargement acquired spontaneously over
time that more closely reflects 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
different from destruction and enlargement of normal mature
alveoli that defines 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. There are many
proteins that have been identified using these techniques as
recently reviewed [99]. Knowledge gained from these stud-
ies will be synthesized below.

Limitations: The 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. These are more likely to reflect
Global Initiative for Chronic Obstructive Lung Disease
(GOLD) stage I and II not the severe stages of COPD (111
and IV). Moreover, there is a variety of smoking chambers
now available that differ 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. 'The 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 reflect COPD.

Lessons from mouse models of COPD

Inflammatory cell network in COPD: Animal models have
taught us that emphysema is not caused by a single cell type
or proteinase. Rather, multiple inflammatory 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. The 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 unified pathway, sup-
ported by data from cigarette smoke-exposed mice, can
account for much of the inflammation observed in response
to cigarette smoke. Cigarette smoke, via its oxidant prop-
erties, can activate macrophages leading to TNF-a pro-
duction with latent TNF-a translocating to the surface
whereupon MMP-12 “sheds” active TNF-« 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 significant role in inflammatory 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~ in transgenic
mice, results in apoptosis, inflammation, and emphysema
[112]. Moreover, IFN~ and IFN~-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 influence of CD8" T-cells
on emphysema, they may also directly cause cytotoxicity
contributing to emphysema. The importance of the CD8*
T-cell in the pathogenesis of emphysema, was recently con-
firmed by subjecting wild-type (C57BL/6 J), CD8" T-cell
deficient (CD877) mice, and CD4" T-cell deficient (CD47")
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 inflammation 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. The
macrophage then recruits neutrophils, and their proteinases



then degrade ECM, particularly elastin and collagen, con-
tinuing the inflammatory cascade. Hence, CD8" T-cells
may be the master regulator of inflammation 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 inflammatory cell
network, but to date, they have not been carefully addressed.

Role of oxidative stress in COPD: Cigarette smoke,
loaded with 10'7 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 inflammatory genes, such as nuclear
factor-kB (NF-kB) and activator protein (AP)-1[117]. This
finding, initially in humans, has been confirmed in rodents
exposed to cigarette smoke [118]. Oxidants also have a sig-
nificant role in promoting apoptosis, and although oxidants
do not directly degrade ECM proteins, they might modify
these proteins making them more susceptible to proteo-
Iytic 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 defining
the contribution of different elastolytic enzymes in this
process. In addition to the original instillation of papain by
Gross [1], in one of the first applications of gene-targeted
mice to lung disease, it was shown that macrophage elastase
(MMP-12) deficient mice were protected from the develop-
ment of emphysema [95]. As in several other models of dis-
ease, MIMP-12 is pro-inflammatory, 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.
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Lung-specific transgenic mice expressing either the Th2
cytokine IL-13 (“Dutch mice”) [121] or the Thl cytokine
IFN-~ (“British mice”) [112] both develop proteinase-
dependent emphysema. IFN-~ overexpressors develop a
cysteine proteinase/apoptosis mediated form of emphysema,
while IL-13 overexpression induces inflammation 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-B with airway fibrosis [122]. The role of TGF-{ in
emphysema was also highlighted with a,b6™/~ mice, that
are unable to activate TGF-{ in the airspace, develop mac-
rophage inflaimmation and MMP-12-dependent emphy-
sema [123]. TGF-8 regulation is complex as total absence
of TGF-3 releases the brake on inflammation and destruc-
tion in the airspace while too much TGF-8 leads to fibrosis
in the airways.

Other gene-targeted mice that develop emphysema
include surfactant protein D/~ (SP-D/7) mice, which
exhibit macrophage activation, MMP production, and con-
sequent emphysema [124]. TIMP-3 deficiency leads to a
combination of developmental airspace enlargement com-
bined with progressive destructive emphysema in adults
[125], supporting the role of MMPs in COPD. There 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]. These stud-
ies have uncovered several interactions between NE and
MMPs. MMPs degrade al-AT and NE degrades TIMPs,
each potentiating the other’s proteinase activity. Moreover,
NE mediates monocyte migration and as discussed, acute
neutrophil inflammation 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. They are non-inflammatory
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).
Thus, like other traditional models of epithelial apoptosis,
bleomycin being the classic, the result is acute lung injury
and if severe, fibrosis. Endothelial apoptosis could have a
different outcome, but it is likely that apoptosis does not
initiate emphysema. Apoptosis, however, is likely to be a
critically important modifier 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 effects
of cigarette smoke. The fate of the apoptotic cell is criti-
cal to disease progression. Clearance by macrophages leads
to anti-inflammatory TGF-3 production and release of
growth factors that promote repair [127]. Inefficient clear-
ance leads to secondary necrosis, augmenting inflammation
and destruction.
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Role of repair in COPD: 'The ability of the adult lung
to repair damaged alveoli appears limited. This is likely due
to the structural and functional dependence upon the elas-
tic fiber architecture combined with the difficulty in repair-
ing elastic fibers. Whether one can temporally and spatially
bring together the multiple microfibrillar components of an
elastic fiber let alone coordinate matrix repair with endothe-
lial and epithelial migration and differentiation 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 fiber cable network, it is unclear whether stem cells
alone could regenerate a functional alveolar unit.

There has been some evidence that one can repair
emphysematous lung tissue in animal models. The study
by Massaro ef 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 significant effects in
human trials, but has opened the door to mechanisms that
could be reparative.

There have been attempts to add growth factors, such
as keratinocyte growth factor (KGF) to elastase-treated
lungs. The results demonstrate the ability to protect from
injury, but not repair damaged tissue [128]. The advent of
lineage tagged and lineage ablated genetically engineered
mice will be helpful to define progenitor cells and their
reparative capacity in the future.

It is important to keep in mind that there are important
structural differences 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 findings, 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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Mast Cells and Basophils

Mast cells and basophils first 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 nonspecific
injury, as from venoms [7]. Mast cells and
basophils also have the demonstrated potential
to influence 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-inflammatory [6].
These 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 inflammation and remodeling in chronic
disease. Their roles in other obstructive lung
diseases have received less attention, but they
may indeed contribute to conditions apart from
asthma.

This chapter summarizes current think-
ing about roles of mast cells and basophils in
obstructive airway disease.

Mast cells and basophils have shared origins
but distinct distributions and fates. Mast cells,
but not basophils, are normal residents of unin-
flamed airways. Mature mast cells rarely appear
in blood, whereas mature basophils circulate
and are recruited from blood to sites of allergic
inflammation. 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 briefly, exit the
bloodstream to multiple tissue destinations, then
differentiate, adopting a phenotype determined
by their microenvironment. Basophils, on the
other hand, mature in the marrow, circulate, then
home to sites of inflammation if recruited to do
so. Tissue mast cells are not fixed in location,
for they migrate toward airway epithelium after
antigen challenge and traffic 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. There are genetic
variants of mice with almost no mast cells but
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none with an inherited, selective deficit 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.

Paucigranular, mast cell-committed progenitors are released
from marrow expressing surface receptor tyrosine kinase
c-kit and low affinity IgG receptor (FARII) but not high
affinity IgE receptor, FeRI. In vitro, cells with mature char-
acteristics, including FeRI and protease-rich granules, dif-
ferentiate from progenitors under the influence of IL-6 and
kit ligand. Presumably, similar events occur iz 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. Their 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. The importance of local
production of kit ligand is suggested by the finding in mice
that intratracheal kit ligand provokes mast cell-dependent
hyperreactivity [13].

In witro, a variety of cytokines (especially 1L-3, -6, -9
and -10, and TGF-31) 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 inflammation and hyperresponsiveness
with mast cell hyperplasia [14].

Mast cells vary in features such as:

proteoglycan and protease content;

o metachromasia;

granule ultrastructure;

e responses to degranulating stimuli, such as substance P.

'These 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]. MCr cells express tryptases but not chymase, whereas
MCrc express tryptases and chymase. Occasionally, chymase-
only MC¢ mast cells are seen. Bronchi contain a mixture of
types, whereas alveolar interstitium contains predominantly
MCr. Because mast cells develop and are stimulated in tis-
sues, some variation is due to differences in maturation, acti-
vation, or recovery from degranulation.

Less is known of factors influencing basophil differ-
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 unaffected by defects in c-kit
causing profound mast cell deficits 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].

In asthmatics, increased numbers of basophils and activated
mast cells appear in sputum after allergen challenge [17],
which may reflect migration from submucosal sites and blood-
stream, respectively. As noted, mast cell precursors home to
tissues even without inflammation. Constitutive homing and
epithelial migration may involve responses to proteins such as:

e C5a;

o RANTES;
e IL-8;

o MIP-1¢y

o MCP-1;

o VEGTF;

e fractalkine;
e CXCLI10;
o kit ligand.

These 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 differentiation at a
tissue site.

Kit ligand is notable in that it is specific 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]. The 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.

IgE-dependent activation

Classic mast cell and basophil activation involves docking
of allergens to IgE via FeRI expressed as an assemblage of
subunits (afB,) in the plasma membrane. FeRla expres-
sion is strongly influenced by the serum level of IgE itself
[22]. Aeroallergens with repeating epitopes attach to recep-
tor o 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
B and ~ 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



[23, 24]. For example, inhibition of syk blocks allergic air-
way inflammation in mice [25]. Intriguingly, syk protein is
deficient 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 efficacy in asthma [28]. The
FeRIB chain is not essential in humans but amplifies the sig-
nal. F~ARI signals are damped by inhibitory receptors, such as
FARII 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.eRI signaling
by dephosphorylating activated proteins in the signaling
pathway.

FARIDs importance is particularly compelling [30].
When IgG and IgE antibodies are raised against polyvalent
antigen, “heterotypic” cross-linking of FARII and F.eRI by
allergen bound to IgG and IgE inhibits signaling by F.eRI.
'This 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:
e neuropeptides (e.g. substance P);

e purines (adenosine and ATP);

e byproducts of complement activation (e.g. C3a);

e cosinophil toxins;

Input
. Antigen-specific/
“Adaptive”

\

Antigen
nonspecific/
“Innate”
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C3a,C5a \ A
Escherichia coli FimH \\AA

Endothelin —_
Kit ligand —>

NGF—

ATP /)'
Adenosine /

Ag+IgG

MHC Il

Mast Cells and Basophils

e bacterial products (e.g. E. co/i FimH);
e chemokines and lymphokines (e.g. IL-4);
e kit ligand.

These inputs are immunologically nonspecific and
provide the means by which products of activation partici-
pate in neurogenic inflammation and innate host defense
[31]. They also augment responses to allergen-specific mast
cell activation (see below).

Thus, 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 describes the response to a substance that does not
release mediators by itself but enhances the effect of another
stimulus, such as cross-linked F.eRI. 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-specific
and affect mediator synthesis and release in different ways.
Interactions between primers are potentially complex, and, in
the case of IL-4 and -5, may involve autocrine stimulation.

Output
Histamine
Proteases
Heparin Tryptases, tPA

Chymases, Cathepsin G
Gelatinases A & B
Carboxypeptidase A
Dipeptidylpeptidase |
Cytokines
____»IL-4,IL-13
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~——» Chemokines
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FIG. 9.1 Mast cell inputs and outputs. This contains a partial listing of factors influencing human mast cell production of mediators with postulated roles in
acute and chronic airway inflammation in asthma. Inputs are divided into those directly involving immunoglobulin-mediated “adaptive” responses and those

involving immunologically nonspecific “innate/natural” immunity.
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In basophils, priming in vifro 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
n 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 inflammation. F eRI-mediated activation can also be
opposed by physiological influences, 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 I'TIM containing co-receptors [37].

Eicosanoids, histamine, and proteases

Stimulated mast cells and basophils release an astonishing
variety of stored and newly synthesized “mediators”. These
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.

The principal eicosanoids synthesized after stimula-
tion are PGD, (whose importance in allergic airway inflam-
mation is demonstrated in PGD receptor-null mice [38])
and LTC,, which is the major target of 5-lipoxygenase
inhibitors and leukotriene receptor antagonists. The 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
effective 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 vifro degrada-
tion of bronchodilating peptides, enhancement of bronchial
contraction, promotion of airway smooth muscle and suben-
dothelial fibroblast growth and collagen production, and pro-
inflammatory properties [40]. Studies in sheep and guinea
pigs suggest that inhibitors of tryptases reduce allergen-
induced airway inflammation 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 inflammatory effects of mediators released
from mast cells and other effector cells [45].

There 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 specific

[16, 46].

Cytokines and chemokines

Activated human mast cells express cytokines similar to
those of TH, cells, including IL-4, -5, -13, -16, and TNF-
a. In airways in allergic rhinitis or asthma, mast cells are
a substantial fraction of leukocytes expressing these “TH,”
cytokines [47].

The relative importance of mast cells and basophils
versus lymphocytes as a source of these cytokines is unclear.
However, mast cells differ from lymphocytes in stor-
ing cytokines in secretory granules. In the case of TNEF-
o, 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-specific
activation [49]. In mice, basophils may be one of the 1L.-4-
producing cell types that skew the immune environment
in the lung toward allergic, Th2-type responses [50, 51].
The importance of IL-4 and IL-13 is strongly supported
by studies in genetically modified mice, which suggest that
airway overproduction causes epithelial hypertrophy, mucus
metaplasia, eosinophilic inflammation, 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
inflammation. Chemokines expressed and secreted by mast
cells include IL-8 and MIP-1c, which may recruit effector

leukocytes to sites of inflammation [53].

Growth factors

Known cellular growth factors expressed by mast cells
include bFGF [54], VEGE, [55] and nerve growth factor
[56]. Less known growth factors are tryptases, which are
mitogens for airway fibroblasts, smooth muscle, and epithe-
lial cells [57] and may influence endothelial cells to form
vessels, thereby promoting angiogenesis [58]. Mast cell
IL-4 is fibrogenic when presented in the context of cell-
to-cell contact [59]. These mediators suggest mechanisms
by which mast cell and basophil mediators promote airway
remodeling in the setting of persistent airway inflammation.
Recent data from asthmatics suggest that infiltration of air-
way smooth muscle by mast cells (mastitis) is a phenome-
non specific for asthma, which is to say that it is not seen in
related inflammatory airway disorders such as eosinophilic
bronchitis [(which unlike asthma is not associated with air-
way hyperresponsiveness (AHR)] and smoking-associated
bronchitis [60]. Brightling and colleagues propose that



airway 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].

Basophils and mast cells are presumed to exist for reasons
other than to promote sneezing, itching, and wheezing.
Lacking informative animal models or natural deficiency
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-
deficient 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 nonspecific forms of inflammation, for example, ozone-
inflicted lung injury [66], providing further evidence that they
are activated by IgE-independent pathways.

Animal models

Several experiments in mice support a role for mast cells in
asthma-like allergic inflammation, 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 inflammation but
do influence kinetics and magnitude of its expression.

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].

Mast Cells and Basophils

Anti-IgE joins a growing list of anti-asthmatic drugs influ-
encing mast cells, basophils, and their products. These include:

e corticosteroids (which decrease mast cell numbers) [75];
e cromones;

e [-adrenergic agonists;

e theophylline;

e heparin (which inhibits degranulation);

e IL-4 antagonists (which inhibit priming) (58);

e leukotriene pathway inhibitors.

Others, effective in animal models, include tryptase
inhibitors [76].

Interestingly, mast cell desensitization to chronic
B-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]. They appear
degranulated in asthmatic airway, even in stable disease, [81,
82] and the percentage of mast cells expressing cytokines
1L-4, IL-5, and TNF-o 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]. This supports the hypothesis that mast
cells and basophils are important in early- and late-phase
responses, respectively. The 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)-assisted IgE
production and allergic inflammation.

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
fluid [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 find 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.

Mast cells protect from certain types of infection and injury
by contributing to innate and adaptive immune responses.
The homeostatic roles of basophils are less clear. Both cell
types participate in the pathology of atopy and asthma by
deploying an arsenal of inflammatory mediators, including
proteases, growth factors, chemokines, and “T'H,” cytokines.
Mast cells, being permanent airway residents, are more likely
to encounter aeroallergens first 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 inflammation in
chronic asthma, including stimulation of IgE production,
recruitment of eosinophils, and remodeling of epithelium.
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Dendritic Cells in Asthma and COPD

'The lung contains many subsets of dendritic cells
(DCs) that are distributed in various anatomi-
cal compartments. In homeostatic conditions, a
fine-tuned balance exists between plasmacytoid
and myeloid DCs necessary for maintaining
tolerance to inhaled antigen and for avoiding
overt inflammation. These subsets of DCs also
play important roles in establishment of airway
inflammation 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
significant cause of morbidity and mortality. In
allergic asthma, allergen-specific T-helper type
2 (Th2) cells produce key cytokines like 1L.-4,
IL-5, and IL-13 that regulate the synthesis of
allergen-specific IgE and control tissue eosi-
nophilic airway inflammation and remodeling
of the airways. In the lungs of COPD patients,
predominantly CD8 lymphocytes and neu-
trophilic airway inflammation 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
differentiation of not only naive but also effec-
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 inflam-
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. The applicability to the human

situation and the therapeutic potential of novel
findings will be discussed where possible.

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 defined. Recently
however, many groups have refined the ways
in which lung DCs should be studied, both in
mouse [2-5] and in human [6, 7]. It is clear
that different 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 defined on the basis
of the expression of the myeloid marker CD11b,
as well as anatomical location in the lung. The
trachea and large conducting airways have a
well-developed network of intraepithelial DCs,
even in steady-state conditions. These 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 inflam-
mation, and these cells are particularly suited for
priming and restimulating effector CD4 cells
in the lung [8, 9]. The 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,
CD11cM alveolar macrophages control the function of these
interstitial DCs. Plasmacytoid DCs are CD11b~ CD11c™
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« in response to
triggering by CpG motifs or viral infection ex vivo [11].
The exact definition of the different DC subtypes in
the human lung is incomplete and a subject of controversy.
Two groups identified myeloid DC and plasmacytoid DC
in single cell suspensions from digested human lung tis-
sue by flow cytometry, using the blood dendritic cell anti-
gen markers (BDCA) 1 through 3 [7, 12]. The Cluster of
Differentiation (CD) nomenclature of these BDCA mark-
ers is as follows: BDCA1 = CD1¢, BDCA2 = CD303, and
BDCA3 = CD141. Within the low autofluorescent 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 CD1417/HLA-DR™ cells, and plasmacy-
toid DC were characterized as CD3031/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 influence of inter-
leukin-15 [14]. It is unclear whether differences in terms of
expression of surface markers reflect separate stages of dif-
ferentiation of the DC, rather than different sublineages.
It is tempting to speculate that, within these DC subsets,
carrying different surface markers, functional specialization
does occur. Indeed, pulmonary myeloid DC types 1 and 2
were shown to release proinflammatory cytokines (TNF-q,
1L-13, 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-« 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. This
“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]. This 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
24-48h following exposure of inhaled fluorescently 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
afferent 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-
specific immunoglobulins acting on Fc receptors, thus
enhancing endocytosis [18].

Outcome of antigen inhalation depends
on the functional state of myeloid and
plasmacytoid DCs

'The 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 Th2 adjuvant alum) it no longer
induces an immunological response that leads to effector
cells causing inflammation [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]. The 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 effector 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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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 differentiation to effector cells. Eventually many dividing cells die.
Additionally, mDCs induce Treg cells that suppress inflammation. 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-Al/Il) are not known.

Conventional lung DCs (either CD11b" or CD11b")
are necessary for tolerance induction [17] but are also
responsible for inducing Th2 sensitization, providing there is
some form of activation (either LPS or TNF«) [23] leading
to functional DC differentiation and their capacity to prime
'Th2 effector cells (see Fig. 10.2 for a model depicting cellular
interactions leading to Th2 sensitization in the airways). In
further support, Th2 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 Th2
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, 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 PGDj in the lung [25]. When
exposed to selective PGD2 agonists, myeloid DCs induced
the formation of Foxp3* Ag-specific Tregs that subsequently
suppressed airway inflammation. A similar mechanism on

DCs was found for stable PGI, 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 vifro and in vive data suggest that pDCs
directly suppress the potential of mDCs to generate effector
T-cells [11, 29]. Plasmacytoid DCs can also stimulate the
formation of Treg cells, possibly in an ICOS-L-dependent
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
Th2 skewing potential. Th2 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 Th2 development, but it could involve the formation
of the inflammasome, 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 influences DC function via the modification of
mast cell and eosinophil function. Mast cells (e.g. through
release of cytokines, PGD2 or sphingosine metabolites) [33]
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FIG. 10.2 Model of dendritic cell function during Th2 sensitization. Several known risk factors for atopy have been shown to interfere with DC function in
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 sufficient to induce IL-12)

so that they now induce effector Th2 cells rather than regulatory T-cells. Some stimuli, like concomitant viral infection, might have an additional effect by
inducing maturation of pDCs and their production of IFNa. 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) orinterleukin 1 (IL-1). The precise source and role of endogenous danger signals such as ATP, tumor necrosis factor o (TNF-ay), high mobility group

box 1 (HMGB1), or uric acid is currently being investigated.

and eosinophils (through release of leukotrienes and eosi-
nophil-specific enzymes) also influence DC function [34].
'The 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 macrophages,
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 Th2 priming, one needs to won-
der, therefore, whether a stimulus acts directly on mDCs or

pDCs or whether its effects are mediated indirectly through
modification 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 different [35]. As an example, low dose endotoxin was
able to break inhalation tolerance to inhaled OVA by induc-
ing mDC maturation [23]. These effects 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 differentiation factors that
subsequently attract, activate, and polarize lung DCs to prime
'Th2 responses. In this regard, the epithelial cytokines thymic
stromal lymphopoeitin (T'SLP) 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



adjuvant effects of diesel exhaust particles (DEP) [39, 40] or
pro-allergic effects 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 iz vifro experiments.
Ambient particulate matter (APM) is ubiquitous in the envi-
ronment and is associated with allergic diseases in inner cities.
In itro, 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 iz 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 inflammation in Nrf-2-deficient 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 Th2 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 effector memory
'Th1 cells due to their differential expression of costimulatory
molecules and lack of IL-12 production. In both human and
mouse, nicDCs promoted the development of Th2 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 affect 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 'Th2 sensitiza-
tion in mice.

Function of DCs in allergic inflammation
and tissue remodeling

Not only do DCs play a role in the primary immune response
to inhaled allergens, they are also crucial during the effector
phase of asthma. The 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]. Inflammation how-
ever reappears when mature inflammatory CD11b" DCs
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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 inflammation.
'These receptors are expressed on lung macrophages, DCs, and
basophils. Receptor-deficient mice had more eosinophilic air-
way inflammation, airway hyperresponsiveness (AHR), and
increased migration of DCs to the MLN [52].

'The 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 inflammation, 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 “inflam-
matory DCs”. The same effects were observed when DCs
were depleted in the nose in an animal model for allergic
thinitis [53]. It therefore seems that “inflammatory” DCs
are both necessary and sufficient 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 Th2 cells [9, 11, 48, 49, 54]. Costimulatory molecules
might be involved in activation of effector 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 inflam-
matory chemokines CCL17 and CCL22, involved in
attracting CCR4™ Th2 cells to the airways, and in produc-
ing eosinophil-selective chemokines [29, 49]. In helminth
infections, recruitment of Th2 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. The pro-allergic cytokine TSLP induces the production
of large amounts of CCL17 by mDCs, thus contributing to
the recruitment of Th2 cells to the airways, explaining how
it may act to enhance inflammation [37]. The complement
factor C5a suppresses the production of CCL17 and
CCL22 [29]. A similar effect was seen with the cytokine
IL-17, explaining how it may suppress allergic inflamma-
tion when given during allergen challenge. In vifro, 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 deficient for IL-4Ra signaling showed a marked
increase in IL-17 concentration with inhibited eosinophil
recruitment [56]. Emerging evidence suggests that IL4Ra
expression on lung DCs is an important feedback mecha-
nism through which IL-4 producing cells (effector Th2 cells,
eosinophils, basophils) might promote further Th2 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 inflammation, studying the factors that
control recruitment, survival, or egress from the lung dur-
ing allergic inflammation 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 CCR27™/™ and half were CCR2™™, it was shown
by Robays ez a/. that CCR2 (and not CCR5 or CCRS) is

crucial for releasing DC precursors from the bone marrow
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and attracting them into allergically inflamed lung. This
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 CCRS 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, deficient in CCL21 and CCL19, resulted in
airway inflammation and Th2 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
CCR?7 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 influence the migration of
lung DCs [61]. Leukotriene LTB4 promoted the migration
of immature and mature skin DCs but these effects seem to
be indirect [62]. It will be important to study if well-known
inducers of UI'B4 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 inflammatory 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) fluid but are poor antigen-
presenting cells (APCs) [66]. The exact role of plasmacytoid
DCs in ongoing allergen-specific 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
efficient as mDCs in inducing Th2 proliferation and effec-
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.

The infimmatory basis of COPD

COPD is an inflammatory 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 inflam-
matory response. The lungs of COPD patients are infiltrated
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 proease—
antiprotease balance (with an elevated production of proteases
and/or decreased levels of antiproteases such as al-anti-
trypsin and tissue inhibitors of matrixmetalloproteinases
(TIMP)), increased programmed cell death and profibrotic con-
ditions in the small airways. The exact pathogenetic mecha-
nisms for ongoing pulmonary inflammation and damage in
COPD, even after the initial inciting agent has disappeared
(ie. 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 inflammation in patients
with COPD [72].

The 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 effects 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

There 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 first 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 wersus surgical resection specimens sampling
small airways and parenchyma versus BAL sampling the
alveolar lumen) (Fig. 10.3), differences in the examination
techniques (electron microscopy, flowcytometry, or immu-
nohistochemistry) or differences in the immunohistochemi-
cal markers used to identify and enumerate the DCs. It is
also critical to discriminate between the effects of smoking
per se on DC numbers, phenotypic markers, or functions
versus the disease-specific effects 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 different DC subsets mentioned
earlier but also the different anatomic locations (i.e. distribu-
tion) of DC within the lung. Moreover, the different com-
partments of the lungs (large airways, small airways, lung
parenchyma interstitium and alveolar lumen) are sampled
by different 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 significant differences between groups [73, 74]. Others
evaluated the number of DC in large airways using electron
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FIG. 10.3 Distribution of DCs in the lungs and the impact of smoking or
COPD on different subsets of dendritic cells. Myeloid DCs can be retrieved
in different compartments of the lung. Airway DCs are located as a network
immediately above and beneath the basement membrane, either in the
large airways (sampled by bronchial biopsies taken during bronchoscopy)
or in the small airways (present in lung resection specimens). Alveolar

DCs are present in the lumen of alveolar spaces and can be recovered by
BAL, whereas interstitial DCs are located in the interstitium of the lung
parenchyma between alveolar spaces (also present in lung resection
specimens). The exact location of human plasmacytoid DCs has still to be
elucidated. On the left side of the figure, studies evaluating the impact

of cigarette smoking per se on the number of different myeloid DCs are
indicated and summarized; on the right side, the studies comparing the
number of CD1a* DC (in large airways) or Langerin-+ DCs (in small airways)
between patients with COPD and healthy-smokers — without airflow
limitation — are indicated. COPD: chronic obstructive pulmonary disease;
DCs: dendritic cells.

microscopy, based upon morphologic criteria derived from
cultured CD1c™ DC, and showed a significant 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 significant increase in the number
of CD207 (Langerin) positive cells was found compared to
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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 fluid evaluated the number of
DCs between never-smokers and smokers without COPD,
showing a significant 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-smokers [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 different [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. This is in agreement with
data from experimental models of COPD, in which mice are
chronically exposed to cigarette smoke and develop manifest
pulmonary inflammation and emphysema. A clear accumula-
tion of myeloid DC was seen in the BAL fluid 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 inflammation [81].

Functional differences in DCs exposed to
cigarette smoke

Evidence from the mouse model of COPD and from
human lung tissue suggests an activated macrophage
inflammatory protein 3o (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 influence 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.c.
MLN) (Fig. 10.4).

Several in wvitro studies have evaluated the effect 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]. These nicotine-exposed DCs are indeed
less able to induce differentiation of naive T-cells into
T-helper 1 cells [47, 86]. When CSE is added during the
last 18h of a monocyte-derived DC culture, mimicking the
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FIG. 10.4 Possible interrelationship between cigarette smoke, airway inflammation, and DCs in the pathogenesis of COPD. Injury to epithelial surfaces by
cigarette smoke and/or oxidative stress induces the release of numerous DC-attracting mediators, including macrophage inflammatory protein-3a (MIP-
3a)/CC-chemokine ligand 20 (CCL20), which is the only chemokine ligand of CC-chemokine receptor 6 (CCR6). Blood DC precursors are recruited out of the
blood circulation, and they migrate to the site of antigen entry and tissue damage. Immature DCs display numerous TLR, including TLR2, TLR4, TLR7, and/or
TLR9, which enable myeloid and plasmacytoid DCs to sense multiple pathogen-associated molecular patterns (PAMPs), which may precipitate infectious
exacerbations in patients with COPD. After antigen uptake and activation, DCs lose all chemokine receptors except CC-chemokine receptor 7 (CCR7), which
mediates the migration of DCs toward the secondary lymphoid organs in response to the chemokines CCL19 and CCL21. In the lymph nodes, mature DCs
express high amounts of peptide-loaded MHC molecules and T-cell costimulatory molecules (such as CD40, CD80 and CD86). In BAL fluid, an increased
expression of antigen presentation markers such as CD80 and CD86 was observed on myeloid DCs of smokers compared to never-smokers, whereas the
expression of the lymph node homing receptor CCR7 was significantly decreased. CCL: CC-chemokine ligand; CCR: CC-chemokine receptor; DC(s): dendritic
cell(s); MIP-3a: macrophage inflammatory protein-3a; MHC: major histocompatibility complex; PAMPs: pathogen associated molecular patterns; TLR: Toll-like

receptors.

exposure to mainstream cigarette smoke, the DC-induced
T-cell proliferation is significantly 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 iz vitro
data suggest that CSE impairs the maturation of intersti-
tial type DC, skews the DC induced T-cell differentiation
toward a Th2 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 smokers
compared to non-smokers [78]. Although in witro —
for a specific stimulus — cigarette smoke exposed DC might
mature less than non exposed DC, we hypothesize that in
vivo the overall inflammatory response and danger signals
due to the damaging effect 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 proteinase—
antiproteinase imbalance in COPD. Mouse DCs show
indeed an increase of MMP-12 production upon cigarette



smoke exposure [87] and could thereby contribute to the
pathogenesis of emphysema.

Further research evaluating the effects of CSE on the
differentiation 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 different DC subsets. Importantly, healthy-smokers and
smoking COPD patients should be studied longitudinally
before and after smoking cessation, to be able to discern the
effects of smoking per se versus the disease-specific effects
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.

If DCs are crucial in mounting immune responses during
ongoing inflammation in the lung, then interfering with
their function could constitute a novel form of treatment
for obstructive airway diseases. Additionally, pharmacologi-
cal modification of DCs might fundamentally reset the bal-
ance of the pro-inflammatory immune response in favor of
regulatory T-cells and thus lead to a more long lasting effect
on the natural course of allergic disease as well as progres-
sion in COPD. Glucocorticosteroids are currently the cor-
nerstone of anti-inflammatory 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 inflammation [31].

Recently, several other new molecules have surfaced
that may alter DC function in allergic inflammation and
thus treat disease. Many of these compounds were first
discovered by their potential to interfere with DC-driven
Th2 sensitization. The 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 inflammation, it strongly reduced inflammation
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. The DP1 agonist BW245C strongly suppressed airway
inflammation and bronchial hyperreactivity when given to
allergic mice by inhibiting the maturation of lung DCs [25].
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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 specific small molecule compound (VAF347) that blocks
the function of B-cells and DCs was also shown to be effec-
tive in suppressing allergic airway inflammation in a mouse
model of asthma [89]. Finally, specific inhibitors of sy%
kinase were shown to suppress DC function and eliminate
established inflammation [90].

Our understanding of DC biology in the airways has grown
considerably. The concept that different subtypes of DCs
perform different functions not only during sensitization
but also during established inflammation 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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Macrophages are a family of mononuclear leu-
kocytes that are widely distributed throughout
most tissues. They 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.
These secreted molecules

e induce cell movement;

e induce cell growth;

e induce cell death;

e influence cell differentiation;

e modify connective tissue structures;

e regulate blood vessel growth.

Macrophages within tissues make a vital
contribution to immune and inflammatory
responses [2]. Macrophages are crucial for

e carly recognition of microbes, particulates,
and immunogens;

e the initiation and regulation of inflammatory
responses and adaptive immunity;

e the ingestion and killing of invading
microbes.

The mononuclear phagocyte system (MPS) is
composed of strikingly diverse differentiated
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]. “Inflammatory”

Macrophages

monocytes express the cell surface protein Ly6c
(Gr-17), the chemokine receptor CCR2 and the
adhesion molecule L-selectin and are selectively
recruited to inflamed tissues and lymph nodes.
The second subset of monocytes (“resting”) are
found in resting and inflamed tissues. This subset
is defined by high expression of the chemokine
receptor CX3CR and LFA-1 and by the lack of
expression of Gr-1, CCR2, and L-selectin. Two
monocyte subsets have also been identified in
humans; CD14%, CD16™ monocytes resemble
murine inflammatory monocytes and CD14bw
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 differen-
tiation steps important in monocyte development
by binding to specific receptors on progenitor
cells. Cytokines released during acute inflamma-
tory responses also regulate macrophage differen-
tiation. Interleukin-1 (IL-1) and tumor necrosis
factor (TNF-o) enhance M-CSF and GM-CSF
production. Inhibitory inflammatory cytokines
involved in macrophage differentiation include
macrophage inflammatory protein-1a (MIP-1a)
and transforming growth factor 3 (TGF-3) [4].

Monocytes/macrophages require continu-
ous reconstitution. This can be achieved by self
renewal of differentiated cells, by proliferation
of bone marrow-derived precursors in peripheral
tissues [5] or by the continuous extravasation
and differentiation 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].

CHAPTER



134

Asthma and COPD: Basic Mechanisms and Clinical Management

Macrophages are a major cellular component of the innate
immune system [9]. The molecular and cellular processes
of the innate immune response defend the host in the first
minutes or first hours after exposure to microbes. The rec-
ognition of microbes is problematic because of their molec-
ular heterogeneity and their high mutation rates. The 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. The recep-
tors recognize a few, highly conserved structures present
in large groups of microorganisms. The receptors recognize
molecular patterns rather than particular structures and
accordingly have been termed pattern-recognition recep-
tors (PRRs). The 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]). The principle role of TLRs
appears to be induction of immune/inflammatory responses
to a broad range of pathogens (viruses, helminths, bacteria,
protozoa, and fungi). TLR4 is crucial for effective 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-
Seri, Aspergillus fumigatus, and Mycoplasma. TLR2 responses
are broadened by hetero-dimerization; TLR1/2 heterodim-
ers respond to a different panel than TLR2/6 heterodimers.
TLR2 and TLR4 respond to helminths.

TLRY 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], fibrinogen [38], and breakdown products of tissue
matrix, such as fibronectin fragments [39] and hyaluronic
acid oligosaccharides [40].

Activation of TLRs initiates signal transduction path-
ways that initiate and amplify inflammatory responses in the

lung and modulate adaptive immune responses. Molecules
induced by PAMP-PRR interactions include

e signals that generate inflammatory responses,
including TNF, IL-1, IL-6, interferon (IFN)a/3 and

chemokines;

e signals that function as co-stimulators of T-cell
activation, B7.1 and B7.2;

e signals that regulate the differentiation of lymphocytes,
including 1L-4, IL-5,1L-10, IL-12, TGF-3 and
IFN-~ [41].
Activation of TLRs can also contribute to the induc-
tion of programmed cell death.

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 defined [42]. Under homeostatic conditions,
AMs closely adhere to alveolar epithelial cells (AECs). This
cell-cell interaction induces TGF-3 dependent expres-
sion of the integrin av36 on AEC. Localized activation of
TGF-f in the vicinity of the macrophage suppresses mac-
rophage phagocytosis and cytokine production. This inhibi-
tion of macrophage function by the av6-T'GF-3 complex
is unique to the lung.

The 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 avi36 on AEC. Under these con-
ditions TGF- is no longer activated and macrophage activa-
tion and innate immune functions are no longer suppressed.
Macrophages can now be primed to secrete pro-inflammatory
cytokines and to ingest and kill microbes. AMs lack a feed
forward mechanism of amplification mediated in other mono-
nuclear phagocytes by autocrine secretion of IFN-3. AMs
thus require exogenous IFN- for a robust response [43]

Resident AMs can effectively ingest and kill invading
microbes if the bacterial burden is low and the microbe is



minimally virulent [44, 45]. However, the recruitment of
polymorphonuclear neutrophils (PMN) is essential for the
effective containment of most virulent encapsulated bacte-
ria within the lung and for the eventual clearance of these
virulent microbes from the host. The generation of inflam-
mation in the lower respiratory tract is a dynamic process
that involves the coordinated expression of both pro- and
anti-inflammatory cytokines. After the introduction of
microbes or microbial products, TLR-mediated signals
result in the production of TNF-o and IL-13. TNF-o and
IL-13 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 firm adhesion [46, 47]. CXC chemokines and CC
chemokines are also rapidly produced in macrophages fol-
lowing microbial stimuli. CXC chemokines include IL-8,
(CXCLS8), GROq, (CXCL1) ENA-78, and (CXCLS5) are
major PMN chemoattractants (Table 11.1). Thus, 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
inflammatory response by stimulating cytokine production

TABLE 11.1 The CXC chemokine/receptor family.

Systematic Chemokine
name Human ligand Mouse ligand  receptor(s)
CXCL1 GROo/MGSA-ac  GRO/KC? CXCR2 > CXCR1
CXCL2 GROB/MGSA-3 GRO/KC? CXCR2

CXCL3 GRO~N/MGSA- GRO/KC? CXCR2

CXCL4 PF4 PF4 Unknown
CXCL5 ENA-78 LIX? CXCR2

CXCL6 GCP-2 Cko-3 CXCR1, CXCR2
CXCL7 NAP-2 Unknown CXCR2

CXCL8 IL-8 Unknown CXCR1, CXCR2
CXCL9 Mig Mig CXCR3
CXCL10 IP-10 IP-10 CXCR3
CXCLM I-TAC Unknown CXCR3
CXCL12 SDF-10/3 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
identified.

A question mark indicates that the mouse ligand homologue listed may not
correspond to the human ligand.

Macrophages

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 fibroblasts, and
pleural mesothelial cells produce IL-8 in response to spe-
cific host-derived signals, such as TNF-a or 1L-1 [48-50].
The importance of IL-1 and TNF-« as key cytokines in
the initiation of this augmented inflammatory response
is emphasized by the fact that all nucleated cells possess a
functional receptor for IL-1 and TNF-c.

Macrophages are also potent sources of bioactive
lipids, which are important in inflammatory responses.
Leukotriene (LT) synthesis is dependent on three sequential
enzymes: cytosolic phospholipase A (cPLA,), 5-lipoxygenase
(5-LO), and 5-LO-activating protein (FLAP). These three
proteins co-localize at a single membrane site to form a
macromolecular complex termed a metabolon. There is now
abundant evidence documenting that the nuclear envelope
is the site at which this metabolon is assembled [51].

The LT synthetic pathway is initiated when cPLA,
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 LI'B4 com-
pared with ITC4 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]. LI'B4 also promotes adherence
of inflammatory cells to the endothelium. Leukotrienes
also play a permissive role in inflammation by promoting
the synthesis by macrophages of TNF-q, IL-8, (CXCLS),
GROq, (CXCL1) ENA-78, (CXCLS5), 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. The observation
that the I'T' 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 LI'B4 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 inflamed tissues in
response to specific chemotaxins. Monocyte recruitment is
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TABLE 11.2 The CC chemokine/receptor family.

Systematic Chemokine
name Human ligand Mouse ligand receptor(s)
CCL1 1-309 TCA-3/P500 CCR8
ccL2 MCP-1/MCAF JE? CCR2
ccL3 MIP-1a/LD78cx MIP-Tax CCR1/CCR5
CCl4 MIP-13 MIP-13 CCR5
CCL5 RANTES RANTES CCR1/CCR3/
CCR5
(CCL6) Unknown C10/MRP-1 Unknown
CccL7 MCP-3 MARC? CCR1/CCR2/
CCR3
CCLs MCP-2 MCP-2? CCR3
(CCL9/10) Unknown MRP-2/CCF18/ Unknown
MIP-1~
CCL1 Eotaxin Eotaxin CCR3
(CCL12) Unknown MCP-5 CCR2
CCL13 MCP-4 Unknown CCR2/CCR3
CCL14 HCC-1 Unknown CCR1
CCL15 HCC-2/Lkn-1/ Unknown CCR1/CCR3
MIP-18
CCL16 HCC-4/LEC LCC1 CCR1
ccLr7z TARC TARC CCR4
CCcL18 DC-CK1/PARC Unknown Unknown
AMAC-1
CCL19 MIP-3B/ELC/ MIP-33/ELC/ CCR7
exodus-3 exodus-3
CCL20 MIP-3a/LARC/ MIP-3a/LARC/ CCR6
exodus-1 exodus-1
CCL21 6Ckine/SLC/ 6Ckine/SLC/ CCR7
exocus-2 exocus-2/
TCA-4
ccL22 MDC/STCP-1 ABCD-1 CCR4
cCL23 MPIF-1 Unknown CCR1
CCL23 MPIF-2/ Unknown CCR3
Eotaxin-2
CCL25 TECK TECK CCR9
CCL26 Eotaxin Unknown CCR3
ccL27 CTACK/ILC ALP/CTACK/ CCR10
ILC ESkine

A systematic name in parentheses means a human homologue has not been identified.
A question mark indicates that the mouse ligand homologue listed may not
correspond to the human ligand.

critically dependent on CC chemokines [29]. Twenty-seven
different 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-1a (CCL3), MIP-13 (CCL4),and RANTES
(CCLS5) (Table 11.2). CC chemokines are produced by
monocytes, alveolar macrophages, lymphocytes, neutrophils,
epithelial cells, fibroblasts, smooth muscle cells, and endothe-
lial cells. These 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-« 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
inflammatory 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) fluid of allergic asthmatics when
compared with normal subjects [65, 66].

The biological effects 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 identified. 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].

The early nonantigen-specific activation of macrophages
is one of the first events in the innate immune response
and is often very effective in eliminating microbes. Innate
immune macrophage activation fills a gap between micro-
bial entry into the host and the development of antigen-
specific immunity. Innate immune macrophage activation is
a cytokine mediated macrophage-NK cell interaction [70].
Macrophages release 1L-12 and TNF-a following micro-
bial recognition; these cytokines induce NK cell IFN-~
which primes macrophages for microbicidal activity. IL-12
is regulated by both positive and negative feedback mecha-
nisms. IFN-~ 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 wive. IL-10 is a critical component of the
host’s natural defense against excessive production of 1L-12
and its pathological consequences.



"The 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. Three 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/differentiation molecules that produce T-cell
activation [72];

3. soluble molecules such as TNF-o and IL-1.

AMs are ineffective in presenting antigen to T-cells
[73-75]. AMs are less effective than monocytes in inducing
proliferation of blood T-lymphocytes to soluble recall anti-
gens. AMs can, however, restimulate recently activated T-
cells effectively. AMs fail to activate CD4" T-cells because
of defective expression of B7 co-stimulatory cell surface
molecules. AMs activated with IFN-~ fail to express B7-1 or
B7-2 antigens [76]. Resident pulmonary AMs also actively
suppress T-cell proliferation induced by antigen [73].

The mechanisms whereby particulate antigens and
microbial agents induce T-cell responses are being defined.
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.
'Thus, inflammatory stimuli that recruit fresh monocytes

Macrophages

to the lung might theoretically dilute the resident AM
population with recruited monocytes and convert a nor-
mally immunosuppressive tissue milieu into one that is sup-
portive of T-cell activation.

Naive T-lymphocytes can differentiate along different path-
ways to become distinct effector cells. The tissue micro-
environment in which the specific immune response is
generated crucially regulates this differentiation process via
the secretion of specific cytokine signals (Fig. 11.1). IL-12
produced by macrophages during the early innate immune
response and IFN-~ induced by IL-12 create an environ-
ment in which antigen-specific CD4* and CD8" T-cells
are preferentially induced to differentiate into T1 cells that
produce even higher levels of IFN-~ [78]. IL-4 is crucial
to the development of T2 responses during the priming of
naive T-cells. The crucial cellular source of early IL-4 pro-
duction is uncertain. Basophils, mast cells, ~6 cells, T2 lym-
phocytes, and an NK 1.17 CD4"CD8™~ T-lymphocyte have
all been reported to produce IL-4 [79].

The type of APC that presents the antigen may also
be crucial. DCs preferentially activate T2 cells in certain cir-
cumstances [80]. The 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-~ produc-
tion by DCs which would inhibit the development of T2
cells. Differential 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-~. B7.2
is constitutively expressed on DCs and macrophages, whereas
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B7.1 is not. The outcome of B7.1 and B7.2 co-stimulation is
different. B7.2 co-stimulates the production of IL-4 as well
as IL-2 and IFN-~. Thus, 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 differentiation;
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 iz 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].

The 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.

Fibrotic changes occur in airways and the lower respira-
tory tract following certain injuries. Macrophages produce
numerous growth factors for fibroblasts including platelet-
derived growth factor (PDGF), TGF-a and TGF-§, and
insulin-like growth factor [83—85].

e PDGF induces fibroblast proliferation and collagen
production.

e 'The wound healing effects of PDGF are macrophage
dependent in most models [85].

o TGF-a stimulates the closure of wounds induced in

cultures of type II AEC in vitro.

e TGF-a likely plays a role in epithelial cell repair of the
lungs following injury. Macrophages also produce TGF-
B, which has important effects on the turnover of matrix
proteins and the proliferation of fibroblasts.

o TGF-B activates genes that favor the production of
matrix proteins. TGF-8 also down-regulates production
of matrix metalloproteinases derived from PMNs and
macrophages that digest matrix in the interstitium
and alveolar spaces. In aggregate, these effects shift the
balance in favor of matrix accumulation.

GM-CSF has a protective effect on repair processes
following bleomycin. This protective effect is mediated, in
part, by GM-CSF-induced production of PGE, by pulmo-
nary macrophages [86]. PGE, has crucial down-regulatory
effects on fibroblasts, including decreasing fibroblast prolif-
eration and decreasing matrix produced by fibroblasts.

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-~
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 effect 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]. The
paucity of neutrophils in lung parenchyma and airway biop-
sies suggests neutrophils traffic rapidly from the blood into
the airway lumen. The inflammatory process, once initiated,
persists in ex-smokers [90, 91]. Surprisingly, the inflamma-
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 inflammatory response in ciga-
rette smokers. Macrophages may be activated by cigarette
smoke and other inhaled particulates. Elevated levels of the
CXC chemokines, IL-8, (CXCLS), GROq, and (CXCL1)
are noted in cigarette smokers. IL-8 and (CXCLS) lev-
els in sputum correlate with the magnitude of neutrophilic
inflammation and with percent predicted FEV1 [92]. LT B4
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 inflammatory response.

The inflammatory response in COPD has several dis-
tinguishing features:

e Resident AMs are activated upon exposure to cigarette
smoke.

e Neutrophils are rapidly recruited almost immediately
after cigarette smoke exposure in response to macrophage
and epithelial cell-derived chemokines and leukotrienes.

e Macrophages and CD8" and CD4" T-lymphocytes
accumulate within days to weeks and continue to
accumulate with time.

o 'The abnormal accumulation of inflammatory 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 fibers, bronchiolar and alveolar distortion, and the



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.
'This destructive process is accompanied by an increase in the
mass of collagen, suggesting that active alveolar wall fibrosis
occurs in the tissues which remain in otherwise emphysema-
tous lungs [93]. The 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.
This 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 specificities that include elastin and
other matrix components. Cysteine proteinases are involved
in lung destruction in IL-13 and IFN-~ transgenic mice
[97,98].

Pulmonary macrophages also produce matrix metallo-
proteinases (IMMPs). 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 specific
loss-of-function data that MIMP-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 inflammatory cell recruitment followed
by alveolar space enlargement similar to that seen in humans
with emphysema. Mice deficient 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.

These findings suggest that MMP-12 is expressed by
resident AMs after exposure to cigarette smoke. MMP-12
generates monocyte chemotaxins, likely fragments of

Macrophages

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.
The 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
identified in two transgenic murine models of emphysema.

Cigarette smoking stimulates humoral and cellular compo-
nents of the adaptive immune response. This response may
provide exquisite specific memory for previous exposures
to foreign materials. The 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 (GOLDO) and in those with mild
(GOLD1) and moderate (GOLD2) severity. These 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].

There 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]. This capacity is further reduced in COPD
with attendant increased accumulation of apoptotic cells.
Apoptotic cell recognition typically induces a unique anti-
inflammatory state; defective clearance might be a factor
encouraging lung inflammation [105].

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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The tissue microenvironment is a crucial regulator of
specific immune response generation (Fig. 11.1). The pres-
ence of IgE on APCs likely promotes the uptake and the
processing of allergens and their eventual presentation to
naive T-cells. DCs express both Fc.R I and Fe R II. These
two receptors could function to capture allergen bound to
allergen-specific 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 1I
complexes that interact strongly with the TCR favor T1
responses, whereas weak interactions result in the priming of
T2 responses. The overall binding affinity can be varied by
modifying the peptide, which results in different signals. The
mechanisms by which signals delivered via the TCR con-
trol differentiation is uncertain; differential TCR aggrega-
tion may result in differential intracellular signals that favor
distinct cytokine gene expression or certain MHC-TCR
interactions may favor differential 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 differentiation; and
co-stimulatory signals may be delivered either by the APC
that presents the antigen or by the bystander APC. Thus,
macrophages may serve as bystander APC and influence
DC-induced T-cell proliferation [111]. Soluble cytokines
produced by cells of the innate immune response are likely
the major regulators of T-cell differentiation (see “Innate
Control of Adaptive Immune Responses” section).

Macrophages are likely the sources of cell-specific chem-
oattractants in patients with asthma. RANTES, (CCLS5),
MIP-1q, and (CCL3) are chemotactic for macrophages,
eosinophils, and basophils. MCP-1 and (CCL1) are chem-
otactic for macrophages and basophils. IL-8 and (CXCLS8)
are chemotactic for neutrophils, basophils, and to lesser
extent eosinophils. Additionally, macrophage-released early
cytokines likely induce epithelial cells and fibroblasts to
release chemoattractants and growth factors (GM-CSF, IL-
8, (CXCLS), MCP-1, (CCL1), MCP-3, (CCL7), MCP4,
(CCL13), MIP-1q, (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.
'The role of macrophage-derived leukotrienes remains uncer-
tain. Cysteinyl leukotrienes (LT'C4, D4, and E4) are minor
products of AMs when compared to UI'B4 production [51,
53,113].'This metabolic profile argues against a role for AMs
in LT overproduction in the lung. Alternatively, several fea-
tures favor a role for AMs in L'T' production. The cells are
located on the airway surface, express plasma membrane
IgE receptors, and secrete substantially more IT'C4 than do
PMN. Cysteinyl leukotrienes are known to promote mucus
hypersecretion, airway inflammation, and marked, prolonged
contraction of smooth muscles in airways.

Host innate immune responses to respiratory viral infec-
tions may play a crucial role in the pathogenesis of asthma.
'The 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 effective. CCL5—CCRS5 interactions are required
to prevent apoptosis of virus infected macrophages in vivo
and in vifro. Infected macrophages must resist cell death
to efficiently 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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Eosinophil infiltration 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 effects
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 first 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.

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 identified because of
their strong affinity to the acidic dye eosin in blood
and tissues even when they are paraformaldehyde
fixed and paraffin embedded. This 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

Eosinophils

0.4 X 10°/1 under normal conditions [2]. Some
laboratories list higher upper values, in particular
in children (as high as 0.75 X 10%/1). 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].

The cytoplasmic granules are composed
of four distinct populations, which can be
identified under electron microscopy: primary
and secondary granules, small granules and
lipid bodies [5]. The primary granules contain
galectin-10, the Charcot-Leyden crystal protein,
which binds lysophospholipases [6]. The cyto-
toxic cationic proteins are stored in the second-
ary granules. These 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. The 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-specific 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 specifically 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 flow 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 different
stages of differentiation 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 identified, the
latter suggesting differentiation 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].

'The view of eosinophil function has profoundly changed in
the last two decades. Eosinophils have always been regarded
as destructive effector cells that release toxic granule pro-
teins. The primary function of eosinophils has been related
to the protection against helminth parasites [20]. The 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]. The main effector
molecules of eosinophils are summarized in Fig. 12.1.
Activation of eosinophils is required for their migra-
tion into the sites of inflammation 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. This effect 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
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FIG. 12.1 Eosinophil effector molecules.

cationic nature, it affects 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 inflammatory cells
(discussed later). ECP and EDN have been identified 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 significant
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 specifically 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 effectively target surfaces as it has been
shown for helminth infection [31]. Piecemeal degranula-
tion has been identified 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
(SNARESs) [32].



Respiratory burst

The 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, to O,”, which
enters further redox pathways to generate hydrogen peroxide
(H,0,) in the presence of superoxide dismutase, or hydroxyl
and nitrogen dioxide radicals, after combining with nitric
oxide. The granular protein EPO oxidizes bromide, nitrite,
and thiocyanate in the presence of H,O,, 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 differentiated 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 inflammatory 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 1L-3, IL-5, GM-CSF, interferon (IFN)-~, tumor
necrosis factor (TNF)-a, and complement factor C5a [5,
36]. In response to stimulation, eosinophils may produce
proinflammatory 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-~, tumor growth factor (TGF)-a,
TGF-3, GM-CSF, TNF-a, macrophage inflammatory pro-
tein (MIP)-1q, 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-(3, eosinophils are
suggested to modulate T regulatory cell function and sup-
press inflammatory 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, (PLA;), 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]. The acti-

vation of PLA,, which also requires calcium, is essential

Eosinophils

for leukotriene generation [42]. Because of their content
of leukotriene C, synthetase, eosinophils are an important
source of cysteinyl leukotrienes, predominatly UT'C, and its
active metabolites LTD, and LTE, [8]. Leukotrienes pos-
sess proinflammatory activities. They may act intracellularly
as intracrine signaling molecules, for example, in regulating
IL-4 release [8]. Leukotrienes may amplify the inflamma-
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 specific
cytokines including IL-3, IL-4, GM-CSF or IFN-~ [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 naive
T-cells is minor compared to dendritic cells [47].

Prerequisite for eosinophil infiltration 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 I1L-5, GM-CSF, and IL-3 [4].
Eosinophils share this progenitor with basophils [48]. IL-5
specifically regulates the production rate and differentiation
of the eosinophil lineage [49]. The importance of IL-5 is
evident from the studies of IL-5 deficient 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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FIG. 12.2 Mechanisms and key players (bold) leading to eosinophilic
inflammation in asthma.

gastrointestinal tract [55], the mammary glands [13], the
uterus [14], and the thymus [16]. The 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 inflammation [57].

Migration into tissues

(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-~ stimu-
lates ICAM-1 expression [60]. The expression of VLA-4 on
eosinophils, which significantly contributes to eosinophil
inflammation 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 fibronectin. This binding is mediated
by integrins and selectins on the eosinophils. Eosinophils
migrate into the tissue along chemokine gradients. Their
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 inflam-
mation [62]. The 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 effect 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,)
and prostaglandins (PGD,) were found to induce eosinophil
chemotaxis [69, 70], whereas lipoxin A, blocks eosinophil
trafficking [71]. All these chemoattractants, C5a, PAEF,
LTB,, and PGD, 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]. The T helper 2 cytokine 1L-13 was shown to
promote eosinophilia by increasing local IL-5 and/or eotaxin
expression [72].

Survival

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.

The 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 inflammatory cytokines
IL-1 and TNF-a [36]. The firm attachment of eosi-
nophils to the endothelium is mediated by eosinophil sur-
face very late activation antigen (VLA)-4 (integrin o431)
and CD11b/CD18 binding to vascular adhesion molecule

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 inflammation 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].

The 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 Bel-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



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-a 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-a 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-
cific antibody together with IL-5 or GM-CSF blocks the
inhibitory effect 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].
'Therefore, T-cells, known as main producers of eosinophil
survival factors, may also limit eosinophil expansion within
inflammatory sites [90].

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 differ-
entiation and survival of eosinophils (extrinsic eosinophilic
disorders) and (2) a mutation-mediated clonal expansion of
eosinophils (intrinsic eosinophilic disorders) [2]. The 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).

There 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 fluid, 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].

The different 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 inflammation, 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, fibroblasts, and nerve cells [21].

Tissue destruction

The release of eosinophil granule proteins, such as MBP,
EPO,ECP,and EDN, has suggested that the main eosinophil
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FIG. 12.3 Possible roles of eosinophils in the pathogenesis of asthma.

effector function, causing desquamation and destruction
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, significantly higher amounts of EDN compared
to healthy controls [96]. Increased ECP levels in blood,
sputum, and bronchoalveolar lavage fluid 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]. These 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 reflect the
extent of eosinophilic inflammation 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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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]. The matrix deposition (collagen, fibrin) in the lungs
observed upon prolonged allergen challenge was signifi-
cantly increased in wild-type mice compared to eosinophil-
deficient [94]. Many of the factors implicated in remodeling
are expressed by eosinophils and have been found to be
increased in asthmatic airway including fibroblast 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].
'This decrease of extracellular matrix proteins was accompa-
nied by a significant reduction of TGF-8 expression [113].
TGF-8 by autocrine—paracrine actions may stimulate eosi-
nophils to generate IL-11, another cytokine with fibrogenic
potential, which has been found to be significantly increased
in the airways of asthmatics compared to healthy controls
[114]. Furthermore, eosinophils express I1L-6, whose func-
tion has been related to tissue fibrosis [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-3 stimulates lung fibroblasts [115], while EPO
products affect endothelial cells [116]. By secreting metal-
loproteinases, especially matrix metalloproteinase (MMP)-
9, eosinophils may directly affect airway remodeling [117].
MMP-9 has been found to be increased in severe persistent
asthma and following allergen challenge [118]. That 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 inflammation 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 inflammatory and structural cells such as macrophages,
neutrophils, epithelial cells, fibroblasts, 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 infiltration [125]. The media-
tors, expressed by eosinophils during inflammation, 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

The inflammation 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]. This view is sup-
ported by the observation that in eosinophil-deficient mice
the production of T helper 2 cytokines is reduced in the
lungs after allergen challenge [93]. By producing cytokines
associated with acute inflammatory responses such as TNF-
o, eosinophils may enhance the inflammation in asthma
[36]. Eosinophils are an important source of the cysteinyl
leukotrienes [127]. In bronchial mucosa biopsies of asth-
matics, eosinophils overexpress LTC, synthetase [128].
LTC, and its derivatives LTD, and LTE, 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 CDA40,
for which an increased surface expression has been found in
atopic patients [134]. Endobronchial eosinophils are able to
process inhaled antigens, traffic to the regional lymph nodes
where they stimulate CD4+ T-cell responses [135]. Those
lymph node eosinophils phenotypically resemble dendritic
cells and express MHC class 11, CD80, and CD86 [136].

Chronic obstructive pulmonary disease

In the pathogenesis of COPD, neutrophils, macrophages,
and CD8+ T-cells are considered as key effector cells [137,
138]. The 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 differences have been observed [141].
Eosinophilia in COPD has been linked to smoking [142] as
well as to an asthmatic component [143]. Moreover, airway
obstruction was observed to correlate with an increase in
the number of activated eosinophils in the airways [144].



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]. The
production of RANTES may be induced by TNF-a, 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 inflamma-
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].

The principal mechanisms by which eosinophils
contribute to airway inflammation 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 fluid 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 infiltration of the airway walls associated with
increased amounts of ECP in bronchoalveolar lavage fluid
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 inflammation is suggested to
contribute to airflow obstruction and symptoms in patients
with COPD [143]. The patients with sputum eosinophilia
are more likely to respond to corticosteroid therapy [143].
Therefore, sputum eosinophilia may be used as predictive
marker in identifying patients who will benefit from corti-

costeroid therapy [153].

Since eosinophils exhibit a multifunctional role in the patho-
genesis of asthma, therapeutic approaches aiming to reduce
their numbers and/or activity seem promising. There are sev-
eral potential mechanisms for how to do so: reduce eosinophil
production, stop eosinophil migration into inflamed 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 specifically 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 effect on
eosinophils appears to be due to inhibition of cytokine and
chemokine production by leukocytes, such as T-cells and
resident airway cells [155]. The same mechanism is true for
other immunosuppressive drugs such as cyclosporine.

Eosinophils

Leukotriene antagonists

Leukotriene antagonists are well-established substances in
the treatment of asthma that inhibit the effect of cysteinyl
leukotrienes, which are generated in high amounts by eosi-
nophils, mast cells, basophils, macrophages, and monocytes
during asthmatic inflammation [156]. A second way to
interfere with leukotrienes is the inhibition of their genera-

tion by blocking the 5-lipoxygenase pathway [157].

Interferons

The treatment with low-dose IFN-a was shown to be effec-
tive in the treatment of patients with severe corticosteroid
resistant asthma with or without Churg—Strauss syndrome.
The 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-~ therapy was shown to reduce
blood eosinophil numbers in patients with severe steroid-
dependent asthma. However, physiological asthma param-
eters, such as FEV; and peak expiratory flow rates, did not
improve upon treatment with IFN-~ over 90 days [159].

Anti-IL-5 monoclonal antibodies

The first study using a monoclonal antibody to IL-5 investi-
gated the effect and safety of a single dose of mepolizumab in
patients with mild bronchial asthma [160]. Although peripheral
blood and sputum eosinophil numbers significantly decreased,
this treatment had no effect 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 affected [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 significantly [162]. Investigating
eosinophil numbers at different 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]. The 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. The reason why a single anti-IL-5 treatment
failed to improve asthma might be the redundancy of differ-
ent cells and cytokines contributing to eosinophilia and asthma
symptoms.

Anti-TNF-o

'The proinflammatory cytokine TNF-a plays a role in leu-
kocyte recruitment and activation. Although anti-TNF-a
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therapy was shown to improve asthma symptoms, it did not
affect 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
inflammation. Recombinant human I1.-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 inflammatory 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 effect 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 effect of a low-molecular weight CCR3 antagonist has
been investigated in a mouse asthma model. This revealed
promising results as it markedly reduced eosinophil infiltra-
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 inflammatory
cells including eosinophils from the blood vessels into the
tissues, antagonizing integrins offers another promising
treatment option for asthma or allergic diseases. In vifro
and in vive experiments showed that a newly developed
small molecule VLA-4 (a4B1 integrin) inhibitor may pre-
vent VLA-4/VCAM interactions resulting in reduced eosi-
nophil migration and infiltration in the tissue [169].
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The Lymphocyte in Asthma and COPD

Asthma and chronic obstructive pulmonary
disease (COPD) are chronic inflammatory
diseases of the airways that share a high prev-
alence and, when severe, impose a substan-
tial burden on affected persons and society at
large. Although controversy has surrounded the
extent to which these conditions may be related,
distinct patterns of airway inflammation have
been described in the two conditions and evi-
dence for the participation of different T-cell
subsets in the pathogenesis of the two diseases
is emerging. There is, however, some evidence
of convergence of the inflammatory processes
in advanced COPD and in severe asthma but,
for the most part, there are clear and obvious
differences. In particular, although the chronic
inflammatory infiltrate in both diseases results
in airway obstruction, obstruction is usually
reversible in asthma, and is largely irreversible
and progressive in COPD. These key differ-
ences in the pathophysiology of the two dis-
eases are due to the type and consequences of
the inflammation. Inflammation is largely lim-
ited to the airways in asthma whereas both the
airways and parenchyma are affected in COPD
and in such a way that irreversible fibrosis 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 different 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 inflammation to bronchocon-
striction and tissue remodeling. T-cell cytokines
recruit, activate, and enhance the survival of a
range of inflammatory cells that are the more
direct mediators of the pathologic processes.
'The 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-
fied by tissue injury secondary to tobacco smoke
in COPD. Why the mucosal immune system of
the respiratory tract responds in such different
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 effect of N0 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.

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
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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 affected individuals
were much less inhibitory of this synthesis compared to T-
cells from unaffected persons [3]. Specific 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 deficiency of suppressor T-cell function in asthmatics
[5]. Differences 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. The 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 inflam-
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 inflammation occurred with the
description of Th1 and Th2 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 inflammatory process in allergic asthma is explained
by this paradigm although added complexity has emerged
as new subsets, such as regulatory T-cells, Th17 cells, ~0
T-cells, and iINKT cells that have been described, and have
begun to be integrated into the pathogenetic schema of
inflammatory airway disease.

Early observations on airway inflammation in
subjects with COPD revealed typical innate immune
inflammation. Young cigarette smokers were noted to
have increased cellularity in the bronchoalveolar lav-
age (BAL) fluid 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.
The nature and mechanisms of inflammation were recon-
sidered following the description by Finkelstein ez a/. of a
prominent T-cell infiltration in the lungs of patients with
COPD, the degree of which was strongly related to the
extent of emphysema [13]. These findings 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].

The 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. The 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]). The epithelial cells overlying
the BALT lack cilia and appear to be equivalent to M-cells
in the intestinal epithelium. The 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 diffusely through
the airway wall, invading all of the tissues in the setting of
airway inflammation.

Both asthma and COPD are diseases that involve inflam-
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. These same stimuli
may trigger asthma attacks also. The 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. The 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.

The inflammatory reaction to cigarette smoke is cen-
tral to COPD and the global initiative workshop summary
for chronic obstructive lung disease (GOLD) definition of
COPD states that ‘the airflow limitation is usually progressive



and associated with an abnormal inflammatory 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,, diesel particles)
produce an acute innate immune reaction in the lung as do
the triggers of asthma. The 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. The 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 different xenobiotic compounds
have been identified in cigarette smoke, and it has been esti-
mated that there are 101 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].

The sustained innate immune response found in the
lungs of cigarette smokers (neutrophils, macrophages, eosi-
nophils, mast cells, v0 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
24h 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 inflammatory 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]. There 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 modifiers 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

The Lymphocyte in Asthma and COPD

mitochondrial damage, DNA strand breaks, structural/func-
tional modification of proteins, and ultimately cell death.
Oxidative modification of proteins has been implicated in
the immune mechanisms of rheumatoid arthritis, multiple
sclerosis, and arteriosclerosis [32]. Induction of organ-specific
autoimmune disease following tissue trauma, inflammation,
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 affect 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. The
tissue injury and potential modification of self-proteins could
generate antigens (e.g. release of cryptic antigens, modified
proteins, necrotic cells, apoptotic cells, etc.) and the associated
innate immune inflammation associated with smoking, could
provide the necessary soluble mediators and co-stimulatory
signals for the initiation or perpetuation of an adaptive
immune response. That this is the case has been recently
shown by Lee and coworkers who identified 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. This has been recently shown in smok-
ers with COPD in which autoantibodies were found to bind
at least three different autoantigens [34].

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].
These 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). This presentation occurs in
draining lymph nodes following maturation of the dendritic
cells under the influence 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. This interaction may
short-circuit the longer process that is otherwise required
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FIG. 13.1 Dendritic cells sample antigen material
in the airway lumen through the cell processes
that interdigitate between the epithelial cells. The
dendritic cell then migrate to the draining lymph
nodes and are sampled by T-cells that respond

to the antigenic peptide on the surface of the
dendritic cell. Maturation of the dendritic cell in
response to the conditioning by cytokines such
as granulocyte-macrophage colony stimulating
factor (GM-CSF) enhances its antigen-presenting
ability. T-cells with antigen specificity return to
the mucosal surface following their egress from
the lymph node through the efferent lymphatic.
Chemokines such as TARC and MDC favor
movement of Th2 cells into the tissues. These
chemokines are produced by epithelial cells and

and presumably is responsible for the rapid T-cell mediated
response that follows allergen challenge iz vivo.

Following engagement with the dendritic cell the
T-cell is activated, secretes 1L.-2, and expresses the 1L.-2
receptor. Clonal expansion takes place and the T-cell phe-
notype is subsequently established in response to a variety of
influences; cytokines, lipid mediators, and toll-like receptor
(TLR) ligands all play a part in the latter phenomenon. The
presentation of exogenous antigen in association with major
histocompatibility complex (MHC) class II molecules leads
to activation of CD4" T-cells with high-affinity antigen-
specific T-cell receptors (Fig. 13.2). This 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 different intracellular pathways
and presentation occurs in conjunction with MHC class I
molecules. CD8" T-cell activation results. The 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 effective at class MHC 1 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 effector 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. These encounters

dendritic cells, when appropriately stimulated.

Dendritic cell-T-Cell
interactions

Dendritic cell

¥
Cytokines

FIG. 13.2 The dendritic cell interacts with the T-cell through major
histocompatibility molecules that harbor the antigenic peptide and

the T-cell receptor. Various co-stimulatory molecules are required to
allow effector functions to be established. OX40 and OX40L interactions
are important for Th2 differentiation. CD28-CD80/86 interactions are
important for both Th1 and Th2 development. The binding of IgE to the
FceR1 on the dendritic cells facilitates Th2 cell differentiation.

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-specific dendritic cell-
CD4" interaction where the cognate chemokines CCL3
and CCL4 are produced [45].

Th1 and Th2 cells

The cytokine profile secreted by the CD4% T-cell is of

critical importance in directing the inflammatory response,
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whether typical of allergic inflammation with a Th2 cytokine
predominance or delayed type hypersensitivity typical of
Th1-driven inflammation. The factors that determine the
Th1l and Th2 type responses are several. The dendritic cell
has an important role through the secretion of IL-12 in
the case of the induction of Thl responses and IL-4 and
IL-10 in the case of Th2 and T-regulatory cell responses.
Respiratory mucosal dendritic cells preferentially trigger
'Th2 responses, but after they have matured under the influ-
ence of cytokines such as GM-CSF they express high lev-
els of MHC 1I, B7, and IL-12 and produce Th1 responses
[46]. Concomitant pro-inflammatory 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 'Th2 responses whereas a strong concomitant stimula-
tion of dendritic cells with lipopolysaccharide, for example,
may convert the T-cell response into a Thl response [47].
In contrast a TLR-2 agonist results in a Th2 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 differentiation [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. Thymic stromal lym-
phopoietin (T'SLP) induces OX40 ligand on dendritic cells
that subsequently evokes Th2 cytokine production by CD4*
T-cells. These cells produce TNF-a and do not express 1L-10,
differing from those Th2 cells that produce IL-10 as a part
of their cytokine profile [50]. A problem with this paradigm
for driving Th2 responses was that TSLP appeared to be
produced in peripheral tissues but not in the lymph nodes.
'This issue has now been resolved by the demonstration that
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FIG. 13.3 The factors that favor the
development of Th2 responses are several.
Co-stimulatory molecules such as OX40 and
OX40L, upregulation of OX40 by TSLP produced
by basophils and structural tissue cells such as
epithelial cells, IgE bound to the dendritic cell
surface, TLR2 ligation by EDN, low lever TLR4
stimulation, cysteinyl leukotriene synthesis by
dendritic cells and their subsequent interaction
with the Cys-LT1R on the T-cell and Th2 cytokine
production by a variety of cells such as mast
cells, eosinophils, basophils and NKT cells all
favor Th2 cell differentiation.
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basophils may be triggered by allergen to release TSLP in
lymph nodes and thereby promote Th2 cell differentiation
in this site [51].

Signals that affect the T-cells are also important in
directing the T-cell differentiation. It has been recognized
for some time that IL-4 is important in creating a milieu
that favors the development of Th2 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 differentiation pathways and may potentially
regulate T-cell fate decisions (reviewed in [52]). Furthermore,
signals to the dendritic cell as exemplified by TSLP and sig-
nals to the T-cell such as IL-4 synergize to produce, in this
instance, a Th2 response [50]. It has long been known that
the different T-cell phenotypes exert counter-regulatory
effects, IFN-~ inhibits Th2 cell development whereas 1L.-10
inhibits Th1 cell development. Cysteinyl leukotrienes which
are an important feature of allergic reactions are produced
by the dendritic cells and appear to favors Th2 differentia-
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-LI'1 recep-
tor favors IL-12 production and IFN-~ synthesis by T-cells.

Other essential factors for Th1 differentiation are the
transcription factors T-bet and IRF1. T-bet not only induces
Th1 differentiation of naive T-cells, but also “reprograms”
polarized Th2 cells to produce the Thl cytokine IFN-~ and
negatively regulates the Th2-specific transcription factor
GATA-3 thus promoting the Th1 polarization. A deficiency
of T-bet is associated with an exaggerated asthmatic pheno-
type in mice [54].

Th1 and Th2 subsets are functionally separated based
on their cytokine profiles but certain types of chemokine
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receptors are selectively expressed on either Thl or Th2
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. Th1 cells express CCR5, CXCR3,
and CXCR6 [55] whereas Th2 cells express CCR3, CCR4,
and CCRS [56]. TSLP acts on dendritic cells resulting in
the synthesis of two chemokines, thymus and activation-
regulated chemokine (TARC) and macrophage-derived
chemokine (MDC) that serve as chemoattractants for Th2
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 Th2 cells to the
airways in asthma [57] whereas interferon inducible protein
10 (IP-10/CXCL10) may contribute to CD8" and CD4"
Th1 cell recruitment in COPD [58]. The expression of the
chemokine receptors CXCR3, CCRS5, 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].

The 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 naive 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 naive recipient animals that are then
allergen-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
ovalbumin-sensitized and challenged rat developed epi-
thelial remodeling and airway smooth muscle remodeling
through hyperplasia and reduction in apoptosis [65]. The
capacity of ovalbumin stimulated CD4" T-cells to cause
hyperplasia of isolated airway myocytes was demonstrated
in culture, and was contact dependent.

The 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 significant
expression of Th1 cytokines. In another study it was shown
that mice depleted of CD8" T-cells had a blunted inflam-
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
naive 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 CDS8* T-cells
also show distinct subsets [Tcl (Fig. 13.4) and Tc2] with
cytokine profiles resembling the Th1 and Th2 patterns with
IL-2 and IFN-~ production and IL-4, IL-5, and IL-10
production respectively [70]. These subsets termed Tcl and
Tec2 evoke similar degrees of delayed-type hypersensitivity
reactions but the latter cells also cause a somewhat greater

degree of eosinophilia [70].

Th17 cells

The Th17 cells produce large quantities of pro-inflammatory
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 I1L.-23 and IL-1, pro-
moting IL-17 expression in T-cells [71]. In mice, Th17
cells differentiate from naive CD4" T-cells in response
to transforming growth factor-3 (TGF-3) 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. Differences in signaling involving
IFN-~-induced transcription factor appear to determine
whether CD4" Th1 or Th17 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-
deficient mice [73]. The increase in 1L-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 inflam-
mation induced by allergen challenge of sensitized mice
[74]. Th17 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-3
mediated differentiation 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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elastin fibers. These fibers elicit a cytotoxic
T-cell response which induces apoptosis
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There is growing evidence that a significant aspect of the
inflammatory 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-3 by FOXP3 expressing
CD47CD25" T-cells. The 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-deficient mice and adoptively transferred into wild-
type mice. The suppression of the Th2 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 inflammation) through
an IL-10-dependent mechanism acting through TGF-f
expression. The T-cells required IL-10 treatment prior to
transfer and even when unable to synthesize 1L-10 them-
selves, they were still able to inhibit the allergic response
[77]. The inflammatory 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]. These
cells appear after the initial inflammation that is triggered
by allergen inhalation and suggests that these cells may
normally serve to limit the extent of the allergen-induced
asthmatic reaction.

Important T-cell subsets that do not share the usual T-cell
receptor, such as the 40 TCR-bearing cells and NK T-cells,
have substantial importance for pulmonary defense and air-
way function. T-cells expressing the ~b T-cell receptor have
a particular association with mucosal epithelial surfaces,
but what they do is still largely enigmatic [1]. In contrast
to o3 T-cells that recognize peptide antigens the ~0 T-cells
recognize small nonpeptidic molecules and in some cases
nonclassical MHC molecules such as CD1. ~b 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. These cells produce large quan-
tities of IFN-~ and have been shown to potently downreg-
ulate IgE responses to sensitization [80, 81]. As such these
cells are important mediators of allergen tolerance. They
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. The administration of KGF is able to protect
the epithelial barrier function in face of allergen chal-
lenge. IFN-~ production by CD8" ~& T-cells is potently
inhibitory of late allergic airway responses in the rat [83].
However, in the mouse there are both pro-inflammatory
and anti-inflammatory properties associated with ~b T-cells.
In OVA-sensitized and challenged mice, 40 T-cells express-
ing V~1 enhance airways hyperresponsiveness [84], whereas
cells expressing V~4 strongly suppress airways hyperrespon-
siveness [85]. The airways hyperresponsiveness-regulatory
~0 T-cells had only minor effects on airway inflammation
in these experiments in contrast to rodent models where
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they also inhibit Th2 inflammation. Cigarette smoking
induces an increase of 40 T-cells both in human [15] and in
mice [66] exposed to cigarette smoke, but their function in
smokers is not clear.

iNKT-cells

iNKT cells express CD3 and an invariant T-cell receptor
a-chain (reviewed in [86]). They respond to glycolipid anti-
gens that are presented by CD1d, and produce large quanti-
ties of IFN-~ and IL.-4 [87]. The role of iNKT cells in host
defense in the lung has largely been inferred from experi-
ments in knockout mice that lack INKT cells, which show
increased susceptibility to a wide range of bacterial and viral
pathogens and parasites. It has recently been proposed that
INKT cells also have a role in asthma pathogenesis: experi-
ments with INKT-deficient mice show reduced responses to
sensitization and challenge that can be largely reconstituted
by the adoptive transfer of iINKT cells [87]. In a murine
model, when stimulated by «-galactosylceramide :NKT
cells produce IL-13 and mediate airway hyperresponsive-
ness and eosinophilic inflammation, providing an additional
innate immune mechanism for an asthma phenotype [88].

'The effects 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 naive rats leads to airway hyperresponsive-
ness to inhaled methacholine [89]. In high doses, it causes
peribronchial edema and an eosinophilic airway inflam-
mation. Low doses of IL-2 augment allergic responses, in
terms of both the magnitude of bronchoconstriction and
the degree of cosinophilic inflammation [90]. The 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 effects depend on intact signaling pathways for IL.-13
in the epithelium [97]. How the epithelium transduces the
effects of IL-13 is as yet unknown. Interestingly, the asthma
phenotype caused by T-bet deficiency 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-deficient mice, or in mice
genetically engineered so as to lack eosinophils specifically,

there is an abrogation of the allergic responses and airway
hyperresponsiveness [102, 103]. However the mechanism
appears to reflect an attenuated Th2 response and reduced
expression of important cytokines such as IL-13.These find-
ings are perhaps explained by the effects of cationic proteins,
such as EDN on immune responses, as reviewed above. The
adoptive transfer of genetically engineered T-cells over-
expressing 1L-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. The 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.

There is evidence that CD8" T-cells in the lungs of
COPD patients express IFN-~ [106] which would enhance
the inflammatory reaction in the lung in addition to that
caused by their cytotoxicity. Transgenic overexpression of
IFN-~ causes emphysema in the murine lung and IFN-
~-deficient mice are protected against cigarette smoking-
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 inflammation, 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 significantly decreased the
emphysema and inflammation, but not the mucus in these
animals. These studies demonstrate that IL-13 is a potent
stimulator of MMP and cathepsin-based proteolytic path-
ways in the lung. They also demonstrate that IL-13 causes
emphysema via an MMP- and a cathepsin-dependent
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 effects of both IL.-13
and IFN-~ overproduction in the lung [108].

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 effector- and/or memory-cell phenotype, as defined
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 defined on murine T-cell cytokine profiles,
a predominance of Th2 expressing CD4% T-cells has also
been observed in the BAL cells from mild atopic asthmatics
[109]. Furthermore, Th2 cytokine expressing cells increase
in the BAL fluid 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



asthmatic subjects [111]. Consistent with various cellular
and animal models there is also an upregulation of GATA-
3, the principal transcription factor for Th2 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 ~0 T-cells
all contribute to the Th2 response through the expression of
IL-5 and IL-13 [113].

Bronchial biopsies from asthmatics are frequently
positive for IL-5 mRINA expression that is related to the
degree of eosinophilia and is consistent with a key role for
this Th2 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 affected also it is more resistant to the
neutralizing antibody [117]. It has been difficult to demon-
strate therapeutic benefits of anti-IL-5 treatments on surro-
gates for asthma such as airway hyperresponsiveness or late
allergic airway responses. However, favorable effects on tis-
sue matrix protein deposition were observed, likely through
downstream effects on TGF-f, 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 Th2 cytokines, such as IL-4 and IL-13, are
also expressed in the airway mucosa of asthmatic subjects,
as is the Th1 cytokine IFN-~ 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 effects [119]. A subsequent trial utilizing Pitrakinra, a
recombinant mutant form of the wild-type human IL-4 that
targets the effects of both IL-4 and IL-13, demonstrated
that the late allergic airway response could be attenuated by
inhalation of the biological [120]. There is increasing rec-
ognition of alternative mechanisms of inflammation medi-
ated by T-cells. The presence of a neutrophil-rich infiltrate
in some asthmatics is not well explained by the classical
Th2 paradigm. IFN-~ is often associated with more severe
asthma and the neutrophil chemoattractant CXCL8 (IL-8)
is also found. The family of cytokines that includes IL-17
may help shed light on these alternative patterns of inflam-
mation. IL-17 itself may also be a contributor to neutrophilic
airway inflammation. 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 inflammatory diseases and may suppress
inflammation in asthma. It is a plausible hypothesis that
defective inhibitory influences are as important in the gen-
esis of inflammation as pro-inflammatory 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 beneficial effects on eczema but
clinical trials in asthma are lacking and data on modification
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of T-cell populations in the respiratory mucosa are also
required before any definite statement about such a strategy
can be recommended.

iNKT cells have been recently implicated in airway
pathophysiology. The extent to which findings from murine
models can be extrapolated to human asthma is unclear.
Elevated numbers of CD4" iNKT cells have recently been
reported in BAL from patients with asthma [123], but other
studies have failed to confirm these findings 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]. Therefore it is not clear how perti-
nent current findings are to asthma in general. It is also not
known what the appropriate stimulus for activation of INKT
cells is or how these cells may be activated by aeroallergens.

The final 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 effects on airway smooth muscle structure
or function are as yet unknown.

We now recognize that antigens, specifically elastin or its
by-products (probably among others) derived from the
injury of the lung by the innate inflammatory response, are
also an important trigger for the development of COPD.
These 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. There 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]. This
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. There 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 inflammatory patterns result from
the dendritic cell-T-cell interaction. In asthma, the den-
dritic cell triggers a 'Th2 T-cell response, while in COPD it
results in a Th1 and a cytotoxic CD8" T-cell response that is
maintained and even progresses after the challenge by ciga-
rette smoke ceases. These differences emphasize the impor-
tance of the dendritic cell, and its interaction with the antigen
and the inflammatory milieu in determining the fate of the
resulting inflammation and disease.

The 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 e a/. in 1995 [13].
'These authors used immunohistochemistry and morphometry
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to identify the inflammatory cells infiltrating the alveolar wall
and to define the extent of emphysema in smokers and non-
smokers undergoing lung resection. Their findings were sur-
prising at the time, as they reported that the most prominent
inflammatory cell in the lung parenchyma of smokers was the
CD3" T-lymphocyte that increased from a mean of 1546
cells/mm? in nonsmokers up to 10,000 cells/mm? 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
inflammatory 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
differently, possibly indicating a mixed phenotype of Th1 and
'Th2 subsets. In support of this possibility is the finding that
Th2 type cytokines IL-4 and IL-5 mRNA, typically found in
asthma, are abundantly expressed by inflammatory 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 Th2 cytokine profile that
might induce airway reactivity in these cases.

Following the report by Finkelstein e# a/. [130] pro-
posing a role for the T-cell in COPD, several authors iden-
tified the CD8" T-cell as the predominant lymphocyte
in the airways of smokers with COPD [132, 133]. Saetta
showed that the only significant difference in the inflam-
matory cell infiltrate 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 airflow obstruction, as measured by the FEV, 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-~ and activated signal transducer and
activator of transcription 4 (STAT 4), a transcription factor
that is essential for activation and commitment of the Thl
lineage. The number of T-cells expressing activated STAT
4 correlated with the degree of airflow obstruction [134].
These findings go along with the previously mentioned
expression of CXCR3 and CCRS5 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 Thl immune reaction in the lung comprising both
CDS8* 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 infiltrating 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 inflammatory process in COPD. Majo ez al. also

quantified 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]. This 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.

The predominance of CD8* T-cells over CD4"
T-cells in the lungs of patients with COPD, resembles
the inflammatory 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 effective 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.

The relatively mild infiltration 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 inflammatory 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. These studies are of importance show-
ing that, in COPD, inflammation with an abundance of
T-lymphocytes and other inflammatory cells continues late
into the disease process.

An important finding 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
finding of oligoclonality of T-cells in the lungs of patients
with COPD, a finding 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 Th1 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-~ 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, findings 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



lungs of smokers with COPD when compared with non-
smokers. Furthermore smokers with normal lung function
had significantly 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 6 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 N0 CD8" T-cells in the lungs while
smokers with COPD do not [140]. These findings sug-
gest a possible dysregulation of tolerance in smokers with
COPD.

About one-third of adult patients with asthma are classified
as nonatopic and they often suffer from more severe disease.
The 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. The systemic
reaction to sensitization with the expression of specific IgE
reflects 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. The switch to IgE is initiated by the cytokines 1L.-4
or IL-13, produced principally by T2 cells, which drive &
germline gene transcription. Local IgE synthesis was first
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
affinity IgE receptor, FceRl 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 significant IgE production, and circulating IgE may
reflect 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. These 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.

The Lymphocyte in Asthma and COPD

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. These follicles
function as inducible secondary lymphoid tissue for immune
responses, where antigen presentation can be accomplished
without lymphatic node migration. This 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 specific lung antigens. The 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 findings fulfill the conventional criteria
that define 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.

'The role of the T-cells in mediating the defining characteris-
tics of asthma is still unclear. Airway inflammation is associ-
ated with findings that are quite consistent with the findings
from animal models. Th2 type inflammation follows aller-
gen challenge as expected. However, in certain subsets of
asthma, such as severe asthma, there is often a neutrophilic
inflammation and expression of cytokines and chemokines
that are not associated with allergen-driven Th2 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 inflammatory 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 inflammation,
neutrophils, macrophages, 0 T-cells but rather completes
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the picture. These cells are responsible for the initial tis-
sue injury and the production of antigens that result in the
subsequent adaptive immune response. The 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 efficacy, so that disease may occur in the
susceptible subject [147]. Different degrees of tolerance to
self-antigens could explain the variable T-cell inflamma-
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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The Neutrophil and Its Special Role in
Chronic Obstructive Pulmonary Disease

There is a substantial body of evidence to support
the hypothesis that the neutrophil is the primary
effector 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
fluid (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 airflow 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 airflow obstruction [9]. Resolution of the
neutrophilic inflammation 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; compared with those with
lower neutrophil counts, losing approximately
1% more than predicted each year.

Furthermore Parr e al. [12] demonstrated
that baseline markers of neutrophilic inflamma-
tion relate to subsequent decline of lung function

and CT quantification 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 benefits 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 inflammation may drive the co-morbidity
and the systemic effects noted with this disease
[19]. The 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, airflow obstruction, dyspnea, and
exercise capacity) [20]. There is controversy con-
cerning whether increased and sustained pul-
monary inflammation causes increased systemic
inflammation. However C-reactive protein
(CRP) (a generic marker of systemic inflamma-
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 inflammation. 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). These
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.

The neutrophil was first 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
deficiency of alpha 1 antitrypsin (ay-AT), the serum inhibi-
tor of the proteolytic enzyme NE [22]. Since then, the
Proteinase/ Anti-proteinase theory has dominated research
in COPD. This states that in health, proteinase activity is
controlled by anti-proteinases, such as oy-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 deficiency in anti-proteinases, which leads

to excessive tissue destruction [23] Tables 14.1 and 14.2
provides an overview of neutrophil proteinases and anti-
proteinases in COPD.

This 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. The 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 briefly.

Neutrophils have a characteristic multilobed nucleus and

33 abundant storage granules in their cytoplasm. The mature
317 ¢ ° neutrophil has three chemically distinct granule types, which
29 A
«— 27 1
g 25 —~
g TABLE 14.1 Overview of neutrophil serine proteinases.
= 23
=
21 Neutrophil elastase Cathepsin G Proteinase 3
19 1
17 4 ¢ R Size 218 amino acids 235 amino acids 222 amino
15 . . . ; ; acids
-15 -1 -0.5 0 0.5 1 15 Mass (kDa) 39 285 29
Absolute sputum neutrophil counts (108/ml)
Substrate Val — Xaa > Ala Aromatic acids Same as NE,
FIG. 14.1 The relationship between BMI and absolute sputum neutrophil specificity - Xaa in P1 position accepts basic
counts in patients with moderate to severe stable COPD and chronic ariline acia in
bronchitis. The relationship between absolute sputum neutrophil counts P1 position
and BMIin 12 patients with stable moderate to severe COPD according
to GOLD criteria and chronic bronchitis. Neutrophil counts were obtained Elastolytic 20% potency 40% potency
from spontaneous sputum samples produced over 4 h from waking; activity of NE of NE
r=-—08,p=001.
TABLE 14.2 Endogenous inhibitors of neutrophil proteinases.
Inhibitor Source Target proteinase Inhibition
Alpha 1antitrypsin Produced in the liver NE, CG, PR3 Irreversible
Found in serum
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
Elafin Mucosa NE, PR3 Reversible
Monocyte-neutrophil elastase inhibitor Neutrophils/monocytes NE, CG, PR3 Irreversible
Tissue inhibitors of Many cell types including epithelial MMP-8 and MMP-9 Irreversible

metalloproteinases
monocytes

cells, fibroblasts, neutrophils, and



appear at different stages of maturation (see Table 14.3).
The neutrophil differentiates and matures within bone
marrow, developing from a bipotential progenitor cell, the
granulocyte-macrophage colony forming unit. In the first
developmental stage, the cell divides and differentiates
from myeloblasts to promyelocytes. During this stage the
azurophilic or primary granules are produced. These 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).The 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]. The specific or secondary granules are
formed as the cell enters the myelocytic stage. These gran-
ules contain lysozyme, lactoferrin, collagenase, and various
membrane receptors. The 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 4-10h 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

TABLE 14.3 Enzymes and other constituents of human neutrophil granules.

Constituents Azurophil

Antimicrobial Myeloperoxidase
Lysozyme
Definsins

Bacterial permeability-
increasing protein (BPI)

Elastase
Cathepsin G
Proteinase 3

Neutral proteinases

Acid hydrolases Cathepsin D
3-d-Glucuronidase a-Mannosidase

Phospholipase A2

Cytoplasmic membrane
receptors

Others Chondroitin-4-sulphate

The enzymes and other constituents of human neutrophil granules.
fMLP: N-formylmethionyl-leucyl-phenylalanine
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overwhelmed [27]. This 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. The first 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. This 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 ¢ from
mitochondria. Cytochrome ¢, 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 inflammatory
sequelae. However, if phagocytosis fails, apoptotic cells undergo
secondary necrosis with cell rupture, which is inflammatory in
nature and increases both the proinflammatory proteins and
proteinase burden in the lung [38]. Figure 14.2 describes the
appearance of neutrophils during induced lung inflammation,
showing both activated and apoptotic cells, apoptotic cells
undergoing secondary necrosis, and neutrophils containing
phagosomes with neutrophilic cell remnants.

The increased numbers of neutrophils seen in the
lungs of patients with COPD may accumulate because of
an increased influx from peripheral blood or because of
prolonged neutrophil survival. Exposure to cigarette smoke

Granules
Specific Small storage
Lysozyme
Lactoferrin
Collagenase Gelatinase

Complement activator
Phospholipase A2

Plasminogen activator

Cathepsin D
f-d-Glucuronidase a-Mannosidase

CR3, CR4
fMLP receptors
Laminin receptors

Cytochrome b558

Monocyte Chemotactic factor
Histaminase

Vitamin B12 binding protein

Cytochrome b558
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FIG. 14.2 Neutrophils during an LPS-induced lung inflammationElectron
micrographs displaying neutrophils during an LPS-induced lung
inflammation. (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 differentiation and matu-
ration, causing peripheral leukocytosis, [39, 40] which has
been found to correlate with the severity of airflow obstruc-
tion [41, 42]. This 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.
'This 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 inflammation
described in COPD although recent studies present con-
flicting results [44]. Rytila ez a/. [45] found no differences in
the proportion of apoptotic neutrophils in induced sputum,
or in the in vitro anti-apoptotic activity detected in the spu-

tum fluid phase in patients with COPD, healthy smokers or

healthy controls despite patients with COPD having a sig-
nificantly higher percentage of neutrophils in the samples.
'The authors suggested that the increased neutrophilic pres-
ence in COPD was due to an increased influx rather than
a reduction in apoptosis. Yoshikawa ez 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 influx could not explain the higher numbers of
cells seen in COPD, and that increased survival should be
considered. This issue has yet to be resolved.

Neutrophils migrate into the lung in response to soluble
mediators. Promigratory stimuli can be classified 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-a) and interleukin-13 (IL-18).

TNF-a 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-a
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-« 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-a 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-a gene construct
have shown that overexpression of TNF-a is associated
with the development of emphysema associated with a gen-
eral increase in lung inflammation [57] probably by induc-
ing MMP production [58]. Conversely TNF-a 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-18 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-1f3 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-13 (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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FIG. 14.3 The relationship between IL-13 and disease severity in COPD. Patients had moderate to severe COPD (as defined by GOLD) and chronic bronchitis.
Each data point represents the average of 11 measurements of IL-13 and a single BMI (A) or (B) FEV, 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-efficient (r) and significance (p) are as follows:

Il-183 and BMIr = —0.7,p = 0.01; IL.-13 and FEV, r = —0.56, p = 0.02.

group have shown a negative correlation between plasma
IL-18 and FEV; and sputum sol IL-13 and BMI, clearly
linking IL-13 with COPD disease severity (see Fig. 14.3).
Furthermore, animal studies using inducible IL-13 systems
and complex knock-out mice have described a neutrophilic
infiltrate, distal airspace enlargement, increased thickness of
the conducting airways, and enhanced mucin production
when IL-103 was overexpressed [65].

TNF-a and IL-18 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 firm adhesion of neutrophils to the vas-
cular endothelium (see later). They also increase the pro-
duction of directly chemotactic mediators from endothelial
cells to enhance the migration process.

Neutrophils possess at least five receptors for chemo-
tactic stimuli and a number of chemotactic mediators have
been implicated in the pathogenesis of COPD, especially
the chemokine CXCLS8 and the neutrophil chemoattract-
ant LTB4.

CXCLS8 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 proinflammatory cytokines, such as IL-13 and TNF-«
[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 (3,-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 CXCLS correlates with levels of
neutrophil activation markers, such as MPO and NE [72],
and relates to airflow obstruction, [73] oxygen saturation,
cigarette exposure [49], and progression of emphysema
quantified 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.

LT'B4 is mainly produced by monocytes, alveolar mac-
rophages, and activated neutrophils and its production is
upregulated by a number of inflammatory mediators includ-
ing C5a, IL-13, TNF-q, granulocyte-macrophage colony
stimulating factor (GM-CSF), PAF, NE, and even L'TB4
itself [74, 75]. LTB4 enhances neutrophil aggregation and
chemotaxis via two neutrophil surface receptors. A low affin-
ity receptor induces degranulation and increases oxidative
metabolism whereas a high affinity 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, I'TB4 concentrations also correlate
with the subsequent decline in gas transfer implicating neu-
trophilic infiltration [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 CXCLS, and up to 50%
by LTB4 [82, 83]. Furthermore, Woolhouse and colleagues
[82] found that I'TB4 concentrations correlated with the
overall chemotactic activity of sputum, suggesting that
LTB4 in particular may be central to the neutrophilic influx
seen in COPD, at least in the stable state.

It is unclear whether other inflammatory mediators
are important in the pathogenesis of COPD. At least five
other chemokines mediate neutrophil responses in humans;
three forms of growth related oncogenes (GRO) (o, 8,
and =), epithelial cell derived neutrophil activating pep-
tide (ENA)-78, and neutrophil-activated peptide (NAP)-2.
GROu is detectable in bronchial secretions [84] and both
GRO« and ENA-78 have been measured in BALF [85].
One study has suggested that chemotaxis toward GRO«
and NAP2 is increased in COPD compared with healthy
controls and smokers, [86] but their contribution to the
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pathogenesis of COPD is unknown. A number of other
inflammatory mediators including C5a, fragments of fibrin,
elastin and collagen, o -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. The 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).

The individual importance of each proinflammatory
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 inflammatory cascade. However, there is increas-
ing interest in identifying the key inflammatory mediators
in COPD as potential targets for therapeutic interventions.
To date, trials which have aimed to block a specific media-
tor have not proved helpful [88] including a recent trial of
anti-TNF-« [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 e al.
were able to show in a short phase-2 study that antagonism
of five lipoxygenase activating proteins reduced LT'B4 in the
airway secretions and subsequent markers of neutrophilic
inflammation [90]. Although not dramatically effective, this
may provide a model for future studies.

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 witro 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 flowing 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 noninflamed 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 inflammatory products such as TNF-o, CXCLS,
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 inflammation, 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 inflammatory 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
4-6h after endothelial exposure to inflammatory 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

'The next step in neutrophil migration is the transition from
reversible rolling to firm adhesion with the endothelium.
This is achieved by the sequential activation of neutrophil
receptors called integrins [101, 102].

The integrins are heterodimeric transmembrane
glycoproteins that comprise an o and a (3 subunit, which
together form an extracellular binding site. Integrins are
found on many haematopoietic cells, with differing o and
B subunits. The two most important integrins in neutrophils
share a 3, 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 trafficking,
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
inflammatory stimuli (including fMLP, TNF-« and LPS).



Inflammatory 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 affinity for ICAM-1, an immu-
noglobulin-like protein that is expressed in low numbers on
the endothelial cell surface, but is rapidly induced in inflam-
mation [110]. Vascular cell adhesion molecule-1 (VCAM-
1) is also an immunoglobulin-like molecule expressed by
endothelial cells which it binds selectively to o3;-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 inflammatory driven
neutrophil migration [112] and levels of ICAM-1 are raised
significantly in COPD in contrast to asthma or healthy
controls and correlate with overall pulmonary neutrophil
infiltration [113].

Migration

The final step of neutrophil recruitment from the bron-
chial circulation to the lungs is transendothelial migration.
This 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. PECAMI1 is thought to act as a homing
beacon that directs migration toward cellular junctions and
blocking PECAMI1 on either neutrophils or endothelial cells
using antibodies does not prevent adhesion but does prevent
migration through the basement membrane both in witro
and 7n vive [116].

Once through the endothelial cell layer, leukocytes
bind to matrix components such as collagen and laminin
via 3; 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 (a3;) 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 VLLA-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 affect neutrophils and in wvitro
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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
differing 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. These findings 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 LT B4 showed a significant reduction
in chemotaxis to LT'B4 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; on the side
of the cell facing the highest chemoattractant concentra-
tion. PtdIns(3,4,5)P; signaling guides the localized polym-
erization of F-actin (filamentous actin), which in turn leads
to pseudopod extension, which confers cellular motility. The
persistent presence of PtdIns(3,4,5)P; 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]. The oyf; 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 oy 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). Therefore it appears
that neutrophils migrate up chemoattractant gradients by
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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.

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 difficult
to ascertain whether proteinases are necessary for neu-
trophil migration. Chemotaxis through artificial substrates
in response to fMLP can be inhibited by 50% by o4-AT
[130] and CG antibodies; synthetic inhibitors of CG and
ay-antichymotrypsin  (0;-ACT) also reduce neutrophil
migration [131]. Furthermore, {MLP-stimulated migration
across an artificial basement membrane is also reduced by
inhibitors of both NE and MMP-9 [132]. However, iz vitro
studies of endothelial monolayers and basement membrane
matrices have shown consistently that proteinase inhibitors
are ineffective 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 deficient in gelatinase B had normal neu-
trophilic migration into the lungs [137]. However, animal
studies of cigarette smoke inhalation suggest that neutrophil
influx into the lung is reduced in the presence of proteinase
inhibitors [138, 139].

Therefore the exact mechanisms remain unresolved,
but the conflicting results may well reflect 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]). The 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 fibers, but can squeeze between fibers 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 vive 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 inflammatory chemokines and
cytokines or modulation of adhesion molecules (enhancing
expression, increasing their activation, or exposing binding
sites [117]) by proteinases may be sufficient, and this may
be more easily decreased or prevented by inhibitors, explain-
ing the apparent experimental contradictions.

Neutrophil migration in the
pulmonary circulation

The 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 differences 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 7-8pm 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. This 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
molecules [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-specific. 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



migration toward host-derived chemoattractants such as
LTB4, CXCLS8, 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 inflammatory
mediator driven. Rabbits produce both CXCL8 and TNF-a
during a bacterial pneumonia but CXCL8 and TNF-a 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 proinflammatory stimuli which elicit a CD18-depend-
ent response, perhaps by inducing nuclear factor-x( [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 significantly
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 unaffected [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 reflect an enhanced
chemotactic response. Certainly, neutrophils from patients
with chronic bronchitis and emphysema demonstrate
enhanced migration toward common chemoattractants in vifro
compared with healthy controls [158].

Unfortunately, studies examining the expression
of adhesion molecules have produced conflicting 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-a. 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 ¢7 a/. [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 differences between lev-
els of adhesion molecules in smokers with and without air-
flow obstruction and Yoshikawa ez a/ [161] found reduced
chemotaxis toward sputum sol in patients with COPD
compared with healthy controls.

The increased neutrophil migration and degranula-
tion seen in COPD has led to a belief that neutrophils
may be different from those in health. The differences 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 inflammatory cytokines, so that they
are more responsive, with an increased ability to degranu-
late compared with those of healthy individuals. This prim-
ing may also occur during transmigration and studies have
confirmed differences between neutrophils prior to and fol-
lowing migration even in healthy controls with increased
expression of proteinases on the cell surface, increased
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adhesion molecule expression, and enhancement of the res-
piratory burst [162, 163]. However, none of these options
have been studied in COPD. Whatever the differences in
neutrophils, they cannot reflect environmental factors (such
as prolonged cigarette smoke exposure) as only a proportion
of smokers develop significant airflow 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 reflect a predisposing factor for COPD or a
consequence of the disease.

The actions of neutrophil elastase

A significant physiological role of NE is bacterial killing.
This 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 first
of the serine proteinases to be shown to produce emphy-
sema in animal models. Intratracheal instillation of purified
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 specific 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 specific
elastase inhibitors [171,172].

NE acts upon a wide range of proteins and can degrade
elastin, fibronectin, 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
affect wound healing, by its actions on transforming growth
factor 3 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. Thus 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 iz vive. 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 significant 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 first
24h of their own inflammatory response [185]. This is
important, as although cell-associated proteinases have par-
tial resistance to native inhibitors such as oy-AT, [180] free
NE is more readily inactivated by both serum- and tissue-
based inhibitors [186] if sufficient 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 a-AT is 30uMol, 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.
'Therefore following degranulation NE cannot be completely
inhibited until it has diffused far enough to reduce its con-
centration to 30pMol. This phenomenon is called quantum
proteolysis [187] and was clearly demonstrated in a series
of experiments using serum from patients with normal or
deficient oy-AT where an area of obligate enzyme activity
existed even with serum from healthy subjects but was far
greater using serum from patients with oy-AT deficiency
[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 sufficient
to overcome local inhibitors, causing the tissue destruction
which is characteristic of the disease.

NE interacts with matrix proteins and cells, and this
affects not only its own activity, but also the efficacy of its
inhibitors and other proteinases. For example, although free
NE is irreversibly inhibited by oy-AT, elastin bound NE is
poorly inhibited by o -AT, while the inhibitory effect of SLPI
is unaffected [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-specific 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 ITB4 by macrophages
[201] and may cause release of CXCLS8 from bronchial epi-
thelial cells, which enhances neutrophil migration into the

lung. This inflammatory response is greater in patients with
aq-AT deficiency who have higher levels of I'IB4 and
elastase providing an amplification to neutrophilic recruitment
and subsequent increase in the potential for tissue destruction
compared with patients with normal anti-proteinase function
thereby explaining the more severe and rapidly progressive
disease of ay-AT deficiency patients [78].

The 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
influx is greatest during the early stages of lung damage
with macrophage influx, and their metalloproteinases accu-
mulating at a later stage [206, 207]. However, even when
given in established disease, NE inhibitors still limit inflam-
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 inflam-
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 influx, 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 reflected in
markers of disease severity [208]. Table 14.4 summarizes the

actions of NE in COPD.

Matrix metalloproteinases

There have been significant 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). The 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 ay-AT and oy-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. MIMPs are inhibited by
ay-macroglobulin and by the four TIMPs described to date



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

Modification of
inflammatory
mediators

Enhances epithelial secretion of CXCL8
Enhances macrophage secretion of LTB4

Inhibits cellular response to TNFRIl prolonging
half-life of TNF

Increases SLPI expression but reduces
secretion of SLPI

Increases elafin expression

Increases alpha 1 antitrypsin expression by
monocytes and alveolar macrophages

Cell migration NE/alpha 1 antitrypsin complexes are

chemotactic for neutrophils

Modification 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].

[212]. The main MMPs secreted by neutrophils are MIMP-9
(Gelatinase B), which degrades collagen, elastin and gelatin;
and MMP-8 (neutrophil collagenase) which degrades col-
lagen type’s I-111.

MMP-9 is increased in lung tissue, BALF, and plasma
taken from patients with COPD, [213, 214] and levels are
negatively correlated with airflow obstruction and relate to
the number of sputum neutrophils [215, 216]. MMP-9 not
only acts as a proteinase, but also modifies cellular func-
tions by regulating cytokines and matrix bound growth fac-
tors and therefore may have a role in lung remodeling after
the inflammatory insult resolves [217, 218]. MMP-9 defi-
cient mice exposed to intratracheal LPS showed no differ-
ences in histological tissue damage, neutrophil migration,
or infiltration compared to the wild-type mouse, suggest-

ing a limited role for this MMP in the pathogenesis of
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COPD [137]. In a further study, MMP-9 knock-out mice
displayed greater neutrophil influx 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 reflected inhibition
of other metalloproteinases [219]. Genetic polymorphisms
of MMP-9 have, however, been identified 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, and
positively with sputum neutrophil counts [222]. There are
currently no animal studies to elucidate the importance of

MMP-8 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
aq-AT thereby enhancing NE activity [225]. The 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]. The
noticeable exception is MMP-12 and there have been sev-
eral conflicting animal studies comparing MIMIP-12 activity,
macrophage and neutrophil influx, and emphysema. MMP-
12 knock-out mice (Line 129 mice) exposed to cigarette
smoke did not develop emphysema and lung inflammation
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 specific mechanistic pathway [226]. In a study
of Sprague-Dawley rats, neutrophil numbers increased in
the first 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
significant reduction in NE activity) did not protect against
smoke-induced emphysema, while macrophage depletion
(with normal neutrophil activity) did. These 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 effector cell.

183




184

Asthma and COPD: Basic Mechanisms and Clinical Management

However, in a further study BALF from cigarette
smoke-exposed mice showed an acute influx of neutrophils
with evidence of both elastin and collagen degradation in a
dose-dependent manner at 6 and 24 h. This had resolved by
48h and was reduced by neutrophil depletion or the admin-
istration of the serine proteinase inhibitor oy-AT [207]
although macrophage numbers were not affected. 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-a 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 effects were not seen.

TNF-a receptor knock-out mice were also protected
from the acute neutrophil infiltrate and connective tissue
breakdown seen following cigarette smoke exposure in wild-
type mice [211] and mice that produce lower levels of TNF-
a following an inflammatory 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-«
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
infiltrate or the release of desmosine and hydroxyproline
(matrix breakdown products) that is characteristic of wild-
type mice, although low levels of macrophage infiltration
did occur. When the MMP-12 knock-out mice under-
went intratracheal instillation of normal macrophages, a
neutrophil influx was seen and the use of an MMP inhibi-
tor also prevented a neutrophilic infiltrate and subsequent
matrix breakdown [211]. Following these observations,
studies demonstrated that cigarette smoke-induced pro-
duction of TNF-« from alveolar macrophages in wild-type
mice, but not in MMP-12 knock-out mice while levels of
TNF-a mRNA were the same in both groups. It was sur-
mised that MMP-12 processes TNF-« after secretion and
it is likely, therefore, that MMP-12 is needed to activate
TNF-awhich in turn initiates neutrophil recruitment, lead-

ing to degranulation and tissue damage [228]. Figure 14.5
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FIG. 14.5 The proinflammatory actions of MMP-12 and the interactions between neutrophils and macrophages
Cigarette smoke causes the release of chemotactic peptides which recruit macrophages and neutrophils to airways.
Activated macrophages secrete MMP-12 which activates epithelial cells and causes degradation of extracellular matrix components.

Activated epithelial cells release chemotactic cytokines and increase the expression of proadhesive proteins such as E-Selectin.

1
2
3 MMP-12 facilitates the release of active TNF-a which activates epithelial cells further.
4
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 proinflammatory mediators such as LTB4 and CXCL8.
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NE proteolytically converts proMMP-12 to active MMP-12 and proteolytically inactivates TIMP, both of which enhance MMP-12 activity.
MMP-12 proteolytic inactivation of a1-AT causes the further release of promigratory proteins and allows increased NE activity.
Macrophages scavenge free NE which is then reused to further degrade extracellular matrix components.



summarizes the proinflammatory 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 differing species, and indeed, conflicting results are
common. However it seems likely that neutrophil infiltration
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-« by metalloprotein-
ases, and may be needed to sustain the inflammatory process
and hence development of emphysema.

Although current concepts of asthma pathogenesis focus
primarily on CD4" T cells and eosinophilic inflammation,
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 inflammation present in
induced sputum samples [229]. Measures of chronic asthma
severity, such as FEV, correlate with the degree of airway
neutrophilia in stable disease [230-233]. Furthermore, neu-
trophilic inflammation 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]. These findings
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 inflammation 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 infiltrate. This 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 influx 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 inflammation by the release of proinflammatory
mediators [248]. This theory has yet to be fully explored.
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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 confirmed the importance of
proteinase function in both the acute inflammatory response
and the subsequent mucous cell metaplasia that accompanies
postinfectious murine models of asthma, [24] although these
findings have yet to be confirmed 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].

There is strong evidence supporting the belief that the neu-
trophil is central to the pathogenesis of COPD. The 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 vifro models, animal
models, and human studies have led to conflicting results
regarding the importance of various components of the
inflammatory 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-a) and/or
sustain the subsequent inflammatory response causing ini-
tiation and progression of emphysema. Studies so far have
not provided a means to study the effects of other complex
processes, such as the recurrent exacerbations in COPD, or
the effect 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

Fibroblasts are typically spindle-shaped cells
with an oval flat 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. They are the primary source of
extracellular matrix (ECM) proteins, which, in
addition to providing a scaffold for cells, play
key roles in determining cell phenotype and
function. In these contexts, fibroblasts 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 fibrosis (IPF), there
are changes in the number and phenotype of
fibroblasts. These changes play a critical role in
the loss of normal tissue architecture and func-
tion associated with these diseases. Although
considerable research effort has focused on
modulating leukocyte function and inflamma-
tion, relatively few studies have investigated the
effects of existing or novel therapies on fibrob-
last function. Moreover, there have not been
sufficient efforts to develop new approaches to
regulate fibroblast function in these diseases.
This chapter explores the current knowledge
about the role of fibroblasts in lung homeosta-
sis and pathological disorders associated with
chronic remodeling. A better understanding of
the phenotypes of disease-associated fibrob-
lasts may highlight pathways specific to disease
pathologies, giving rise to targeted therapeutics.
Finally, we review the potential of opportunities
arising for better therapeutic intervention strat-
egies targeting fibroblasts that will either halt or
potentially reverse fibrosis.

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.
They are also key cells in the production and
homeostasis of the ECM. In the lung, the great-
est number of fibroblasts 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
epithelial and endothelial cells. These interactions
are likely important in disease settings and will be
further discussed in this chapter. Fibroblasts are
metabolically active cells — capable of synthesiz-
ing, secreting, and degrading ECM components —
including collagens, proteoglycans, tenascin, lam-
inin, and fibronectin. These 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, fibroblasts generate matrix
metalloproteinases (IMMPs) 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].
They 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 fibrotic lesions, whereas
increased TIMP2 was also observed suggest-
ing that the MMP activity may be inhibited
and that the fibrotic region not degraded [2].
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Another function of MMPs is to activate growth factors
and chemokines, thus potentially promoting the fibrotic
and inflammatory milieu [3-5].

Myofibroblasts express a-smooth muscle actin (a-SMA)
and have contractile and secretory properties that are central
to controlling tissue architecture [6]. They express a panel
of markers that have been correlated with the site of origin.
For example, myofibroblasts found in the peripheral and
subpleural regions of fibrosis express a-SMA, vimentin, and
desmin, whereas cells found in other regions of the lung do
not express desmin [7]. In vitro, fibroblast-to-myofibroblast
trans-differentiation can be induced by transforming growth
factor-3; (TGF-81), and it has been hypothesized that
TGF-31 found locally at sites of fibrosis #rans-differentiate
resident fibroblasts into myofibroblasts [8, 9].

It has been proposed that the contractile properties
of myofibroblasts are central to wound healing by limiting
the amount of exposed wound area [10]. However, the sus-
tained presence of contractile myofibroblasts 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]. There is also a significant increase in
myofibroblast numbers in the airways of asthmatic patients
following allergen challenge [12], which correlate with sub-
epithelial collagen deposition [13].

In normal wound healing, myofibroblasts sequentially
perpetuate and then dampen inflammation via the secre-
tion of chemokines, cytokines, arachidonic acid metabolites,
and protease inhibitors [14]. When activated, they express
cell surface adhesion molecules allowing specific interac-
tions with immune and inflammatory cells, including lym-
phocytes, mast cells, and neutrophils. If these processes
become dysregulated, fibrosis may ensue with catastrophic
consequences for lung function.

Given the importance of myofibroblasts to wound
healing and fibrosis, defining both the origin and the mech-
anisms leading to their clearance will greatly add to our
understanding of the role of this cell in fibrotic diseases.
At sites of normal wound healing, once sufficient ECM
has been deposited and remodeled, fibroblasts and myofi-
broblasts undergo apoptosis [15, 16]. This serves to limit
the excessive deposition of ECM and also dampen the pro-
inflammatory and pro-fibrotic milieu. However, for reasons
still unclear, myofibroblasts persist in fibrotic conditions.

Most insight into the potential role of fibroblasts at driv-
ing pulmonary remodeling, as well as phenotypic dif-
ferences in fibroblasts found in fibrotic regions versus
those located in normal tissue, has been garnered from

in vitro studies by using fibroblasts isolated from IPF lungs.
Fibroblasts isolated from fibrotic environments are pheno-
typically different from non-fibrotic fibroblasts [17-19].
Furthermore, fibroblasts from a pro-fibrotic 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 fibroblast function and phenotype in the fibrotic lung.

The progression and the severity of many lung dis-
eases, notably IPF, are tightly associated with regions of
fibroblast accumulation and proliferation; the extent of these
regions, termed fibroblastic foci, has become a reliable indi-
cator of survival. The increased number of (myo)fibroblasts
seen in these diseases implies that they are hyperprolifera-
tive and/or resistant to apoptosis. However, whether they
proliferate faster than normal fibroblasts is still controver-
sial [17, 21, 22]. We and other investigators have reported
that fibroblasts 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 fibroblasts was significantly slower than that of normal
fibroblasts. However, the specific techniques used to isolate
primary fibroblasts differ between laboratories; therefore
direct comparisons may not be suitable.

Moreover, discrepancies may be due to the site in the
lung from which fibroblasts are harvested, since the mag-
nitude of inflammation and fibrosis are heterogeneous in
distribution. Thus, areas of active fibrosis may yield hyper-
proliferative fibroblasts, compared to the areas of established
fibrosis where cells may be hypoproliferative.

To begin to address this diversity, recent studies have
used microarray technologies to profile global gene expression
in pulmonary fibrosis in man and mouse models. These stud-
ies have showed that the expression of almost 500 genes are
increased more than twofold in fibrotic lungs, including many
genes related to cytoskeletal reorganization, ECM, cellular
metabolism and protein biosynthesis, signaling, proliferation,
and survival [8]. Studies examining human lung fibroblast
global gene expression in response to TGF-3; have shown
almost 150 genes upregulated, representing several functional
categories described earlier. These included 80 genes that
were not previously known to be TGF-3;-responsive [8].
There was excellent concordance between gene expression in
human and experimental models, giving us some confidence
in the value of our efforts to model human disease.

As remodeling of the lung is associated with the accumula-
tion of fibroblasts and myofibroblasts, 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 fibroblasts and myofibroblasts
are derived [14]. These include proliferation and plasticity of



resident cells, such as fibroblasts and epithelial cells. Further,
emerging data highlight a significant role of circulating, bone
marrow-derived cells at remodeling lung architecture [23].

As has been described, fibroblasts can be induced to dif-
ferentiate into myofibroblasts. It is becoming increasingly
accepted that the fibroblast-myofibroblast transition begins
with the appearance of the protomyofibroblasts that are
hyperproliferative and migratory but do not synthesize
significant amounts of ECM proteins [24]. Under specific
conditions, the protomyofibroblast evolves and may result
in a transition into a differentiated myofibroblast, charac-
terized by the presence of organized stress fibers containing
a-SMA. Myofibroblasts 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
protomyofibroblasts are at present not well explored, the tran-
sition from the protomyofibroblast to a differentiated myofi-
broblast has been related to the production of TGF-31 by
inflammatory cells, and possibly by fibroblasts themselves.
The action of TGF-31 also depends on the local presence of
the cellular fibronectin ED-A splice variant. Thus, myofibrob-
last differentiation 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-f generation [25] or TGF- activation [26].

Another potential pool of fibroblasts 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 differentiated and motile mes-
enchymal cells, such as fibroblasts and myofibroblasts [27,
28]. This process occurs normally during early fetal devel-
opment where there is seamless plasticity between epithelial
and mesenchymal cells. The differentiation 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 fibrosis [33-35].

Epithelial cells exposed to TGF-81, 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. The cells also

Fibroblasts

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 fibronec-
tin is needed for migration and transition to a mesenchymal
phenotype [36, 37]. The m